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U, S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION CUSTEM

Block 1Italic Transliteration Block 1Italic Transliteration

A a A a A, a P p P p R, r

B 6 BE 6 B, b ¢ C ¢ S, s

B » B e vV, v T « T m T, t

rr r s G, g Yy vy Y y U, u

ana ) D, d ® ¢ o ¢ F,
; E e E ¢ Ye, ye; E, e* X x X x Kh, kh
‘ X mw X x Zh, zh U u u y Ts, ts .
i .33 33 Z, z UeooYy oy Ch, c¢h |
; U on H u I, 1 W w o w Sh, sh

R & A a Y, ¥ W w W oy Sheh, sheh

K « K x K, k D % Y-S " :
! na 7z« L, 1 B 8 & u Y, y !
' M u M u M, m b s b '

H n H n N, n 9 3 E, e

0O o o o 0, o 0 v B0 » Yu, yu

M n 7 n P, p A = A a Ya, ya

* ye initielly, after vowels, and after %, b; & elsewhe-re,
en written as € in Russian, transliterate as y& or t.
The use of diacritical marks is preferred, but such marks
may be omitted when expediency dictates,
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FOLLOWING ARE THE CORRESPONDING RUSSIAN AND ENGLISH
DESIGNATIONS OF THE TRIGONOMETRIC FUNCTIONS

Russian English
sin ain

. cos cos

' tg tan
ctg cot
sec sec
cossc cse
sh sinh
ch cosh
th tanh
cth coth
sch sech
cach csch
arc sin sin-1
are cos coa"l
are tg tan-1

) arc ctg cot~d
&rCc sec sec"1
are corss cac“l
arc sh sinh~1
arc ch cosh~1
arc th tanh=-l
arc cth coth~1
erc sch sech-1
arc cach csch~1
rot curl
1g log
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This collection contains material from the III
All Union Conference on heat exchange and hydraulic
resistance in the motion of a two-phase flow 1n
elements of power machinery and equipment. The con-
ference was called by resolution of the Soviet AN

USSR on the problem "High-Temperature Heat Physics"
in April 1967 in Leningrad.

This collection consists of three main sections.

1. Heat exchange during boiling and critical loads.

2. The hydraulics of two-phase flow.
3. Heat exchange during condensation.

The flrst section includes reports on the in-
tensity of heat exchange, critical loads, and thermal

modes 1n elements of power equipment during the motion
of two-phase flow.

The second section deals with a study of the
hydrodynamics of two-phase steam-water flows, stability,
hydraulic resistance, and phase distribution during the
motion of two-phase flow in channels of varlous shapes.

The third section includes works on the intensity
of heat transfer during film and droplet condensation,
the condensation of lliguld-metal vapors from a flow of
inert gases, condensation on surfaces of various shapes
(condensation on ribbed surfaces, vapor condensation
during cross-spiral flow around vertical duct banks),

as well as the results of a study on steam turbine
surface condensers.

Some of the reports from the conference will be
published in the coming issues of "Trudy TsKTI."
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SECTION I

HEAT EXCHANGE DURING BOILING
AWD CRITICAL LOADS
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HEAT TRANSFER AND HYDRAULIC
. RESISTANCE IN THE MOTION OF
: A TWO-PHASE STEAM-WATER FLOW
' IN CHANNELS OF VARIOUS SHAPES

V. M. Borishanskiy, A. A. Andreyevskiy,
V. N. Fromzel', I. B. Gavrilov,
G. P. Danilova, and B. S. Fokin

: Designations

qQ - heat flux, kcal/mz'h'
p - pressure, atm (abs.);

0" circulation velocity, m/s;
y " mass velocity, kg/mz-s;

' - specific welght of liquid phase, kg/m3;
y" - specific weight of vapor phase, kg/m3;
X -~ vapor content per unit welght;

== ——tIl——0 _ specific weight of two-phase mixture, kg/m3;

- full head loss, kg/cm2;

ApnonH 2'
APyCM ~ head loss from acceleration, kg/cm H
Apr - head loss from friction, kg/cm™;

G ~ consumption by welght of two-phase
mixture kg/h;

ﬁku==ﬁm{lé-(1 71—)X] - reduced velocity of two-phase mixture
in duct, m/s;

n - reduced velocity of vapor phase, m/s;

FTD-MT-24-309-72 2




wé reduced velocity of liquid phase, m/s;
¢ -~ true vapor content [2];
4 coefficient of friction;
o - heat transfer factor, kcal/mz-h-°0;
u" dynamic viscosity factor of saturated
vapor, kg/s-m2;
B! dynamic viscosity factor of water on
the saturation line, kg/s-mz;
Mom dynamic viscosity factor of two-phase
mixture, kg/s-mz;
\Y kinematic viscosity factor, m2/s;
r - heat of vaporization, kcal/kg;
We = wcmu'/o surface tension criterion;
Re - Reynolds number;
BbIX output;
ex - 1nput; Tp -~ friection;
KOHB = CONV.; nonn - fullj
pacu cale.; ycH = acceleration;
ao two~phase; cm - mixture;
Tp sogn - water friction;
Tp napa steam friction,

In this article we shall present the results of an ex-

[P Y

PRSI

perimental study on heat transfer and hydraulic resistance during
motion of a two-phase flow 1n channels of various shapes. Tests
were performed on an open circulation loop which consisted of the
following basic elements:

1) a working section (with electric heating);

2) a mixer designed to obtain a steam~water flow with the
necessary degree of dryness;

3) a system to feed water and steam of the prescribed
parameters to the mixer.

FTD-MT-24-309-72 3
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This installation and the experimental methodology used, as
well as the basic characteristics of the working sections, are
presented in reference [1]. Heat transfer and hydraulic resistance
were studied during the motion of a two-phase flow in ducts 8,

12, and 18 mm in diameter. Tests were carried out in the
following range of basic parameter variations:

heat flux q = (300-1200) 103 keal/m?-h,

working section pressure p = 5-36 atm (abs.),

reduced velocity of two-phase mixture Wem = 2.5-200 m/s,

circulation velrcity Wy = 0.2-5 m/s,

mass velocity w. = 180-5000 kg/m° s,

specific weight of mixture Yom = 5-700 kg/m3,

vapor content per unit weight x = 0.05-0.99.

Hydraulic resistance was determined both during isothermal
motion of a two-phase mixture and in the presence of heat release

in the working section. Pressure loss from friction was calcu-
lated from the following expression:

A.sz = APpoan — Ap)‘“' (1)
Pressure loss from acceleration was calculated for two models of
flow motion:

a) for a homogeneous model (no slippage between phases)

Gey i -t
Ap)'u = "33’505'67,‘:' (wcu,u, - wcu,,) 1074 (2)




EE TR

b) for a stratified model

Gh ([ -xp , & N—x , 0 »
Pyen = g rT ‘[(f ey T 1:;‘]““ - [(‘ sy ",‘,;;‘r']“} 19-4 (3)

T

During isothermal flow losses from acceleration were
calculated only for those modes for which the difference in input
and output velocities was greater than 5%.

The temperature of the two-phase flow was determined at
Input and output of the working section. Wall temperature was
measured in cross sections (every 100 mm) along the length of the
duct. This method of measuring was adopted to determine the local
value of the heat transfer factor in any cross section of the
working section.

TEST RESULTS

1. Heat transfer to a two-phase steam-water flow moving in
ducts. From analysis of numerous experimental works performed
both in the Soviet Union and abroad, we find that the main
distinction between each transfer during boiling in pipes and
heat transfer during boliling on immersed surfaces is the presence
in the first case of two factors - circulation veloclty w0 and
vapor content x.

Foreign literature contains formulas where the dimensionless
heat transfev factor during boiling in pipes is defined as a
function of the Martinelll parameter:
a 1 \*

LIV

where

[ X\ ot \0Sf ut \OI
= () () ()

¥
3
i
[
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A substantial disadvantage of functions of this type is the
fact that they do not take into account the effect of thermal
loading on heat transfer during bciling. To account for the
effect of g, it is necessary to introduce a correction factor
which is quite difficult to calculate.

The most familiar formulas in the Soviet Union, introduced
in the works of S. S. Kutateladze [3] and L. S. Sterman [4], are
derived on the basis of an analysis of tests in which there was
no significant effect of vapor content on heat transfer (tests
were performed at low x). In this case, the value of the heat
transfer factor is determined uniquely at constant pressure by
the mutual effect of heat flux q and circulation velocity W
Tre formila proposed by S. S. Kutateladze, for these conditions,
has the form:

e 8 ....(;:},
=l V=) (5)
Here a is the heat ftransfer factor during the development c¢f

pacu
bolling in pipes; 9 Is the heat transfer factor during the forced

movement of liquid (with velocity wo) without beciling [5]:

2, =0,028 5~ Re“P™

%0 is the heat transfer factor during bolling in pipes for the

region where the circulation veloclity still does not affect the
intensity of heat transfer during boiling [5]:

to = 03, 1 30, ==8(p" 4183107 )¢

However, there are a number of experimenta) werks [€] in
which there has been observed an increase in the heat transfer
factor along the length of a duct with a growth in vapor content
(vests were performed at rather high vapor contents). The amount
Ly whlchr the heat transfer coefficient exceeds (for the case of
the vapor content effect) that calculated from the formula

L




presented above depends both on the value of circulation velocity
and the vapor content in a two-phase flow. Under these conditions,
circulation veloclty LA cannot be used as the only parameter
accounting for the effect of forced motion on heat transfer. To
clarify the parameters on which heat transfer depends in the
presence of higher vapor content, experimental data was first
processed us@ng the ratilo a/apacq where apacq is the heat transfer
factor calculated according to expression (5). The introduction
of this ratio enables us to exclude from our examination thet
effect of circulation velocity and heat flux which appears in the
zone of low ‘rapor contents and is accounted for by formula (5).
Analysis of the experimental data thus represented indicated that
the additional mutual effect of LA and x In the zone of lncreased
vapor contents is best accounted for 1) we take as the determining
velocity Wi (reduced velocity of the two-phase mixture).

3 2s0ey — .
L e o et L]
2 r.3 r.y
S PSSP ommer = 300 °
1l s i B . .
-t =
B T Sy VR VI T BT TR T M T AP

Filg. 1. Heat transfer factor versus vapor
content per unit weight (p = 19 atm (abs.)):

q = 300:103 keal/m?+h):

¢ -w_, = 15 m/s; O - W,

" = 60 m/s; x - w__ =115 m/s.

M cM

As an example, Flg. 1 presents the function a/upacq = f(x)
when q = const and p = const, plotted for several constant values
of parameter Wime From the graph it follows that mixture velocity
L uniquely accounts for the effect of forced motion on the
relative growth of the heat transfer factor in the case examined
since neither a change 1;- x nor a change in Wy when Wom = const
alters the value of the ratio a/apacq. The mutual effect of

thermal flux q and mixture veloclity on heat transfer 1s shown
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In Fig. 2. The relative effect W is manifest more strongly the
less the thermal flux q. ¥or neat flux q = 300,000 kcal/mz-h and
W = 120 m/s the value of the measured heat transfer factor
exceeds that calculated from formuia {(5) by a factor of 2.6. 1In
reference (7] it was shown that in the region of elevated vapor
contents the mutual effect of q and Y
introducing the complex i;%. Figure 3 ihows the results of
processing In coordinates a/apacq = f((iﬁﬁ of experimental data
obtained in this work and also ln references [8-14, 19]. Plotted
on the graph are both points obtained from tests, where the effect
of vapor content on heat transfer was apparent (data of the
authors and [13, 14]) and points from such tests where this effect
was not noticeable (8, 9, 10, 11, 12]. From the graph it follows
that the experimental points are grouped quite satisfactorily
along a single averaging curve, which can be described by the

following empirical equation:

is best accounted for by

-;‘-.zf ] . -8 _(::SLGL)&Q]U!.
=180 (R (6)
Here o is the heat transfer factor during the development of

pacw
boiling, calculated from formula (5), proposed by S. S. Kutateladze.
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Fig. 2. Heat transfer factor versus
mixture veloclty and thermal load

(p._ = 19 atm {(abs.)):

2 3 2 3
1 -g = 300:10° kcal/m"+h; 2 - q = 500°10
kcal/m“.h; 3 -~ q = 800.103 kcal/me‘h;

4 - g = 1200-103 kcal/m? h.
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Expression (6) is substantiated by test data in the following
parameter range: p = 2-170 atm (abs.}, q = 70-103-5-106 kcal/mz-h;
Vi, = 1-300 m/s.

Thus a single formul2a is obtalned for calculating the heat
transfer factor during boiling in pipes and channels throughout
the range of crisisless modes.

In addition to data with respect to pipes, the graphs also
presents experimental points with respect to heat transfer in
annular slots [9, 12] and longitudinally streamlined bunches of
rods (data of the authors and [12]). It should be noted that as
yet there 1s no single opinlon regarding the guanticy %90 for
annular slots and bundles. Thus, based on data in [¢], for slots
ayg = 0.7 ag o and, based on data in t12], Ggg = %.0°

For longitudinally streamlined bundles of rods, both V. G.
Morozov [12] and the authors of this article have obtained values
for %50 unlike the values obtained for pipes and equal to A o
The absence of a sufficlent quantity of experimental data makes
it impossible to explain the reason for this dirfference. 1In
connection wiith this situation, when comparing the examined test
data various values of %50 (QOO = 0.7 %4 o {el, %0 * %.0 f12]
and our test data) are assumed.

2. Hydraulic resistance during the motion of two-phase flow
in pipes. Generally hydraullc resistance during the motion of a
two-phase flow in plpes is made up of a number of components.
They include losses from the longitudinal acccleration of liquid
and vapor phases, losses from wave formation on the phase inter-
face, losses from the separation of droplets from the surface of
1iquid phase, from the formaticn and Breakup of bubbles, from
friction in the boundary layer of liquid, etc. At present it is
possible in practice to distinguish from total losses those losses
due to longitudinal acceleration (2), (3). Because of this the

10
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majority of authors conditionally define losses from friction in
a two-phase flow as the difference between full hydrauliec
pressure and losses from longlitudinal acceleration (1).

N Posing the problem in such a manner usually involves two
simplified models of two-phase flow: a homogeneous model and a
model of two averéged phases. Both models are used in processing

. experimental data. In the first case, based on analogy with
single-phase flow, hydraulic losses from friction can be cal-
culated from formula:

S =g (1)
where CA¢ is the coefficient of resistance for a two-phase
mixture. When wn" = 0 or wn' = 0, expression (7) changes to the
usual formulas for single~-phase flow

.

o 1 {
8Prp soru= 4’ .l!'.;_". = and dppup= ."—2—&-. g

If we assume that the coefficlent of hydraulic resistance
for two-phasa mixture 1s equal to the coefficient of resistance
for a single-phaze flow and does not depend upon the Reynolds
number, i.e.,
Cap = b =&, (8)

then expression (7) becomes equivalent to formula:

et LA (- 5%

The last formula is recommended for calculating losses from
friction by design standards for water circulation in steam
boilers. However, taking expression (8) as a postulate is not
well founded (at least for smooth pipes). We can assume that
the coefficient of resistance during the moticn of a two-phase

flow in stalnless steel pipes will be a variable quantity over a
wide range of velocity variations. Experimental data obtained in

11



this work confirmed this. Figure 4 presents the dependence of
resistance on reduced velocity of a two-phase mixture for ex-
perimental data obtained in the pressure range 5-36 kg/m2 in
pipes 8, 12, and 18 mm in diameter both with isothermal purging
and with heat release in the working section.

In Fig. 5 the experimental points, obtained for the entire
range of specific thermal loads, pressures, and working section
diameters, are compared with the data of other authors [15, 16,
17] for pressures up to 180 kg/cma. A single averaging line with
exponent can be drawn through all experimental points at a
velocity of m = 1,75, 1i.e., from the graph it follows that the
coefficlient of friction resistance during the motion of a two-
phase mixture in plpes 1s inversely proportional to velocity
to the power n = 0,.25:

. dpp 4 1
‘~_-....~..-o o wran Auy + = . 10
HT T l '\ta?f ( )

Figure 6 shows the coefficient of friction ¢ versus Wiow?
plotted according to the data from this work and [15, 16, 17, 18].
A single averaging line, described by the following empirical
equation, can be drawn through all experimental points:

2 (11)

The disadvantage of the calculation formula obtained is its

dimensioned form. However, reducing function (11) to dimensionless

form by a formal introduction of viscosity with respect to
formulas of the type:

™ »’ #
Poo =07 1 (1 — x)p’

LI SR { ot 9

was not advisable since these formulas make it possible to
generalize the experimental points only in a comparatively narrow
pressure range.

12
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Fig. 4. Friction resistance versus the velocity of a two-phase
mixture (pipe @ 8, 12, 18 mm):
1 - Working section # 8 mm (q = 300.103-800:103 keal/m°-h,

p = 5-36 atm (abs.)); 2 - Working section @ 12 mm (q = 0-1200.103
kcal/mz-h, p = 5-31 atm (abs.)); 3 - Worklng section @ 18 mm,
(q = 0-800-103 keal/m®+h, p = 5-31 atm (abs.)).
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Flg. 5. PFriction resistance versus velocity of a two-phase mix-
ture (combined graph): 3 3 2

1 - Working section @ 8 mm (q = 300:10°-800+10° keal/m“:h,

p = 5-36 atm (abs.)); 2 - Working section @ 12 mm (q = 0-1200:103
kecal/m2.h, p = 5-31 atm (abs.)); 3 - Working section @ 18 mm

(q = 0-800.103 kecal/m2:h, p = 5~31 atm (abs.)); 4 - Working
section ¥ 8.5 mm (p = 16-181 atm (abs.) [17]; 5 ~ Working section
@ 13 mm (q = 300.103-1200.103 kecal/m2:h, p = 4 atm (abs.)) [18];
6 - Working section @ 29.9 mm (p = 40-70 atm (abs.)) [19].
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(combined graph),
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1 - Working section # 8 mm (q = 300103 keal/m®:h, p = 5-36 atm
(abs. )); 2 - Working section @ 12 mm (q = 0-1200-103 keal/m?h,
p = 5-31 atm (abs.)); 3 - Working section @ 18 mm (q = 0-800-103
kcal/m2~h, p = 5-31 atm (abs.)); 4 - Working section # 8.5 mm

(p = 16~181 atm (abs.)) [17]; 5 - Working section @ 29.9 mm

(p = 40-70 atm (abs.)) [19]; 6 - Working section @ 13 mm (q =
300°203-1200+103 keal/m2+h [18].

(=

When using the "two averaged phases" model, each of the
phases 1is characterized by its own average velocity, i.e., the
slippage effect 1s taken into account. When using this model it
is proposed that any liquid phase in the form of a ring-shaped
layer moves aiong the walls of the pipe. Because of this, in the
processing of the experimental data, the average true velocity of
the water (with allowance for slippage) was taken as the determining
velocity, while from the physical parameters - the viscosity of
the 1iquid. )

The real picture of the motion of a two-phase flow is in-
comparably more complex than the model studied. On the boundary
between liquid and vapor phases wave formation occurs. At certain
flow velocities the separation of wave crests and the entrainment
of the forming droplets into the main body of the flow occur.
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The opposite phenomenon also takes place - the precipitation of
droplets from the main body of the flow onto the wall. Wave
formation, droplet separation, bubble breakup, ete., are connected
with the surmounting of surface tension fources. Consequently,
among the criteria which characterize the process, along with the
Reynolds number there must also be included the surface tension
criteria proposed by L. A. Vitman [20]. As a linear dimension in
the surface tension criterion the following quantity was assumed

[3]:
t-';/-!,’-. (12)

Figure 7 shows the coefficlent of resistance § as a function
of Re/We2 (z was calculated based on true mixture velocity and
true specific mixture weight).

It 1s apparent from the graph that experimental data from
various authors agree satisfactorily. A single averaging line,
described by the following expression, can be drawn through all
experimental points:

.

. -3 Wi
Q=l'7’lo ‘-_'TR.‘ . (13)
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THE EFFECT OF THE NUMBER OF VAPOR
FORMATION CENTERS AND HEATING

SURFACE PROCESSING PURITY ON HEAT
EﬁggagGE DURING THE BOILING OF f

G. N. Danilova

Abbreviations:

H = saturation
cT = wall
Hp = critical

Experimental and theoretical works of various researchers
have established that the processing purity of the heating surface
affects heat transfer intensity during boiling in a large volume
under conditions of free liquid motion [1-14]. The studied
ligquids included water, ethyl and methyl alcohol, pentane, ether,
carbon tetrachloride, and several others.

Based on Berenson's data [10], for several liquid-heating
surface combinations, the heat transfer factor for the same
liquid on a surface of the same material ranged from 500 to 600%
* because of variations in the roughness of the latter.

In the Leningrad Technological Institute of Refrigeration
an experimental study was performed on the effect of roughness
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on freon heat transfer. Tests were made with pipes of varying
roughnesses, on which freons boiled. The experimental apparatus
and test results with F-113 at atmospheric pressure p = i bar,

t, = 47,.7°C and with F-12 at p = 4.88 bar, t, = 21° are described
in [15]. Direct-heating steel pipes were used with F-12 and
copper and steel pipes with F-113.

The class of surface processing purity was determined in
accordance with GOST 2789-59 [[OCT = GOST = All Union State
Standard]. The height of the roughness Rz in microns was selected
as the roughness characteristic.

The results of these tests lead to the following conclusions.

l, An increase in roughness, characterized by an increase
in its height R in the thermal flux range from 3000 to 30,000
W/m , leads to a decrease in the temperature drop At = t . - t_
(wall - saturation) and an increase in the heat transfer factor.

This has its greatest effect in the range of low thermal fluxes.

2. Not only the quantity RZ but also the method of obtaining
1t affects heat transfer intensity: for roughened pipes with
Rz % 10-20 um the same values of heat transfer factors are ob-
tained as for pipes having Rz s 50, which have been shot-blasted

and processed on a lathe,

3. There 1s a guantitative reclationship between the heat
transfer factor and the microroughness of the surface, which can
be represented in the form of a dependence of a on Rz. Figure 1
1llustrates the results of tests [1%], as well as the data of
various authors [16-18] for F-12 at t, = -15°C (p = 1.82 bar).
Works which included information on surface processing purlty
were examined. The lines on Fig. 1 correspond to the following
relationship

a v Rg'z. (1)
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Fig. 1. The effect of roughness on the heat
transfer factor of freons

(q = 10" w/n?).

LTIKhP [Leningrad Technical Institute of
Refrigeration] tests: 1 - Polished surface;
2 - Industrial preparation; 3 - Large-grained
sandpaper; 4 - Shot-blasting surface grocessing;
5 - Roughened surface. Tests from [18]: 6
Polished surface; 7 - Industrial preparation;

8 - Shot-blasting surface processing. Tests from
{16]: 9 - Polished surface. Tests from [17]:

10 - LTIKhP tests: PF-113; 11 - Plate X, %

4, The number of vapor formation centers z (l/cmz) increases,
while At decreases with an increase in roughness at the same q
and with an increase in q during boiling at the same surface
heatins (in both cases, the same freon and constant pressure are
studied).

Thus, not only heat flux but also the number of vepor for-
mation centers have an effect on the value of the temperature
drop and the heat transfer factor. The procescing of tests with
F-113 showed [19] that

A~ quz-n-a; (2)

a~g¥2®, (3)
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Physical concepts concerning the mechanism of heat exchange
during bolling and the avallable experimental material leads us
to assume that the number of vapor formation centers must depend
upon the physical properties and pressure of the liquid, the
roughness of the boiling surface, heat flux, and wetability.
Thus, during the bolling of the same liquid on a specific heating
surface the effect of pressure on heat transfer intensity nwust
be manifested in terms of a variation in z (at least in the area
where q is not too high, where a change 1in the value of z does
not lead to a change in the boiling mechanism).

To check thils assumption an experimental study was made on
the process of vapor formation in F-12, boiling on a horizontal
plate at various pressures. The plate material was 1Khl8NOT
steel, length 62 mm, width 2.5 mm, thickness 0.18 ¢ 0.01 mm.

The design of the heating element, the method of sealing the
thermocouples, the heating method, and the experimental apparatus
in which the tests were conducted were the same as in the tests
for determining diameter and frequency of steam bubble separation
[20]. Half of the plate (in length) was polished, half processed
with abrasive powder (roughened), Processing purity, in the
first case, was Rz = 0.13; in the second case, Rz = 7,2 ym. To
determine the heat transfer factor two thermocouples were set up:
one in the middle (with respect to length and width) of a section
of the roughened surface, the second in the smooth part of the
plate.

A number of centers were estimated visually over the area cof
the friction plate by various observers. The spread between
their data did not exceed 15%. The maximum value of the heat
flux at which we could still determine 2z depended on tH and the
roughness.

These tests confirmed the above conclusions concerning the
fact that at identical q and p on a roughened surface the number
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of vapor formation centers and a is greater, while At is less,
than on a smooth surface. 1In addition, tests on a plate showed
that with an increase in pressure, z and a increased both on
smooth and roughened parts of the plate. The relative effect of
pressure in the studied range of parameter variations is
approximately the same,

Figure 1 1llustrates the experimental values of a for
q= 10“ W/m2 with corresponding Rz for both sides of the plate.
For the smooth part comparison was made only at tH = 20°C ﬁince
in the case of tH = «15, developed bolling began at ¢ > 10 .

As is apparent from Flg. 1, the results of these tests agree
with the results of tests for other heating surfaces.

Figure 2 1llustrates graph of function a = f£{q), obtained
in the experiments, from which 1t is completely apparent that on
the smooth part of the plate and at low saturation temperatures, :
developed nucleate boiling begins at higher q than on the 3
roughened part of the plate and at high tH. In the region of %
developed boiling the logarithmic lines in Fig. 2 are approximated i
by equations o = Aqn with n = 0.75 and A different for different
tH both for smooth and roughened surfaces.

The experimental results were processed in the form of
function (2) (Fig. 3). All data for the smooth and roughened ;
parts of the plate are generalized by the following equation,
with an accuracy of *20%:

M2V =35.107¢%. (4)

. From formula (4) it follows that
a=28,5¢"42'?; (5)
. q:=87A¢Y, (6)

(Here q - W/ma, a - W/mz;deg, z - cm'2)
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t, ‘€
(1) .n RS I Y o p ” Y
Toankan () ® P 4 j=Cc=]1 8 [®)
tlepoxorsrae  (3) o X X sk v +

KEY: (1) Plate; (2) Smooth; (3) Roughened.

24

4~ i et i A B it i ot 4




" ——rpre tax 03

o Ot2 "398 (rjeunt) P

S

a G © NS
N

..
-~ WS

o

4 567090 y e
* i ALY

Fig. 3. Relationship between At, q, and z for F-l12
boiling at p = 1-11.9 bar:

l - ,;m.agm-%m, Designations are the same as in
Fig. 2.

Experimental data processed in the form of function
6 = f(ql/”zl/3) are presented in Fig. U4; line 1, corresponding to
equation (5), is also plotted there. It generalizes the ex-
perimental data in the studied range of pressures with an accuracy
of 120%.

Points which correspond to extremely small heat fluxes are
dropped (these points do not appear on Fig. 3). Apparently this
is connected with the different character of the effect of z and
q on At and a in this region.

Figure 5 presents the dependence of z ~ pk on pressure. We

can assume that k = 1.4 approximately. Similar results for water
at p » 1-3 bar were obtained in [2] with k = 1.
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The results of these experiments allow us to assume that the
effect of pressure on the heat transfer factor is manifested
generally through the change in the number of effective vapor
formation centers. This assumption agrees with the data from
the work of Gol'tseva [27].

The existence of proportionality between a, q, and z was
indicated in [1]. Relationships of the type

qn at3z° (7)

were obtained from experiments with liquids having different
surface tensions (at a = 3/2 and b = 1/4) [29], as well as from
an examination of the boundary layer [9, 11]. In [9] the values
a=1, b= 0.5 were obtained; in [11]J a =2, b = 0.25. And
finally, even Zuber [11] obtained relationship (7) with a = 5/3
and b = 1/3 under conditions of liquid flow dynamics created by
growing and separating bubbles and a generalization of experi-

mental material.

In the light of the data obtained in this work, the results
are not unexpected. Their peculiarity consists in the fact that
they describe tests with different pressures since, as far as we
know, all previous studles were carried out at atmospheric
pressure. The numerical values for a and b in formula (6) are
near the values presented above obtained by Tien [9] and Zuber{ll].

The effect of the physical propertles of liquids and pressure
on the number of vapor formation centers can be evaluated if we
examine the conditions necessary for the occurrence of boiling
on a hard heating surface. They presuppose, first, the formation
of a vapor phase nucleus in ligquid phase, which requires the
surmounting of a certain energy barrier in the form of the
difference in thermodynamic potentials 4¢ of the system before
and after the nucleus is contained in it and, second, the fact
that the dimensions of the nucleus are greater than the value of
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i R s which can be determined by the thermodynamic and mechanical

min
bubble equilibrium conditions.

The quantities A¢ [22, T, 12, 25] and R, {22, 23] are
determined by expressions:

AD = A,V (8)

1673722 4 .
A0, = Tt =g woRam § (9)
Rew= 2300 (10)

Here o 1s surface tension; 'I‘H is the absolute saturation tem~
perature of the liquid; r is the heat of vaporization; y" is the
specific weight of the vapor, A = 1/427 kcal/kgf'm; ¥ is a

quantity depending upon chemical properties of liquid and the
examined element of the surface and on the geometric characteristics
of the latter [5, 12, 241, '

Smaller A® and Rmin will correspond to easier conditlions for
boiling and a larger number of vapor formation centers. Thus, we
can assume that the set of physical properties introduced into
equations (9) and (10) also determines the number of z, all other
things being equal.

In [7] the quantity Rain 1S taken as the quantity which
uniquely determines the number of vapor formation centers in
various liquids boiling at varilous pressures and temperature drops
on the same type of heating surface. The processing of their
own experiments with ethyl and methyl alecohol and tests [38] with
acetone, hexane, CaClu, and 082 in the form of function z = f(Rmin)
allowed the authors [7] to assume the assumptlion introduced by
them was correct. An examination of the graph presented in [7]
shows that the form of the function obtained is curvilinear.

The character of the function for surfaces of different mechanical
processing was the same. Labuntsov [12] proposed that we assume
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This relationship is confirmed by tests in [2] and [8].

The conclusions in {12] and [7] concerning the effect of Rﬁin

on 2 agree quallitatively and, to a certain extent, quantitatively.

Figure 6 illustrates the function z = f(l/Rmin) for freon-12
boiling on a plate in the region of developed boiling. 1In PFig. 6
it is apparent that tests on the same heating surface at different

pressures are united by quantity Rmin‘
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Fig. 6. Relationship between z and Rpip for
a smooth and roughened plate:

-105. - -2
l~2n Rmin 3 2 2N Rmin' Designatlions are

the same as in Fig. 2.

Experiments on the smooth and roughened parts of the plate
are characterized by different values for 2 at identical Rmin and
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by the fact that the latter affects Z to varying degrees. 1In the
first approximation we can assume that the effect of pressure,

physical properties, and At on the number of vapor formation
centers can be taken into account with the ald of quantity Rmin'
As for the effect of the state of the heating surface, it is not

reflected by the value of Rmin‘

As indicated above, the effect of heating surface processing
purity on the heat transfer factor of boiling freons can be
accounted for with the height of the roughness Rz. Apparently,
this quantity does not reflect, to a full extent, the character
of the effect of roughness on conditions for the generation and
separation of bubbles; for this we must still know the diameter
and the flare angle of the recesses. However, a certain
evaluation of the effect of roughness, which more precisely defines
the condition for comparison of various tests, and calculation
formulas for a can be arrived at with the aid of this quantity.

The quantity Rz characterizes the height of the deepest
depressions and, to a certain extent, the average depth of the
depressions at a given surface processing. As follows from an
examination of profilograms, taken from a plate and from several
pipes, the form of the depressions is conical, flare angle is
somewhat reduced, and the diameter of the depreassion increases
with an increase in Rz.

On the other hand, in narrow conical depressions, considerable
overheating on the heating surface is possible for liquid in the
depression; consequently, there is a greater probability of the
appearance of vapor bubbles due to the flashes of overheating and
thermal fluctuations inside the liquid [19, 28]. 1In addition,
the complete filling of such depressions by liquid is difficult
[5] and, consequently, there is always the possibility of finding
bubbles remaining in them (after the boiling process has ceased)
which are equal to or greater than Rmin'
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And, finally, as theoretical studies [5] and [12] have shown,
the dimensions and shape of a depression affect the quantity
A¢. The function ¥ depends upon the microscopic contact angle
© and flare angle of the depression 2¢.

Average macroscopic contact angles for freons, based on the
results of our measurements and also data presented in [7] and
£13] are 0y = 30-60°. With this 0 > 0, [26, 12]. If we assume,
on the average, © = 70°, then with an increase in ¢ from 90 to
60°, ¥ changes from 0.75 to 0.5 [12].

With a decrease in ¢ and an increase in © the values of ¢
and A are reduced more significantly.

The considerations presented above give a basis for the
selection ot Rz as the parameter which determines the effect of
roughness on heat exchange intensity during boiling. In addition,
this selection was dictated by the possibility of determining
such a parameter and using it in the practical application of
calculation formulas for varicus heating surfaces.

The effect on the heat release factor of the physical
properties and the pressure of freons boiling on a certain surface
is reflected by the relationship presented in [21, 30]:

a=2¢,0"" 7 (p). (11)

Heat transfer factors during bolling on another surface can
be found by multiplying expression (11) by (RZ/RZ 1)0'2.

It 1s assumed that the effect of Rz at various p and q is
the same. With a known degree of approximation such a conclusion
can be made on the basis of results obtained in the above

described tests.

31




The calculation formula for heat transfer during freon
boiling in a large volume, under conditions of developed nucleate

boiling, assumes the form:

R, \02
2= 10 RS) - (12)
Here
cy =550k Ty "M~ ( . x’)"ldeg- } (13)
co =530pl Ty *M™"* ( oa ) U/ deg
710 = (014 +22(pipe) for 05K - <05 (14)
Rz 0" 1l um, Rz is the height of the roughness of the calculated
]

heating surface, um; P, is the critical pressure, har (or atm
(abs.)); T, . is critical temperature, °K° M is molecular weight;
q is specirio heat flux, w/m (or kcal/m *h).

For industrially prepared pipes processing purity corresponds
to class V8-V7 and Rz = 2-6 umj; the heat transfer factor is
higher by a factor of 1.,15~1.4, as compared with a surface having
Rz = ],

Durirg boiling in industrially prepared pipes formula (12),
for determining the average heat transfer factor, reduces to the

form:
for freon-l2

2 =55¢%" 1 (), (15)

for freon=22
2 6,29"" £{p). (16)
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STUDY OF EXCHANGE FACTORS AND
DROPLET DIFFUSION IN DISPERSED
~-ANNULAR .FLOW.

I. I. Paleyev, F. A. Agafonova,
M. E. Lavrent'yev, and K. P. .
Malyus=Malitskily

Designations

w. - average gas velocity, m/s;
¢ - concentration, kg/m3;
g - specific mass flow, kg/soma;

- flow rate of ligquid in film per unit
perimeter of channel, kg/m-s;

G - full mass flow, kg/s;

d - diameter, m;

p - density, kg-szlmu;
D_ - coefficient of turbulent droplet or
particle diffusion, m2/s;

K - exchange factor;

v*=] /o -~ dynamic velocity;
Re;= !;"'4’-'- ~ Reynolds number for gas.

Subseripts: na - film, s2m - suspension, suH - removal,
8un -~ deposit, A - core, r - gas, w - liquid, up - dye, u - drop,
4 - particle.
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With dispersed annular flow of a fluid mixture in channels
there 1s an intense mass exchange of the liquid flowing in the
form of a thin film on the channel walls and moving in the form ‘
of small drops in the flow core. Thils mass exchange has a

considerable effect on the physical processes which accompany
such two-phase flow.

The phenomena of liquid drop transfer in the core of a
dispersed annular flow (removal and deposit) are connected, first,
with the turbulent pulsations of drops in the gas, i.e., with
their turbulent diffusion coefficient. During the turbulent
motion of the gas which carries the suspended particles, the
latter perform complex pulsation motion.

Since the density of the 1liquid 1s greater than the density :
of the gas (pm >> pr), pulsation fregiency, velocity, and mean
free path of the drops can differ from the corresponding quantities
for pure gas. Droplet size also has a considerable effect. If
the drops are small as compared with the scale of the turbulence,
they will easily follow behind the components of turbulent gas
motion. Certain limiting cases of particle motion in turbulent
gas flow are examined by Khintse [1]. We are familiar with a
rather limited number of experimental works on the problems of
drop (or particle) transfer in gas flow. These are references
[2, 3] concerning the measurement of diffusion coefficients and
references [3, 4, 5, 6] in which deposit (or removal) of liquid
drops from the flow core to the wall is studled. However,
quantitative results obtained by various authors disagree con-
siderably. For example, the values of the diffusion coefficients
measured in references [2] and [3] differ by approximately two
orders.

In our work the turbulent diffusion coefficient for drops
in gas DT was determined by the distribution of dye throughout
the height of the channel, and the exchange coefficlent

35




¢ A w0 e eAe o

K= gBHH/cwr by the variation in dye concentration in the liquid
film flowing along the lower channel wall.

The experimental apparatus was a channel of organic glass,

rectangular cross section 15 x 20 mm and length 740 mm. A solution

of dye (methylene blue) was introduced directly into the liquid
film through a slot 0.5 x 18 mm in the lower channel wall. In
order to obtaln a uniform feed throughout the channel width the
slot was covered with porous plastic. The flow rate of the dye
was selected experimentally so that the flow of the fiim was
distorted as little as possible to obtain a good displacement of
the dye throughout 1ts width and to insure stable operation of
the photocolorimeter, with which the concentration of the dye

was determined. The dye was introduced for a distance of 400 mm
into the working section (I/H = 27). Concentration of dye in the
film was measured at five polnts along the length of the channel
every 50 mm; reading began from the introduction point (with
maximum film thickness & = 0.5 mm, 11/6 = 100). The flow rate of
the liquid in the film was measured at the end of the workilng
section along each of the channel walls separately. The mass
flow of the suspension and the concentration of dye in it along
the height of the channel was also measured at the end of the
working section.

The equation of turbulent diffusion for the liquid drops
separating from the film - dye diffusion equation - can be
written approximately in the following form:

'w,d;:' ==D,‘:;:'. (1)

It was assumed that the lateral velocity of the drops upon
separation uy = 0, and the longitudinal velocity U, = W The
latter can be reduced to a certain overstatement of Dr‘ The
boundary conditions are:

R =0; (9c*Pdy)

o =0 12 cH, (2)
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The last condition assumes that the concentration of dye in
drops separating from the film is equal to the concentration of
dye in the film itself. The second boundary condition can be
written in such a form since throughout the tests no dye was
detected in the film on the upper channel wall. The solution to
equation (1), with allowance for (2), has the form:

«p
;- .a:, _.l—--) (3)
ll,JBTI

where L 1s the distance from the dye introduction spot to the
extraction spot at the end of the working section. A comparison
of the experimental profile of dye concentration along the height
of the channel with the profile calculated by expression (3)
makes it possible to obtain a value for the turbulent drop
diffusion coefficlent in gas DT for each test. We should note
that with the test setup both the average diffusion coefficient
along the channel cross section and the average diffusion co-
efficient for the entire spectrum of drops in the flow were
determined.

The expression for determining the exchange coefficient K
can be obtained from the balance of dye for an arbitrary section
of liquid film:

d( n\‘ﬂ-‘) <u)

4z = 3P oun — €8 Boune

For steady flow Baun = Baun

Under condition ¢ =ci from (4) we obtair

= const, 8nn = const, G“p = const.

ay

o8~

W::a(x—x,), (5)

<

In

G, &
Kp H>euH
where c¢.F = G /G ; a ™ ———,
0 L 81nCaae

Since the variation in dye concentration in the film along
the length of the channel is known from the test, it is easy to
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determine quantity a from expression (5) and, consequently, the
quantity of separating liquid Baun and the exchange ccefficient K.

The values obtained in our tests for the turbulent diffusion
coefficients of drops in gas are presented in Flg. 1 as a function
of gas velocity. From Fig. 1 it is apparent that the quantity DT
decreases with an increase in gas velocity. We detected no effect
of suspension concentration on the drop diffusion coefficient
(with the variation ¢ = 0.1~1.5 kg/m2). The absolute values of
DT in our tests lay in the range (1.5-2.2) x 10'3 m2/s and were
near in order of magnitude to the turbulent diffusion coefficients
of dry gas 1n pipes, calculated according to Goldenberg's formula
[7] for a single-phase flow. On Fig. 2 the same experimental
data, presented in the form of the parameter DT/wrd versus the
Reynolds number, are compared with the data from other studies.
Curve 1 pertains to tests in [3] in which DT was determined by
the deformation of the profile of suspended liquid concentrations
along the length of the channel in the initial section of a two-
phase stream. (Average drop size was 30 um). The relatively
overstated values for DT in these tests are explained by the
higher initial turbulence of the gas flow itself in the stabili-

zation section.
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Fig. 1. Turbulent diffusion coefficlent of liquid
drops in gas versus the Reynolds number of the gas:

® - c = (0.10-0.14) kz/m3; @ ~ (0.25-0.39);
0 - (0.43-0.76); & - (0.81-1.50).
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f O- [3]; @ - Our data; 0 - d, = 200 um [2]; & - d, =
| 100 um [2].
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Curves 3 [2] are obtained for the motion of solid (glass)
particles in a gas flow. (Horizontal channel, gas velocity 8-26 i |
m/s). As is apparent, the spread between experimental data from
various authors is rather significant.

However, such a method of representing experimental data
does not account for particle dimensions, particle density, or
the turbulence characteristics of the carrier gas flow. In
reference [1] it is theoretically shown that the ratio of

turbulent diffusion coefficients for particles DT and gas DT

-
must be a function of the St number-%%ﬁ% and dimenslionless time

ilte (o - Lagrange time scale). The character of this relation-

ship is such that with an increase in St and t/'rL the DT/DT
r

ratio also increases and at the limit tends toward unity. A
quantitative evaluation of the parameters St and t/TL in our tests
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and in tests discussed in reference [2] shows that the character
of the divergence between these test data corresponds to theory,
l.e., large values of this parameter correspcnd to large values

of DT (if the values of DT were identical).
r. *

For calculation of the average turbulent diffusion coefficient
of drops during the motion of an air-water mixture in drops we
can recommend the following empirical formula:

De —64.107Re, 8, (6)

ud

|
}
; This formula is obtained with a variation in the Reynolds number
E Re_ = 6-10“-16.5-103\and a Eer-volume concentration of suspended

: liquid c/ym = 1.10" '=15:10" ',

Test results with respect to determining exchange coefficients
are presented in Fig. 3 as a function of the Rer number. Sus-
pension concentration in the flow 1s chosen as the parameter on
this filgure. The effect of the per-volume fraction of suspension
: : in the flow on the exchange coefficient 1is shown in Fig. 4. With

an increase in the liquid load of the flow core the value of K
drops. However, with c/Ym = 8~10'u the drop rate of K is sharply
retarded and with a further increase in the suspension concen-
tration the exchange coefficient changes only slightly. The same
effect of the per-volume content of suspension in the flow on the
exchange coefficient was noted in references [4, 5].

The test data on exchange coefficients obtained in our work
can be approximated as follows:

K=281Re, " (c7, 10) ™" when c71.<8:107; (7
K=103Re,” ™ (1% -10°) *® when ecv,>6-107% (72) .
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Fig. 3. Exchange coefficient versus gas Reynolds
number. (Designations - see Fig. 1).
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Fig. 4, The effect of the per-volume
fraction of suspended liquid on the
exchange coefficient.

From the Reynolds analogy between mass transfer and momentum
for a single-phase flow there ensues a connection between the
exchange coefficlent and resistance coefficient which is valid
for gases at Pr = 1 for gradientless flow:

Boun __ &
Km £ = . (8)

Figure 3 1llustrates the region of resistance coefficlent
varliation, calculated according to the mean density of the flow
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core and the measured pressure drop, without taking into account

loss from flow acceleration. It 1s apparent from Fig. 3 that the
character of the dependence on the Rer number is identical for

£/8 and K. However, for K the dependence on the concentration is
expressed more strongly than for £. .

The values for the exchange coefficients obtalned in our work
are mean integral values for the entire drop spectrum in the flow. .
An examination of the experimental data from reference [6] on the
deposition of solid particles from gas flow onto a channel wall
shows that the rate of deposition depends strongly on particle
size if the dimensionless dilstance through which the particle
passes under the effect of turbulent gas pulsation with the
Stokes law of resistance St = 0.9 3;%21, is greater than 3.5,

The research conducted on transfer processes in a dispersed
annular fluild flow indicates that these processes have a very
complex character. Unfortunately, at this time not enough ex-
perimental data have been complled for a more complete analysis
and generalization of the avallable experimental material.
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CHARACTERISTICS OF HEAT EXCHANGE
DURING THE BOILING OF CERTAIN
agg?nlc SOLUTIONS AND DISPERSED

G. M. Pludovskaya

Abbreviations

pacy = caiculated
on = experimental

In this work we have made an experimental study on the
process of boiling in certain aqueous solutions of organic com-
pounds, which are homogeneous and contain suspended particles.
The choice of such medla has made it possible to distinguish the
qualitative effect of liquid viscosity and heating surface
orientation on the intensity of heat exchange during bolling and
to obtain certain first recommendations with respect to a
quantitative evaluation of heat transfer intensity. These data
have great significance in the selection of optimal conditions
for industrial thermal processes in the chemical, microbiological,
food, and other industries.

The main series of tests were made with a sugar solution of
varying concentrations from 20 to 60%, which corresponds to
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the 1liquid viscosity variation from 3.8:107° to 3“-10-5 kg-s/m2.

A sugar solution was selected for the basic tests because
there are data available in literature on heat exchange in such
media [1].

These data were the starting point in our work for comparing
them with the results of tests made subsequently with certain
nutrients used in the microbe synthesis industry, particularly in
antibiotics.

It should be noted that the above mentioned tests with sugar
solution were made for large volumes. However, in our experiments
the volume of boiling liquid was quite small. The heat transfer
factor during bolling was determined in horizontal and vertical
cylinders 100 ml in volume with a heater located inside in the
form of a quartz pipe @ = 18 mm, which emitted heat from an
electric spiral passing through it. The heating surface of the
pipe was H = 0.038 m2. The heat transfer factor was calculated
from the familiar formula:

a9, o
R e A
where q 1s thermal loading, kcal/m2; tw is heater wall temperature;
ts is the temperature of the boiling medium.

Each series of tests included no lesg than five measurements
of wall temperature and medium temperature after achieving steady
state.

The transition to steady state was determined by a pre- 4
liminary group of control measurements. In all, 13 serles of
such tests, generalizing data from more than 65 single tests,
were conducted. Tests were made on water, on sugar solutions, .
and on nutrients for the production of penicillin, tetracycline,
and streptomycin, containing suspended particles of cornmeal and
solutes in the form of glucose, common salt, etc.
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In the experiments the thermal load and temperature drop were
kept constant.

Thermal load during work with a horizontal heater varied
in two limiting values: 19.9-103 kcal/m2 = 83'103 kJ/m2 and
20.1+103 keal/m? = 83.5:103 kJ/m®, while during work with a
vertical heater q = 15.5-103 kcal/m2 = 63-103 kJ/m2 and 11 x 103
keal/m? = 73.5.103 kd/m.

The boiling temperature of the studied liquids did not ex-
ceed 110°C. For the sugar solution it varied from 100 to 109°C.
Within these 1limits the temperature of the studied media also
varied.

The table below presents the average values of the heat
transfer factors obtained in the experiments at atmospheric
pressure. It is apparent from the table that the arrangement of
the heating surface only slightly affects heat transfer during
boiling of water and sugar solutions. Reduced values of the
heat transfer factors, in those cases with a vertical heater, are
determined not as much by its orientation as by the reduced
thermal load under which the tests were performed. The re-
calculation, for example, of the heat transfer factor for water
by the increased load with respect to the familiar relationship:

a,,ma.,,(_’:m )“’.-_.1737( 20,1 )°".a.94so keal/m2.h-deg

'\ on By

showed that the quantity a for the case of boiling with a vertical

heater becomes very near the value obtained for this coefficient

in the case of boiling water with a horizontally arranged heater.
These data agree rather well with the results of M. Yakob's

experiments [2], performed for cases of boiling in large volumes
of water and carbon tetrachloride.
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gable.

) {2) 2 Kos*‘,g‘ttt,m- 5) (6)
N ,-.r:,;,")%i? cur“:‘z-:mm Teunepatry- | Pacnorowenne
. Hecaeayenan cpeas | ycqn’ , _qf OTR2UH, Pa Kitne- | NOBEPXHOCTH
ot 1077 Kxaa ung, C Harpesa
-
M2.4e2pad

1 |Boma . (7). ... .. 20, 10610 10 | For soumassoe (12)
2 |Boa. (U, ... .. 15,5 7731 100 Beprisaasnoe  (13)
3 | Caxapuute pacrroput (8) 19.9 6960 100-103 | Topw 0. 235408 (12)
4 | Caxeplie pacrropu (8) 15,5 4555 {3103 [Beptinarsnoe  (13)
§ | Muie - unen cpeza aam| -

T, MKAUHA . (g) . 20,1 10130, { 100--102,5 | Tof isonracinitoe (12)
6 ] Murates~ »2 cpe1y aam R

terpru, cuua , (91, 15,5 7400 16w ~102,5 | Bepiuksawioe  (13)
7 | Murare.neen cpeaa aan .

nemzazitng L (30). 2,1 9620 100103 | Fopitsoutasnce (12)
8 | IMurareasran cpexa,; '

neHur ?.'n:unap. (161 15,5 9100 102 -103 | Beprnanhoe (33)
9 | Murare-vean cpeaa aas

ctpentovnuitia 31) 19,9 8225 100 104 | Topuaoutassmoe (12)
10 ; Muraressnan cpeaa asn |

crpemonmluga (1) - 15,8 8336 100~104 | Bepruxaasuoe (33)

KEY: (1) No.; (2) Studied medium; (3) Thermal load
59%1.10'3; (4) Heat transfer factor —iStl :
m m-+h.deg

(5) Boiling temperature, °C; (6) Arrangement of heating
surface; (7) Water; (8) Sugar solutions; {9) Nutrient for
tetracycline; (10) Nutrient for penicillinj (11) Nutrient
for streptomycin; (12) Horizontaljy (13) Vertical.

In all cases, the horizontal arrangement of the heating
surface intensified heat transfer during boiling, increasing the
heat transfer factor in a ratio of 1.1-1.3.

In a somewhat different respect, while preserving the same
character, the orientation of the heating surface affects heat
exchange during boiling in nutrients containing suspended particles.
The presence of particles in a boiling medium noticeably contributes
to the intensification of the bolling procesc, apparently causing
a turbulization of the medium. This situation is illustrated
rather well by the figure, on which the relaticon of the heat
transfer factor and the viscosity present in the boiling medium
i1s represented.
tests with water and sugar solutions of different concentrations

The upper curve corresponds to the series of
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during a horizontal heater arrangement and specific thermal load
of q = 20-103 kcal/(mzoh-deg). The lower curve represents the
results of tests with a vertical heater arrangement and a specific
thermal load of q = 15 x 103 keal/m?:h-deg.

2
«17*3 keal/m *h' °C

3

U she= Heat transfer factor during

:EIN boiling versus viscosity of

I __4_ the liquid:

¢ o x\;‘_‘j‘ ] i’:—— 1 1l - Horizgntal heating surface

LY _ % q = 20.103 keal/m?.h; 2 -

4 <= Vertical heating surface

j T 1T q= .1.5-103 kcal/ma'h; 3 -
Order of magnitude of heat

'. 10 ] 7] “ transfer factor for dispersed

B 103 kg.put media studied.

As 1s apparent from the figure, the effect of viscosity on
the value of the heat transfer factor is sufficiently perceivable
only in the region of insignificant concentrations for the sugar
soiution, i.e., at iow initial variations in its viscosity.

With an increase in concentration and, accordingly, solution
viscosity, its effect on the value of the heat transfer factor is
reduced. The curve, in practice, flattens out.

These results substantiate the conclusions of V. M.
Borishanskiy [3] concerning the considerable effect of medium
viscosity on the intensity of the bolling process only in regions
of low concentrations and small thermal loads. The obtaining of
guantitative recommendations, taking this effect into account,
is the subject of a separate study. Of particular interest are
the data obtained in tests for nutrients, which are two-phase
systems with varying degrees of dispersion,

These media contain dissolved and scattered proteln com=- ,
ponents in the form of particles, which give to the solutions the
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abllity to change thelr viscosity discretely at certain
temperatures.

As the bolling point is approached, clusters are formed
which, along with the particles, create noticeable turbulence
throughout the liquid. Therefore, for such medla it is meaning-
less to establish the relationship between the heat transfer
" factor during boliling and the viscosity of the medium,

As 1s apparent from the figure, in spite of the fact that in
such media conditional viscosity becomes substantially higher
than for pure water (on the average, for the media u 30-10"5
kg~s/m2), the heat transfer factor for them is near its value for
water under corresponding conditions, l.e., it has a greater
value than 1t would have to have according to the actual
medium viscosity. We should, therefore, perform additional
research to clarify the effect of the size of the particles
suspended in the medium and the medium's degree of dispersion on
heat transfer intensity durlng boiling.

The importance of accumulating further data, particularly
on the thermophysical characteristics and peculiarities of heat
and energy exchange during boiling, is dictated by the necessity
for using them in the engineering development of technological
processes and the equipment of enterprises in a number of
industrial areas, for the purpose of organizing more effective
and economical heat consumption in indusirial engineering.
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A STUDY OF HEAT TRANSFER AND
THERMAL MODES DURING THE FORCED )
FLOW OF WATER IN ECCENTRIC ‘
ANNULAR CHANNELS

P. A. Andreyev, N. S. Alferov,
and R. A. Rybin
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Designations

t - temperature, °C;
o - heat transfer factor, kcal/ma-h-°C;
€ — - relative eccentricity;

e - eccentricity, m;
d - channel diameter, m;
q - thermal flux, kcal/mz-h.

Subsecripts:

cT - wall,

' 8 - water,
3ke - equivalent,
pacy - calculated,

! not - loss,
H - external,
8H - internal.
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In the making of heat exchangers of the pipe-in-pipe type
there can occur a deviation from the mutually concentric arrange-
ment of the pipes forming the heat exchangers. A deviation from
the concentric arrangement and, at the limit, a touching of the
pipes can lead both tc a change in the heat-exchange character-
isties of the channel and to the appearance of a substantial
temperature misalignment along the perimeter of the pipes. The
latter during independent heating (for example, during nuclear)
can cause overburning of the pipes [1].

There have been very few experimental works in this direction
in spite of their obvious practical value. In reference [2],
based on tests with vertical annular eccentric slots, a formula
for heat transfer, averaged along the channel, 1s obtained, and
1t is noted that a temperature misalignment occurs along the
perimeter of the channel. '

In L3] it 1s indicated that the eccentricity of the plpes
forming the annular chanicl causes a considerable nonuniformity
in wall temperature along the channel perimeter.

In our work we have studied heat transfer in an annular
channel at d2/dl = 1,2 during the flow of water under a pressure
of 150 atm (abs.). Tests were made with a relative eccentricity
¢ variation from 0 to ~0.9 in convective heat transfer modes
during the turbulent flow of water! and during surface boiling.

A more detailed description of the experimental apparatus,
which 1s a closed circulation loop with a forced circulation of
water, 1s presented in reference [4]. The annular slot of the
experimental channel was formed by pipes 15 x 1 and 20 x 1 1in
diameter. With the ald of special adapters in the upper and

lwith a determination of Re hased on average water velocity,

average temperature, and d:_,NB = d2 - dl'
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lower sectlons of the working channel, the internal pipes could
be shifted relative to the external. The parallel nature of
both pipes was preserved (Fig. 1).

In the upper and lower chambers of the eaperimental channel
four thermocouples each were establlished in sleeves at dlametrically
opposite points. Eleectrical insulation and sealing of the pipes
in the upper part of the channel was accompllished with paronite
lining, and in the lower section with a stuffing gland. The
gland, however, permitted a relative mutual displacement of pipes
in an axial direction because of the unlike thermal expansion.

The internal pipe was heated by passing electrical current through
it. The current was fed to terminals; the lower terminal was
detachable.

To remove heat from the ends of the internal pipe which were
not cooled by the basic flow of water, these ends were made in
the form of tap water-cooled condensers. Thermal insulation and
heat-loss compensation were accomplished as in reference [4].

For measuring the wall temperature of the internal pipe of
the channel, thermocouples were placed in four sections along 1ts
length: in each section four thermocouples were installed. Since
the water temperature along the perimeter of the channel and,
consequentiy, at its outlet, due to the eccentricity and constant
thermal load!, could be substantially nonuniform, a mixing
cylinder was installed at the channel outlet to determine the
average per-volume temperature (see Fig. 1).

The indications of the thermocouples at channel outlet
(see Fig. 1) confirmed this assumption. As the tests revealed,
the nonuniformity of temperature at channel outlet increased with
an increase in the thermal load and eccentricity.

'In this case, we shall disregard the change in heat release
connected with the various dc resistances due to the various wall
temperatures along the perimeter of the channel.
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Fig. 1. Experimental installation:

1 - Sleeves for thermocouples; 2 - Mixing cylinder; 3 - Upper
end; U - Ring; 5 - Paronite lining; 6 - Internal pipe; 7 - Water
removal; 8 - Thermocouples; 9 - Compensation heaters; 10 -
Asbestos-cement housing; 11 -~ Metal housing; 12 - External pipe;
13 - Water intake; 14 - Lower end; 15 - Support ring.

Reproduced from
best available copy. 52




The high pressure and small slot width made 1t impossible
to measure the water temperature along the perimeter of the
channel and thus determine the local values for the heat transfer ‘
factors in the eccentric slot. Because of this only the values
of the average heat transfer factors were determined as a
function of the value of eccentricity and temperature dlagrams
along the perimeter were obtained with various eccentricities,
thermal loads, and mass velocities in convective heat-exchange
modes and surface boiling.

in the segment between section I-II (see Fig. 1) located I = 23d,, .

i
! The heat transfer factor a was determined as the average
3
: from input and 1 = 20daKB from output:

:a-—}‘.—-, (1)
! where _
Foatomf =[5 (2550 ) @

n = 4§ is the number of thermocouples installed in a given section.

The average water temperature Ee was determined by linear :
extrapolation of the thermocouple readings at input and output of
the working channel. For illustration, the test data with heating
of the internal pipes are presented on Fig. 2 in coordinates

cpme
hY})

o =f(Re) for ¢ = 0.4 and 0.78. The physical constants were

selected based on average water temperature. i

§ . As is apparent from Fig. 2, with an increase in eccentricity
the average heat transfer factor, determined by formula (1),
decreases.
. ;
Quantitative relationships for heat transfer to the internal A
pipe in an eccentric channel can be expressed by formula
Na =CRe™Pr*, (3)
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where
C =0,0205(1 — )™ ()

for values of ¢ = 0-0.9, dz/d1 = 1,2, thermal flu.es up to 106

kcal/mz-h and Reynolds numbers up to 300,000.

w ] )
200
Pt
o L~
0 = ¢ )
&
. /
] e
L7 .
Y
-2
20 L . -,
2 ¢ 0_ 5 & s9n "m"‘.

Fig. 2. Function ?ﬂ;;-=;(m

1, 2 - When ¢ = 0.4 and 0.78, respectively.

If we assume that heat transfer from the internal pipe to
the flow along the generatrix of the channel, determined by angle
B (Fig. 3), depends only on the velocity in the gap formed by
the external and internal pipes, and on the equivalent diameter
corresponding to this gap, and if we also assume that there occur
along the entire perimeter of the eccentric channel a turbulent
flow, equality between the resistances of the eccentric channel
and the corresponding concentric channel, full alignment of the
water temperature along the perimeter of the channel, then we can
estimate the relationship between the average heat transfer along
the perimeter of the eccentric channel and the corresponding
concentric channel as a function of €.

The relationship thus calculated can be compared with
formula (5) experimentally obtained in reference [4]:
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Nu =0,023 (—1::—- - l)o'" Re™ P, (5)

For an eccentric channel along the generatrix corresponding
to angle B, we assume that d, = d4,-26, and d_ = 26 (see Fig. 3)?!;
then |

Nu = 0023(Z-| "RePAS. (6) |

Assuming, as shown above, that ﬁ

=_4 | qw A 1 qw?

dp= L R G 2 (7 |
\ ‘
: from (7) we find the expression for velocity in an eccentric :
f channel: ?
i —d\OSTS )
i w'-"%(%zﬁ) K (8) 4
: where :

af_l/(__?_):_ezsm:g_(-%—'-{-ecosﬂ). (9)

Fig. 3. Calculation diagram
for formula (9).

Solving jointly equations (5), (6), (8), (9) and integrating
along the channel perimeter, we can obtaln the relationshilp

!§ is the gap between the internal and external pipes,
corresponding to angle B.
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between the heat transfer, averaged along the perimeter, of the
eccentric channel and the corresponding concentric channel. It
wlll have the form:

Fuct [/ T - (e ] "0 w0

After integrating! expression (10), we obtain the function
EYaO = f(e). This function is illustrated in Fig. 4.

L

¢ Fig. 4. Graph of function
I~ 5/ay = £(e):
09 \ 1l - Calculated points; 2 -
Experimental points.
08 |~
o= .
0 ~ a8 )

The character of the variation in the average heat tr:.asfer
factor as a function of €, evaluated by formula (10) and de-
temined experimentally, agree qualitatively. However, a quanti-
tative comparison would be difficult since, in reality, there
occurred a temperature misalignment for the water along the
channel perimeter, and in the narrow part of the slot at ¢ > 0.8
a transition occurred to laminar flow. The wall was heated to a
temperature at which surface boiling began, which, accordingly,
disrupted one of the conditions on which we based relationship
(10). Obviously, this explains the fact that the experimental
function E/ao = f(g) differs considerably from the calculated
function.

!Numerical integration of equation (10) was performed on the
Ural-2 computer.
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In addition to the average values of the heat transfer
factor, temperature diagrams were obtained along the circumference
of the channel, which were plotted from measurement data taken
at four points along the perimeter: B8 = 0, 90, 180, and 270°.

The characteristic graphs of temperature distribution along
the perimeter of the internal pipe for the first sectlion and at
various values of €, LY and q are presented in Fig. 5. The
temperature maximum virtually agrees with the narrowest section
of the channel. From Flg. 5 it 1s apparent that with the
beginning of surface boiling in a channel an alignment of wall
temperature along the circumference of the pipe being heated also
oceurs.

t°C~
-
o2 Fig. 5. Distribution of wall
"-i temperatures along the
perimeter of inner pipe in the
Ma;;= S first cross sectlion when
) 5 2 .
: e Q= 1:10° kcal/m“*h, ¢ = 0,78:
for l1-w,= 1 m/s; Ea = 203.5°C;
a | te~—p 2 - wy =1n/s, i:'a__- 286.3°C;
,::;73 5 3-wy=3.0ms, t = 229.5°C;
L 3 o ]
| . t_ = 220°C.
250 8
&
iy
- ‘.

Ny 0180 20,
o .

To remove the temperature miszalignment of the metal of the
eccentric channel it would be necessary to work in the surface
boiling mode, i.e., other things being equal, we would have to
raise the temperature of the heat-transfer agent.
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An increase 1in velocity reduces, as we would expect, the
absolute nonuniformity of temperature along the perimeter of the
channel being heated. This is caused, first of all, by a decrease
in the thermal head at a prescribed thermal lvad due to the
numerically greater values of the heat transfer factor, as well
as the increase in overall flow turbulence, and, 15 connection
with this, the more intensive displacement of the flow along the
perimeter of the channel. However, the last assumption is not
obvious slnce the analysis of curves 1, 3 (see FPig. 5) shows that

Uer=Tadoas o B 1 8
(fey - Ta)utn Snis

is comparatively equal both for the velocity 1 m/s and for the
velocity 3 m/s. Consequently, either water temperature or mis-
alignment along the perimeter is insignificant or the increase in
temperature misalignment with a decrease in the water flow rate
is compensated by higher values for the heat transfer factor in
the narrow section because of an increase in the Re numbers.

A decrease in eccentricity, as we would expect, reduces the
temperature misalignment (see Fig. 5,.curve 4), At ¢ = 0.56 (4)
(he=tes =14, Whereas this same quantity at € = 0.78 is 1.8.
(ter —~ ta)ain

All the above relative to temperature distribution along the
perimeter of the channel is also valid for the case of two-sided
heating. With this, temperature misalignments reach higher values.
At ¢ = 0.88, q, = qg, = 1.106 and wy = 1 m/s temperature mis-
alignment reaches 100°C, With the beginning of surface boiling
at any of the perimeter points, the increase in wall temperature
with a rise in q at a given spot was retarded.
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PROBLEMS OF HEAT EXCHANGE DURING
THE COOLING OF CRYOGENIC PIPING

A, A. Gukhman,
V. G. Pron'ko,
D. A. Kazenin,

Designations

L. S. Aksel'rod,
A. B. Bulanov,
and G. M. Leonova

length of piping;

internal diameter of piping;

thickness of pipe wallj;

coordl..ate along the axis of the pipe;
time;

pipe cooling time;

mass flow rate;

mass velocity of the gas (vapor) flow;
local heat flux from wall;

heat flux from wall, averaged along the
length;

quantity of heat given off by pilping to
the (low;

full excess heat content of pipe;
pipe wall temperature;

initial temperature of plpe wall;

temperature of liquid in feeder vessel;
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Abbreviations:

Kp

BX
BhiX
BH

saturation temperature;

temperature of maximum overheating
of the liquid;

critical temperature;

gas temperature (overheated vapor);
temperature of flow at input;
pressure at input;

current pressure;

pressure in front of liquid front;
avallable pressure drop;

density of 1liquid;

density of saturated vapor;

gas density (overheated vapor);
density of pipe wall material;

average specific heat capacity of
pipe wall material;

specific heat capacity of liquid;

isobaric heat capacity of overheated
vapor;

heat of vaporizatlon;

coefficlient of hydraulic resistance;
heat conductivity of walls;

mass of piping;

heat transfer factor;

linear velocity.

eritical
flow
liquid
input
output
internal
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I. PROBLEMS OF HEAT EXCHANGE AND
HYDRODYNAMICS DURING THE COOLING
OF CRYOGFNIC PIPES

The process of heat exchange during the cooling of cryogenic
pipes includes a broad group of phenomena. This is explained,
first of all, by the fact that the range of pipe wall temperature
variations 1s considerable - from the temperature of the ambient
medium, which considerably exceeds the critical temperature of
the cryogenic fluid, to the temperature of the fluid itself.

When a cryogenic fluid is fed into an uncooled pipe, the
temperature differential between 1t and the wall is so great that
an extremely unique thermal situation 1s created. Overheating
in the zone of contact between the liquid and the wall is con-
siderably higher than the gradient of metastable state stabllity.
Therefore, the existence of liquid phase on the surface of the
wall becomes physically impossible and the wall of the pipe is
fully blocked by a vapor ring. Inslde this ring there is a flow
of liquid in which the form of liquid motion can be varied. The
phenomenon when liquid at sufficliently high surface temperature
can not touch the surface 1s called the Leydenfrost effect. We
call these specific conditions for interaction between the working
mediurm snd the wall the Leydenfrost regime.

The problem of determining the boundary of the highest
possible liquid overheating was examined theoretically by Doring
[1]. In the work of Spugler et al. [2] the following approximate
formula was proposed for evaluating the temperature of maximum
overheating Ty at pressures far from critical: T, = 27/32Tnp’
For oxygen, nitrogen, and hydrogen this evaluation is 131, 107,
and 23,2°K, respectively. After the pipe wall is cooled to
cemperatures at which moistening vegins, the character of the
process changes. Heat transfer is forced by the appearance of
nucleate boiling. As wall temperature approaches the temperature
of the liguid, heat flux decreases, tending toward the value of

external heat leak.
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The specifics of local heat exchange between the wall and
the two-phase fiow are closely connected with the hydrodynamic
structure of the flow, distinguished by extremely varied forms.

The boundaries between the various regimes of two-phase flow
are not clearly defined, all the more so for cryogenic fluids
under heat exchange conditions with a solid surface at variable
temperature. There are particular empirical methods for de-
termining the regions of the various flow forms, from which we
should mention, with respect to cryogenic liquids, the Baker
diagram [8].

Recently a number of works have been published in which the
results of a visual study on the structure of the two-phase flow
of cryogenic liquids have been discussed. Thus, Laverty and
Rosenow [9] in tests on the flow of nitrogen in a heatable trans-
parent pipe observed, at low vapor contents, an annular flow
regime with a liquid core and a vapor boundary layer - reversed
annular regime, With an increase in the vapor content a disruption
of the core was observed and a transition to a dispersed structure
with a supporting vapor phase. The American scientists Chi and
Vetere [7, 14] in tests on the cooling of copper pipes with liquid
hydrogen observed, through a transparent section installed behind
the experimental section, a shell flow regime (¢ ~ 0.6), which we
shall subsequently call a liquid shell regime. In addition, with
the ald of high-current measurements of flow temperature, the
presence of a dispersed liquid phase in the vapor intervals
between liquid shells was established in the same work. An
analysis of data presented in the above work indicates that, in
the range of flow velocity (encountered in problems of cooling
cryogenic pipes) the orientation of the pipe does not affect the
structure of the flow and the local values for thermal flux.
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IT. DESCRIPTION OF EXPERIMENTAL
EQUIPMENT AND RESEARCH METHOD

The purpose of the experimental research performed at
VNIIKimash [All-Union Scientific Research Institute of Oxygen
Machinery ) was to determine the most common regularities which
are characteristic for the cooling period of cryogenic pipes.

Tests to determine the time required to cool pipes with
liguid oxygen and nitrogen were performed on flow test stands
with pipes having an internal diameter of d = 3.4-U46 mm, relative
length cf 7/d = 30-2800 and wall thickness of § = 0.25-35 mm, made
of various materials (stainless steel, brass, copper, German
silver).

The prineipal layout of the stands were kept the same in all
cases (Fig. 1). Liquid oxygen (or nitrogen) was fed from vessel
1l to the receiving vessel 5 along the experimental piping. The
design of vessel 1 made it possible to feed liquid (10-500 ) out
of it at a pressure up to 6 atm (gauge). The liquid flow rate
was set as a function of the pressure differential in vessels 1
and 5 and was measured with a diaphragm located in the section of
the pipe cooled beforehand, in front of the test section or was
measured with respect to the increase in the level in the recelving
vessel (this vessel was cooled beforehand).

The underheating of the liquid to the saturation state was
determined by excess pressure in vessel 1.

The test pipe was a horizontal plipe which was insulated or
(in many cases) not insulated against external heat leak.
copper-constantan thermocouples were soldered along the outside
of the pipe. In addition, there was a thermoccuple for measuring
flow temperature at the end of the plpe.
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Fig. 1. Experimental installation:

1 ~ Vessel for feeding liquid; 2 - Experimental
piping; 3 - Gas cylinder; 4 - Reducing gear;

5 -« Receiving vessel; 6 - Gas flow rate meter;

7 - Level sensor; 8 - Sample manometer;

9 - MED pressure sensor; 10 - DM pressure sensor;
T_ - Thermocouple in flow; 'I‘l-T5 - Thermocouples
ofl pipe wall,

KEY: (1) Fi11,

In several experiments, the vapor-liquid mixture was separated
at input to the receiving vessel; the amount of vapor forming in
the pipe was measured by a gas meter.

The stand was equipped with secondary instruments for re-
cording temperature, pressure, liquid level in vessels, and pressure
drop on the diaphragm.

Wall temperature was measured with copper-constantan thermo-
couples with an electrode diameter of 0.1 mm and recorded by an
electronic potentiometer EPP-09., The class of instrument accuracy
was 0.5, but, due to the nonlinearity of the temperature curve of
the thermoelectromotive force, absolute measurement error was
different at different polnts of the temperature range. 1In the
region of oxygen temperatures (90°K) measurement error can reach
2°K. The EPP-09 has a certain time lag. The time required for
the carriage to pass through the full scale is 2.5 s; however,
in the authors' tests on cooling, which lasted, as a rule, several
tens of seconds, this time lag, under the conditions of the
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weydenfrost regime, did not prcduce any noticeable problem. The
“ime lag of the heat sensor was congiderably less than the time
lag of the instrument.

Local thermal flows to the cryogenic liquids were evaluated
according to formula q, = -¢,.p,S dT /d_ based on the grarhic
differentiation of the temperature curve in the cooling process.
The terms of the series contalning higher derivatives were not
applied in calculation due to their smallness and the low accuracy
of multiple graphic differentiation.

In the accepted methodology for determining Gy it is assumed
that during feeding into a warm pipe, cryogenic liquid obtains
heat only from the cooling of the wall. Heat leak to uninsulated
pipes, although it exceeded the values in reference [11], never-
theless was one order less than the heat leak to the liquid from
wall cooling; in the regime studled q = 1.5 kW/m . Suech &
correction can have no substantial effect on the value of Ty.

III, BASIC RESULT OF EXPERIMENTS

The results of these experiments showed that the relative
iength of the pipe had a considerable effect on the relationship
hetween the time required for full cooling and the time required
for liquid to appear at the end of the pipe. Based on this
relationship we can subdivide the pipes into long, medium and
short.

Pipes in which the 1iquid recaches the output section in the
"inttial surge" stage are called "short"; "long" pipes are those
tn which the full length of the plpe is considerably greater than
1oe longth of the "initial surge." The amount of heat transmitted
{0 the flow throughout the entire length ~f the pipe can be

exiressed ag:

ls .
d}é‘]‘, ‘24t (1)
0
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The amount of heat necessary for full evapcratlon of the
liquid is

&-ls

Q=" |/ (AT, +n)d=. (2)

b

If the amount of heat entering the liquid flow from the walls
1s considerably greater than that necessary for its full evapor-
. ation, part of the plpe 1s filled with varor. As the plpe coolc
the vapor flow changes into two-phase with an increasing content
of liquid phase.

‘When Ql << Q2, two~-phase flow appears at the end of the pipe
at the initial moment. For an evaluation of the length of such
pipes we can assume that the average heat flux along the length
. of the plpe does not vary during cooling (this is confirmed by i
V the results of the experiments), the forming vapor is not over-
heated, and the mass velocity of the flow remains constant. Then
condition Ql << Q2 can be written in the form:

ué.gglﬂ:iﬂélaL, (3)
 J .
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i Pipes which satisfy requirement (3) in the cooling period
will be called "short." Pipes in which the coollng process has
generally ceased by the time the vapor-liquid mixture reaches the
end will be called "long"; pipes corresponding to the condition
Q = Q2 will be called "medium." Such a classification does not
claim to be strict but emphasizes, more or less, the qualitative

! differences which occur during the cooling of pipes of different

¢ types. We should stress that the relative length of the pipes

1/d in itself is not critical for its classification in a certain
category, since the determining factoss are not only structural

¢ but also the parameters of the regime.

For an approximate evaluation of the operational character-
istics of a pipe (short, medium, or long) we can use inequality (3).

s an b e ”
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The relationship between the cooling time and the time
required for liquid to¢ appear, as a function of pipe length, is
shown in Fig. 2.

a3
4

1
- - 7
.7/} S —7 / Fig. 2. Time required for
liguid to appear at the end
] —f e — of the line and cooling time
/ versus pipe length (pipe St.
6 1Kh18N9T, @ 22 x 1 mm,
" /é’ Poy = 4 atm (abs.), Poux = 1
\r, atm (abs.)):
7} T . 1 - Time of full pipe cooling;
/)7 2 - Time of liquid appearance
at end of pipe.

) __/"’;Lz

/‘
} o

ermere’
0 20 W <0 60‘ 50

Figure 3 shows typical graphs of wall temperature variations
during cooling by liquld oxygen; pipe parameters are glvern, as
well as data characterlizing the two-phase flow. Temperature T,
corresponds to the sharp change in cooling rete, clearly notice-
able on most of the temperature curves., The high intensity of
heat exchange after the wall reaches the indicated temperature
values attests to the fact that the pipe is cooled in this section
by a transition to nucleate bolling. ™¢ a considerable extent,
the time recquired for full pipe cooling is determined by the
cooling perlod to temperature T = Dy, winich, In nost cases, lis
approximately 80-90% of the overall cooling time. Because of this,
a knowledge of the value of specific heat flux in the first stage
ol cooling 1s of considerable significance in determining cooling
time. 43 an example, Figure 4 shows the variation during cooling
of the value of specifi- heat flux in various sections of the

cipe.
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Fig. 3. Typical wall temperature variation :
during the cooling of a "medium" pipe by liquid ,
oxygen (copper pipe, @ 45 x 1.5 mm, Z = 40 m, :
1/d = 950, Pgy * 3 atm (abs.), Py = 1 atm (abs.)): ;

1 - In section 2/l = 0; 2 - In section z/1 = 0.05;
3 - In section 2z/1 = 0.2; 4 - In section z/1l =
0.35; 5 - z/1L = 0.5; 6 - In section z/1 = 0.75;

7 - In section 2/l = 1,

Local specific heat flux changes very little during the first
cooling period; its maximum value does not exceed the minimum
value more than by a factor of 2-2.5 in spite of the fact that the
structure of the flow in medium and long pipes changes from a
single-phase flow of superheated or saturated vapor to a reverse
annular liquid-shell flow with low vapor content.

38 ﬁ'— xcal/mes

3¢ | Fig. 4. Local thermal fluxes
versus time during cooling

by liquid nitrogen (German

26 - silver pipe, @ 3.9 x 0.25 mm,
' Z/dBH = 1230, p,, = 1.24 atm

(abs.), Poux = 1.03 atm (abs.)):

1 - In section z/d = USl;
2 - In section z/d = 837,

=
!
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it
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) In the main part of the pipe the local speciflc heat removal
changes both along the length and over time within such limits
that its average value along the length of the pipe c¢an be con-
sidered a constant value during most of the cooling time.

IV. GENERALIZATION OF EXPERIMENTAL
DATA

Research performed at VNIIKimash has shown that in a number
! of cases the process of cooling a pipe with gas can be examinerd
as the cooling of a concentrated mass with infinitely great heat
) conductivity. In thils case, the process 1s described by the
. following equation:

= (¥

where

ardl
aq = ,! \

' Me, (l - 7—’7?: )

The heat transier factor was determined based on the
familiar equation:
Nu = 0,023 Re™ Pr™, (5)

[First line of paragraph omitted in original Russian
document] for average temperature and pressure values along the
pipe. The results of the research also show that at high values
of 49/j, 1.e., with consliderable vapor content (¢ > (¢.9), the
intensity of heat removal, Just as the time for cooling by a
two~phase flow, can be determined based on the above relationship. .
The macss velocity of vapor phase, measured in experiments by a
test method, is usually unknown in the actual practice of using
cryogenic pipes. Because of thls, in order to determine the .
int nsity of heat transfer, 1t 1s necessary to gather data on the
transmission capacity of the pipes.
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In the gas escape stage it 1s characterlstic to have three
sections of pipe the relationship between which can change as the
pipe fills. 1In the first section the liquid contacts the cooled
wall; heat exchange occurs in the second and third sections,
filled accordingly with a two-phase mixture and vapor. For "long"
pipes the effect of the second section on the cooling rate can
be considered insignificant in comparison with the effect of the
third section. This 1s explained by the high vapor content, as
well as the insignificant extent of this section when compared
with the length of the pipe. To verify the admissibility of this
assumption it is sufficient to compare the time of "gas outflow"
and tie time of "two-phase outflow." The latter can be evaluated
based on the time of the initial increase of the liquid level in
the receiving vessel and the cooling time of the pipe wall., As
has already been noted, this time is relatively short for long
pipes.

On the basis of the above, the following outline of the
problem is possible. Excess thermal life for a pipe is acquired
in the section filled with single-phase flow. The pipe in this
section 1s conslidered a concentrated mass with infinitely high
heat conductivity.

Allowance for the fact that j = Jr’ p¢ = Py and GrAi = const
makes it possible to propose the following equation for calculating
the cooling time of long pipes:

oo Vel (T,, = Ta) 1 W12, @ 22
-.=‘|12"'~"’37“—“\,,'5;') (“7‘) . (6)

The results of calculations based on equation (6) agree well

with test data.

Fo. average pipes such an outline of the problem is impossible
because of the considerable effect of the section with two~phase
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flow on heat transfer from the plipe wall. In the general case,
for average plpes it 1s necessary to take into account the vapor
content of the flow since this parameter determines the trans-
mission capacity of the pipe and the intensity of the heat ex-
change.

For work with "short" pipes the instantaneous appearance of
liguid in the output sectior is characteristic. Nevertheless,
the problem of cooling such pipes is not a superfiuocus consideration.
The physical picture of the process can be represented in the
following manner. In the center of the pipe a liquid core 1is
moving with unique distribution of velocity and temperature. The
core is separated from the walls by a layer of vapor thickening
along the path of movement. The increase in thickness of the
vapor layer is balanced by the heat flux from the walls.
Corresponding to this growth there occurs a decrease in the cross
section of the liquid core and, consequently, an increase in 1its
velocity. Taking into account losses from friction in the vapor
layer, the acceleration of the liquid core is limited by the
avallable pressure drop. Such a diagram is suitable with wall
temperatures up to the value at which the wall can be moistened
by the liquid. We should note that the motion of the vapor in
the boundary layer is due not only to entrainment by the liquid
core but also by the presence in the pipe of a pressure gradient
caused by core acceleration.

Taking into account all the above, we can obtain the
following expression which allows us to evaluate the cooling time
of a short pipe based on the known design and physical parameters,
as well as the available pressure drop:

W=7 ()" 0t )" cupebe (1)
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The values of the physical parameters are taken at average

temperature T = T + Ts/2 and average pressure p = Py - Ap/2.

W
0

A check indicates that these evaluations correspond to the ex-

perimental data of the authors with accuracy up to +25%.

Conclusions

The cooling of cryogenic pipes by liquid oxygen and nitrogen
has been studied.

On the basis of the experimental data obtained, which agree
well with the results of other studies on hydrogen, the following
is indicated.

1) Cooling in a wursening heat exchange regime, when the pipe
wall does not directly contact the liquid, covers a large part of
the full range of pipe wall temperature variatilon.

2) Pipes can be subdivided into long, medium, and short,
based on the relationship between the time required for full
cooling of the pipe and the time in which liquid transport begins.

As a result of the study, we have more precisely defined the
pnysical models of the pipe cooling process proposed earlier and
have formulated equations (6) and (7) which can be used for
calculating the intensity of heat exchange and the cooling time
for long and short pipes, respecfively, as well as equation (4)
which, with the use of evaluation of vapor phase mass velocity,
can be applied for calculating medium pipes.
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CHARACTERISTICS OF HEAT EXCHANGE
IN THICK-WALLED HORIZONTAL PIPES
AND ANNULAR CHANNELS WITH
LAMINAR FLOW OF A VAPOR-WATER
MIXTURE

L. B. Katsenelenbogen and
Ya. N. Rudnitskily

Designations
R1 = O.Sd1 - internal radius of pipe;
R2 = O.Sd2 - external radius of pipe;
Ry SR < Ry
é =

R2 - Rl -~ pipe wall thickness ;
r - radius of insert;
1 - length;

F - area;

Q - heat removal;

qHap - thermal flux on outer surface of plpe;
Qe = thermal flux on inner surface of pipe;
q(p) - thermal flux by spreading along 'wall of
pipes;
o - heat transfer factor;
g "~ heat transfer factor, equivalent to
spread;
aam - total heat transfer factor in laminar
zone;

15
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coefficient of heat conductivity;
temperature;
average wall temperature of pipe

€ outside laminar zone;
tuac temperature on saturation line;
toapx - temperature of upper generatrix ’
P of outer surface of pipes;
tuua temperature of lower generatrix
of outer surface of plpes; .
At = ¢t - tcp overheating of upper generatrix;
AtCT temperature drop in pipe wall;
At“ temperature head corresponding to
heat transfer factor;
¢ dimensionless overheatling of upper
P generatrix of pipes;
kp indicator of thermal spread;
260 central angle in pipe corresponding i
to phase interface; 1
0<8<8y; )
20 - central angle in annular channel 2
corresponding to phase interface; !
2
v,l--’. ;"‘3 %
2mp .
fa= (= 1P g 3
1

]
Sup

summation index, n = 0, 1, 2...}
circulation velocity;

flow=-rate vapor content per unit volume;

true vapor content per unlit volume;
area of vapor segment in ring;
area of vapor segment in circle.

T e he e ot

In evaporative cooling devices for continuous heating
furnaces of rolling mills the main cooling elements are thick-
walled horizontal pipes which form a support bridge along which .
the metal billets move during their heating in the furnace [1]. :
To insure the reliable performance of this support, pipe wall
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temperature must not exceed the temperature dictated by strength
considerations.

Since the temperature drop in the wall of hearth pipes is
50-100°C, the use of the existing calculation function [2] for
determining the overheating of the upper generatrix of the pilpe
during lamination is not admissible since it 1s valid for the case
of a small drop in the pipe wall. In addition, while determining
the overheating of the upper generatrix on the internal surface
of the pipe, it does not permit the calculation of the external
temperature in the overheating zone. (As shown below, the tempera-
ture drop in the pipe wall in the laminar zone can not be calcu-
lated according to the usual formulas for heat transfer through
a cylindrical wall [3]).

In order to apply the method developed by M. A. Styrikovich
and 2. L. Miropol'skiy for calculating the overheating of pipes
in a laminar zone, for pipes with any wall thickness, Neuman's
problem for an annular sector [4] is examined. By annular sector
we mean that part of the ring bounded by the two radii (Fig. 1).

Fig. 1. Diagram of heat
removal in a horizontal pipe
with laminar motion of a
vapor-water mixture:

abed - annular sector in
laminar zone; 1 - external
heat flux; 2 - heat removal
by spreading along wall

q(p)); 3 - heat removal to
vapor.
KEY: (1) Vapor; (2) Water.
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Un the external surface of the pipe the thermal flux qHap is
constanty on the internal surface of the pipe in the laminar zone
the coefficlent of heat transfer to vapor a 1s constant; the
vapor-water phase interface 1s assumed to be two-dimensional, and
on the sides of the annular sector there is a constant temperature
whose value is assumed equal to an average over the thickness of
the pipe wall tc . Vapor temperature 1s taken as the saturation
temperature with pressure in the pipe. For the beginning of
reading we take the value for temperature tc averaged over the
thickness of the wall outside the laminar zone. In polar co-

ordinates the equation for heat conductivity has the form:
Rz";’l'(:-" + R - o =V (l)

Boundary conditions:

)';;T?L Rey = upi (@)
st pop, =20 = (3)
thoos,=0. . (4)
The general solution to the given problem has the form:
oy e
D0 - [ SRR+ B0 1 - ) e T n

LT R

After a series of transformations it can be represented in
the following form:

aR 2) (. mR)
- “_‘f\‘ :,E:ch(,in-ﬁ-).. ).ch vin R +
'3,,Ra. CR‘

e g Ry 9. (6)
=L AT R
vy ("' R, v \' R
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Formula (6) is the general solution to the equation of heat
conductivity (1) under the given boundary conditions (2) -~ (4)
and makes it possible to determine the temperature of any point of
the pipe in the overheating zone. Since we have taken the value
of temperature tcp for the beginning of reading, it actually
determines the value of overheating relative to this quantity.
In the particular case a = 0 is valid, as shown below, for thick-
walled pipes in the region of low vapor contents and low pressures
to 20 atm (abs.); formula (6) is considerably simplified and
assumes the form:

R'Y
R A _'1 4, ch(‘-,.lll-’-?—)

{:= y R ---—----——-cosv9=
L4 )
) R
_Bq_.:,._R N (—1)" °h( 29., o "" R;)c s‘"":ﬂ (1
" ';-Jm— (PL sh(‘"{ i R.} %y
Ry 2, R

L)

[} -

In the presence of lamination the temperature drop in the
pipe wall by the upper generatrix is defined as the difference in
the values of overheating for the external (R = R2) and internal
(R = Rl) surfaces of the pipe and is equgl to

KL ¢h (x,ln -R—) -

ly R.
, R.
—-—’-'—-—L.\h(‘v In e=i=
b ! ,;‘, oS v, 9, (8)
- e ¢h (*"n 'k;’)
When o = 0 for a vertical section (6 = 0)
2 + 1 R
h el
at, = Tue R N g () (9)

e Gn iy’ " a0 R;\
. /:‘ Sh( 2',“ o-‘ R!)

fa=y
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As an example, let us determine the temperature drop in the
wall of a steel pipe d = 240 x 30 mm when 9ap = 116.3 kW/m2,

¢ = 0.05, o = 58.15 W/m°-deg and compare it with the quantity
determined from the formula:

%”Qﬂn &

Vct"‘"‘"‘" (10) .

Temperature drop according to formula (6) is 36°C and according
to (10) is 86°C.

Heat removal in the sectlon of horizontal pipe washed by
vapor phase is accomplished by heat transfer to vapor and the
spreading of the heat along the body of the pipe. The relation-
ship between the quantity of heat removed by spreading and by
heat transfer to vapor depends upon the part of the perimeter
washed by vapor, wall thickness, and the heat transfer factor.

To obtain a quantitative evaluation of this relation we shall
determine the temperature heads corresponding to the two limiting

cases: heat removal only by spreading and heat transfer only to
vapor,

In determining the temperature head due to heat removal by
spreading, it is necessary to take into account the variable
value of thermal flux along the length of the annular sector (see
Fig. 1). Since the increase in thermal load along the perimeter
1s uniform, the average value of thermal flux by spreading

(p) _ (p) (p)
qcp 0'5qmax’ while Unax is determined by the total thermal
load Q:
Q”QNUDRRGUL: (11)
5 . ¢ QL euRA
LR S et T AR e (12)

The temperature head with heat remcval by spreading along an
annular sector, in length I = 0.56, (R1 + RZ)’ is

YA IS (13)

A
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We shall substitute the value of q(p) and I in formula (13)

cp
Af TuapRs (R - Ry) 62
At,--—**ﬁmm—. (1’4)

The temperature head corresponding to heat trarsfer only to
vapor (with error not exceeding 5% when p < 20 atm (abs.) and 10%
when p < 40 atm (abs.)) is equal to

st o e T (15)
. )

We have disregarded here the temperature drop in the pilpe wall
since it (AtCT) is less than Ata by a factor of 10-20.

The relationship between heat removal by spreading along the
pipe wall and heat transfer to vapor depends upon the values of
the temperature heads determined from formula (14) and (15) and
is uniquely determined by their ratio, which, therefore, can be
considered the spread indicator:

_ A Re=R) 1
b= TR ROVRT e (16)

. A (Ry—R
The quantity 7EU€7F53%? in formula (16) represents the heat
transfer factor, equivalent to the heat removal by spreading along
the pipe wall, related to its internal surface washed by vapor:

W  em 4 (R, — Ry)
Toxa = m' (17)

Accounting for (17), the expression for the spread indicator
assumes the form:

k,:-&"—'-. (18)

High values for the spread indicator kp >> 1, Ata >> Atp correspond
to the predominant heat removal by spreading since the temperature
drop along the wall is much less than with heat transfer to vapor,
and the heat distribution is inversely proportional to the values
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of the temperature heads (similar to the distribution of electrical
current between two parallel conductors with varying resistances).

Low values for the spread indicator kp < 1, Ata << At
correspond to the predominant removal by heat transfer to vapor. »
Values of the spread indicator for various values of vapor content,
pressure, and the wall thickness for a pipe with an internal

diameter of 80 mm are presented in Fig. 2. .
!
§ L/ ) 4 :pf'"'
i 5% -4 nk st lpetne] | 0 \ e
i e - 15 ___‘ Eod2mn e 3]'_//:
! . ‘ v V ! )
40 e §eed 120 o &9 [T AR . ¢
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""‘J'f/] \ 1?14 i
i ~ 1T 'ﬂ ¢ e ’a « '; n
: w0 I PR LA swop |\ 8 -—"\l""" :
L DY e A% IE-f,:.m
w2t L1 o] I\ AV ERAVA §'d
. \- \ \ \ \ 1‘\\; .'\ F
. ke TN AT 2Ped N
) 0 "..‘,.!s ._\“ N p"\\;'»x * ~‘\.‘
i LY y v
! 10019 _A @ ¢ e lgo \\\ (TR T I T
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—A.'T!\‘ e 1\ pois — il
= N = b_.': = i
0 1'0.2630‘5/54547“4”00 0 41 02,0300 &5 Q547 62 Q9 10y

Fig., 2. Heat spread indicator versus vapor content
in pipe d = 80 mm for various values of pressure

and wall thickness.
! Designation: ata, ama = atm (abs.).
i

A simplified function is obtained for an approximate
; evaluation of the overheating of the upper generatrilx during
‘ lamination, based on analysis of the conditions for heat removal
from the section of the plpe washed by vapor.

As shown above, heat removal by spveading along a pipe wall . i

is characterized by a conditional heat transfer factor  J

while heat removal to vapor is characterized by the value of a.

Since the values of a and aaua are related to the inner surface
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of the pipe in the zone washed by the vapor, the fractions of

internal heat flux qég) and qéﬁ) corresponding to them are related

by simple relationships

(s)

Ton L (19)
¢ q‘.*,") Ty '
O =0 =G 3 (20)
. hence, with allowance for (18),
i ) . Gu . R Qup
; S =t s S (21)

. _R e
f At:-—-—;—-—-"'k'—'u__k’)‘o (22)

The quantity a(l + kp) in formula (22), equal to &g * %
is the total heat transfer factor, called the effective heat
’ transfer factor in the laminar zone:

By = Nyt 2 (23)

e Rhhn Lok b gy WA A ARG Gk B AT e e cah e

Thus, heat removal in the laminar zone is det:.rmined not by
the heat transfer to vapor, but by the value of the effective
heat transfer factor, taking into account total heat removal to
vapor and spreading along the wall of the pipe.

To evaluate the accuracy of the calculation of overheating
based on this method, we shall compare the result given with the
value of overheating from formula (6), for example, of a pipe
d =76 x 10 mm when q_._ = 58.15 kW/m%, ¢ = 0.5, a = 58.15 W/m°.deg.

!
1

Hap

From formula (1b) we shall determine the spread indicator !

£ .. A46.5-0,004
T g2 000871 55,15

7,
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overheating of the upper generatrix, according to (22):

a=l3_ 8IS0 1590
At == g e == 169°C,
From formula (6) we find At = 179°C. Thus, for an approximate

evaluation of overheating formula (22) is completely suiltable.

The effect of the annular channel on the conditicr of heat
exchange with laminar regime in the region of low vapor contents
has been examined. At equal values for true vapor content in the
pipe and in the annular channel, when the phase interface goes
above the insert (Fig. 3a), the height of the vapor segment in
the annular channel is less than in the circular pipe. This is
a property of the shape of the annular channel, which has a form
of relationship between the vapor segment height and its relative
area (Fig. 3b) which is different from that of the circular pipe.
Actually, from the inequality of ¢ in the circuiar pipe and the
annular channel it follows that:

'a"(Te‘.g!—?-‘)' = S%% ’ 2k

i< Shp. (25)

In calculating the overheating of the upper generatrix of
the pipe it 1s convenient to introduce not the helght of the
vapor segment but its degree or radlan measurement. The relation-
ship between these quantitites in the circle and the ring ensues
directly from (24):

e--smacosg.—:(l_
- -7:—:;-)(8 ~sin8cosb);

26
.9<arccos-;;-l-. (26)
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Fig. 3. The relationshilp
between the height and the
relative area of the vapor
segment in the circle and the
annular channel:

1 - In the circle (r = 0);

" b) 2 - In the annular channel.

“ KEY: (1) Segment.
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On the basis of (22) overheating of the upper generatrix is
examined for the pipe and the annular channel, which are
represented for equal values in the form of their ratio at
different values of the heat-to-vapor transfer factor (Fig. 4).

The data presented show that at low values for true vapor
content 1in the annular channel, overheating of the upper
generatrix is less by a factor of 1.6-1.8 than it is in the
circular pipe. Since with low vapor contents the average vapor
velocity 1s near the average water velocity [5] both in the pipe
and in the annular channel, ve can conclude that the lowest
value for upper generatrix overheating corresponds to equal
circulation parameters in the annular channel.

With evaporative cooling of hearth plpes, because of the
underheating of water entering the parts to be cooled, there are

85

e



T

sections of pipes cooled by water which is not heatec to sat-
uration temperature, in the presence of surfuce boiling.

In a horizontal pipe, due to the effect of forces of gravity
with surface boiling at the upper generatrix, vapor bubbles can
gather and combline and the flow of water can be forced back to
the lower generatrix, i.e., lamination can occur which leads tc
a worsening of heat exchange in the upper part of the plpe and
its overheating.

53 At ality |
T ]_l,____*_l | 11T
s
I _.j).' \-..;[/"..a::‘ ‘ afar §aed
N 7 _',(':."."!__ -t de
' ‘\ \ l(?'&‘.l
- TN - A | T
N N
NN NN RN
A N L TIN VT
el SN
\\
N\ -l
R - NS -
¢o4loeaz| a1 | ¢35 |ozen) oda) noasiee ~ ] fop
W3 40 % & w a0 iR

Fig. 4. The relationship between over-
heating of the upper generatrix of a
circular plipe and an annular channel at
various values for true vapor content
and coefficient of heat transfer to

vapor !a= ¥ ‘L’f."i"lr_’ﬁ.‘) .

Research performed with thermal loads of 50~200 kW/m2 in the
region of low pressures (p < 4 bar) and low underheating (to
15°C) at velocities of 0.5-1.5 m/s for pipes with a diameter of
76 x 10 mm and 144 x 17 mm [6] hac established that in the zone
of surface boiling, due to lamination, overheating of the upper
generatrix occurs. The value of overheating substantially depenus
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on circulation velocity (increases as it decreases) and on heat
flux. There is virtually no effect from underheating and
prescure in thils range of their variation on the value of over-
heating.

A similar worsening of heat exchange during surface boiling
due to lamination was observed by Z. L. Miropol'skly. Lamination
occurred on the bends of pipes due to the centrifugal effect.

For the practical use of avallable test data in the entire
range of possible pipe diameter and wall thickness variations,
the data were processed on the basis of the obtalned relationship
(7) for overheating during laminar motion of a vapor-water
mixture in a horizontal pipe. The essence of this processing 1is
as follows. On the basis of test data on the overheating of the
upper generatrix, based on (7) those values of vapor content were
determined which correspond to those values of overheating with
the locally available values of heat fluxes. Such processing
made 1t possiblé to establish for each of the pipes the dependence
of vapor content on circulation velocity and thermal loading,
referred to the internal surface of the plpe, and to represent
them in the form:

3 =252 07w ) (27)
With the prescribed values for circulation veloeity, heat

flux, and pipe diameter, taking into account relationship (10)
for AtCT and '

3 = —-.—2‘;'-(290 ';3“\2'.) (28)

overheating of the upper generatrix can be represented in the form:

tuepn — b= ("p —0,5) Aty (29)
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In (29) the guantity cp

<0
T NS SR ,
&=t e (T ) 30)
4 wev

is the dimensionless (related to AtCT) overheating of the upper
generatrix relative to tcp’

One of the main operatlional reliahbility ecriteria for evap-
orative cooling installations of heating furnaces is the clrcu-
lation velocity. From the point of view of ensuring a given
temperature regime, permissible circulation veloclity depends uron
a number of factors including pipe diameter and wall thickness.

Based on relationships (27) and (29), it was possible to
determine the value of permissible circulation velocity for pipes
with different diameters and wall thicknesses. Calculation was
performed based on the conditicn that with an increase in pipe
dlameter overheating of the upper generatrix of the pipe must
remaln constant.
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EXPERIMENTAL RESEARCH ON THE
COOLING OF WORKING BLADE ELEMENTS
IN A GAS TURBINE ENGINE BY A
FINELY DIVIDED AIR-WATER MIXTURE

L. M. Zysina-Molozhen, I. B. Uskov,
and L. V., Zysin

Abbreviations:

op = ribbed;
cm = mixture.

The rapid development of power engineering requires that we
find new methods for substantially increasing the thermal effective-
ness of thermal electric plants.

One possible solution to this problem 1s the application of
high~-temperature gas turbines with intensive cooling of flow
elements.

The maximum temperature of gas, determined by the thermal
stabllity of materials forming the flow-through section, is a
function of heat removal from the surface.

In solving the problem of cooling we generally encounter
two approaches in literature: on the one hand, the problem of
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protecting the surface from powerful heat flows from the gas side
and, on the other hand, the problem of ensuring maximum heat
removal from the heated surface. In either case, one of the
effective cooling methods examined 1s the use of humid flows with
finely dispersed moisture. In the first case, an air-water
mixture fed directly into the gas channel is blown around the
outside of the blade [1, 2] and, in the second case, a humid gas
flow 1s blown along the inside of the blade with single-loop
cooling or the roots of the blades with double-loop cooling [4, 5].
With respect to the latter case, 1n the gas turbine laboratory at
TsKTI [Central Scientific Research, Planning and Design Boiler

and Turbine Institute] and at LPI [Translator's Note: This
abhreviation could stand for either the Leningrad Polytechnic
institute or the L'vov Polytechnic Institute] considerable research
has been performed, as a result of which an installation has been
developed based on the TsKTI-LPI dlagram which makes it possible
to design for an efficlency on the order of 50% with a working

gas temperature of approximately 1200°C [3]. However, we can only
obtain the final design data for this layout when we receive
reliable recommendations on the intensity of heat exchange in
humid flows.

At the present time there is no well defined concept con-
cerning the mechanism of heat exchange in such flows with respect
to the above cases, and, therefore, there is no sufficiently well
founded theoretical solution to the problem of possible heat
removal.

Published results of various studies on heat exchange in
moist flows are very contradictory. For examplc, in some cases
they speak of the great intensification of heat exchange from the
tntroduction of moisture (by a factor of several tens) and, in
vther cases, this intensification only reaches several tens of
percents. All this points to the absence of systematic research
in a wide range of varilation for the determining parameters.
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Below we discuss the results of experimental research on the
heat transfer, in a moist gas flow, of cascades of blades,
cascades of bladed radiators made from ribbed rods, and single
ribbed and smooth rods. The experiments were made on stands at
LPI and TsKTI.

Figure 1 presents a diagram of a ribbed radiator cascade.
Cascades with a fixed rib height of h = 2,5 mm were studied at
various values of pitch. As the arbitrary characteristic of the
ribbing in our tests we took the ribbing coefficient f:

f ke (1)

Here Fop is the surface of the ribbed model; Fo is the surface of
the unribbed model.

Fig. 1. Diagram of a ribbed

cascade of bladed radiators:

1 - Bladed radiator heated by
electrical current;

2 = Unheated body.

KEY: (1) Outline of problem.

yi* e
q
B

Cxema 33davy (1)

In the experiments, specific thermal load q, relative
humidity G, temperature factor ¥, and Reynolds number are varied

within the following ranges:
4

q = 4.25-10%4.1-10° keal,
me.h

T = 1.4-14.0%; ¥ = 1.05-2.5;

*
Re, = 3:10%-5:10%; G = gy—Seer +1008;
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where G' and G" are the per-unit-weight contents of liquid and
gas phases, respectively; ¢..%;q Tw and To are wall temperatures
[}

and gas flow, respectively; Re,=—'5;',f-: w 1is the flow velocity of

the cooling mixture at cascade input; v is the kinematic viscosity
of the gas flow, taken with respect to parameters at input; x is
the current coordinate read from the leading edge along the
contour of the cooled element.

Let us note that the temperature factor in our designations
is uniquely related to the criterion K:.?gf.in the definition
P

of reference [U] with respect to the conditions of the problem
examined.

Figure 2 1llustrates the experimental data on heat transfer
in a radiator cascade with a ribbing coefficient of £ = 2.6 when
dry air 1is flowing around it. The test points are grouped along
the curve with a spread of :15%.

Nu = C,043Re", ' (2)

The temperature factor varied within the range of ¢ = 1,18 to

¥ = 2,7; however, a clear lamination with respect to ¥ was not
detected in the tests. Calculations using the following formula
are indicated by dashes on this figure:

Nu=0,0434 Re 1y M (3)

for the limiting values of y. Formula (3) was derived by V. I.
Lokay for the case of flow in a slotted gap between the blade
surface and the deflector,

As 1s apparent, deviation from this formula does not exceed
the spread of our test points. This indicates the practical
identity of the formulas. Tests during blowing by dry alr with a
ribbing coefficient of £ = 3.5 and a single ribbed rod gave
practically the same dependence on the Re number.
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Fig. 2. The function of Nu = Nu (Re) for
cascade No. 1 during a flow of dry air
around it.

The effect of ribbing in the expression for heat exchange

intensity
NurmcRe* .

appears only in terms of the value of coefficient ¢, connected !
in our treatment with coefficient f (in the range of f variation '
from 1 to 3.5) by an empirical relationship of the form:

¢ = 0,034 f°5, (4) 3
As a characteristic of the intensification of local heat

transfer values because of the introduction of finely dispersed
suspended moisture in the flow, the following value was assumed: %
4
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Here Nu is the intensity of heat exchange during cooling by a
two=component humid flow; Nuo is the intensity of heat exchange
during a flow of dry air around the cooled element.

The introduction of the intensification factor N made it
possible to formally disregard the effect of the Re number on the
heat exchange process in moist flow. Obviously, this 1s possible
only within the limits of a single flow regime in the boundary
layer. When the flow velocity exceeds a certain critical value
defining the change in the flow regime on the surface, the
established regularities can be violated.

The analysis and treatment of test data on heat exchange in
humid flows indicated that in the interrib channels of cascades
there 1s a stable uniform flow in the boundary layer and the
intensification of heat exchange is varied (as a function of the
values of the determining parameters). It is obvious that the
greatest intensification of heat exchange is determined by the
possibility of a boiling regime. Such conditions occur at values
of ¢y = 1,05-1,15.

Pig. 3. N versus ¥ for humid
air and vapor flows (O > 4%):

6 -q = 1.18-10° keal/h%:h,
moist vapor; @ - q = 1.65*105
kval/m2+h; @ - q = 1.52:10°
kcal/mz-h, moist air; 0 - g =
1.76+10° keal/m?+h, moist air.

94

s

A PEARAA bt S 0 Wt 1250




As a function of the values of q and G, values for N > 10
can be obtained in these conditions as is apparent, for example,
from Figs. 3 and 4. The process of stable boiling in the liquid
film forming on the wall, at nigh gas flbw velocity, is con-
siderably hindered [6] and with an increase in § it is obviously
suppressed entirely. A flow of the dispersed-annular type i
established [6]. The intensification of heat exchange, in this
case, is achieved from the evaporation of liquid from the surface
of the film, which is supplemented by the moisture precipitating
from the flow. As ¥ increases the evaporating part of the liquid
can not be supplemented by that precipitating from the flow and
a gradual thinning of the film occurs, with which the intensifi-
cation of heat exchange decreases. When y ~ 2 the heat exchange
intensification is only 10-40%.

It is apparent from the curves in Fig. 5 that an increase in
moisture content in the flow intensifies heat exchange; however,
there 1s a certain limiting moisture content after which a
further increase does not affect heat exchange intensity. In our
tests this value was on the order of U-6%. However, in this
range of values for G, noticeable intensification occurs only
when ¢ < 2,0; the degree of intensification increases when the
temperature factor approaches 1. When § > 2 all curves, regardless
of G and qQ, contract toward one limiting value, corresponding to
a virtually complete absence of heat exchange intensification,
l.e., in essence a heat exchange crisis occurs. The crisis,
under our conditions, is not characterized by an abrupt decrease
in heat transfer and the approach to it is quite blurred.
Apparently this is connected with the speciflcs of the process at
high velocities of the supporting moisture of the flow.

As a result of generalizing the obtained test data, the
following relationship was established:

V =14 egG"Ty~ 4 (5)

95

T e MR A T np avma N BRI R R

R R W F

won ™

;
!
]
5
f




e' SO /"'w L‘ff.

//f //ﬁ-
2l-- //, f/’:{r’-“"’g'q

a t

€,

- N
N
K

i

{u

o},

-
O
HEE N

-Ow‘al“"“‘ . -—@40

N
N i s 4'4”:‘ 0 2 € 6 d W f&.“
Fig. 4. W versus G when Fig. 5. N versus q for
q = 3.55'105 kcal/mz-h for cascade No. 1 when G = 6%:
------- - calculation according

cascade No. 1. to formula (7).

- ¢ y/7p
(Here q=-;. ,-;Vf 3 ) for a calculation of heat exchange intensi-

fication from the introduction of suspended moisture in the flow.
The formula was identical for the different cascades; the
geometric characteristics of the ribbing arffected only the value
of coefficient ¢ in formula (5). We should note that the values
of N for a single rod were the same as for the cascade. This data
made it possible to give a general recommendation for calculation
in the form of formula (5). To determine the coefficient ¢ with
respect to the cases of ribbing we studied, the following ex-
perimental relationship was obtained:

¢ = () fI (6)

Most of the tests were performed on an aire-water mixture. A
number of experiments were made on moist vapor. These tests were
generally pursued for the purpose of obtaining data for com-
parison. Within the framework of the experiment, as is apparent
from Fig. 3, we could not detect a substantial difference between
data obtained on moist vapor or air flows.

A comparison of data for single rods with and without ribs
shows that when moist flow 1s used, an increase in the ribbing
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coefficlent leads to a decrease, all things being equal, in the
value of the heat exchange intensification coefficient. This is
easy to see, for example, from Fig. 6, which presents the curve
for variations in ratio

A=y
(N Vass

as a function of Y when q = 1.5-105 kcal/ma-h.

A

1 \

i&o ﬁ\\b\\ Fig. 6. K versus Y when
L] .

' N q = 1.5 x 10° keal/m?h.
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4

R 158 7 T

Formula (5) is different from the formula of V. I. Lokay for
an air-water mixture, obtained relative to a blade with a deflector
[5]:

N o= 14075 (3 P visRrepn )

However, a comparison of formula (5) and (7) shows that in
this range, for which formula (7) is obtained (G = 0-2.5%;
v < 1.4), it agrees fully with the relationship we obtained. The
dashes in Fig. 5 show the results of calculations using this
fermula.,

We should emphasize that formula (5) is invalid when ¢ < 1.15.
In this case, as indicated above, another flow regime occurs in

the film.

Tests made on a cascade of turbine blades also revealed a
significant intensification of heat exchange during the motion

97




Ao o s e - e [ | -

in the interblade channels of air with finely dispersed moisture
L7]. A relationship between the degree of intensification and
the determining parameters was detected. Tests with a blade
cascade were made in a much smaller volume than those with a
radiator cascade; therefore, we could not as yet obtain in them
generalized quantitative relationships. However, qualitative
relationships are found to be similar in both cases. For illus-
tration, in Fig. 7a we have presented one of the patterns of the
variations in the average heat transfer factor in a cascade with
a variation in wall temperature. It is apparent from the graph
that there are two heat exchange mechanisms: one, corresponding
to great intensification in heat exchange, when a reaches values
of o & 150103 kcal/ma'h, which can be called the presence of
intensive evaporation, and the following decrease in o which
corresponds to a change in the heat exchange regime in the
boundary layer.

a) o kcal/ma-ho °C

r

/A_\ 0 ;7;-'%-:;. 5”1 -deg"l
) b).
|

. / . 2
7
/

T ' O a0
i} &0 c.. o0 &0 . "o”

Fig. 7. Average heat transfer factor versus wall
temperature during flow around a cascade of turbine
blades:

a - Data obtained on a blade cascade; b - Data of
V. M. Borishanskiy [9].

Indirect analogy with the pattern examined can be seen in

the results of observing vaporization times for the various liquid

suspensions on a heated surface presented in reference (8, 9].
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The corresponding pattern is presented in Fig. 7b. The ordinate
in this figure 1s proportional to the heat exchange intensity. A
comparison of the curves in Figs. 7a and b leads us to assume that
in our tests with blades evaporation of drops or separate liquid
formations on the surface possibly occurred.

N

1070, -t), 87 -deg”

11

——
i
i
»
~
€A
: 3
}
R

2000

O R

g l j‘7. '(
I VWt“j _y_.
i o Wy
L7 _ \‘\\ N '
:::3;;;;;::{:;ﬂ:"hﬂfj --?T;J"’\\L- o
e .'gg m‘“l\\%ﬁ‘:‘a
0 0 W0 ty,%

Fig. 8. Intensification of heat transfer
. as a function of spray dispersion.

In reference [10] it was shown that in the case of the
evaporation of separate drops at fixed wall temperature tw’ the
ratio of evaporation time to droplet diameter 't/dK is constant.
Taking thils regularity into acccunt, similar curves for drops of
various diameters were obtained by calculation on the basis of
Fig. Tb. The results of these calculations are presented in
Fig. 8. As is apparent, in a certain range of surface temperature
variation the dispersion of the spray must have a substantial
effect on heat exchange intensification.

However, in our tests and in the tests from reference [U4] no
such effect was detected. Apparently, we did not manage to
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achieve sufficient dispersion variation in the tests since the
spraying devices in our experimental installatlons were rather
far from the working sections and the dispersion of moisture
entering the working section was generally determined by the
input conditions,.

The effect of dispersion should be the subject of further
study.

Specilal research should also be performed on the effect of
curvature and the longitudinal pressure gradient in the interblade
channel. There is a basis for assuming that this effect will be
qulte substantial since, to a certain extent, the amount of
moisture preciplitating from the main flow in the boundary layer
will depend upon it.

To develop an analytical method for calculating heat exchange
in flow with finely dispersed moisture it 1is necessary to set up
a study on the mechanism of motion and precipitation of moisture
from flow in the bhoundary layer and its evaporation mechanism.

The quantitative relationships and calculation formulas
obtained in this work can be recommended for practical calculation;
however, in using them, it 1s necessary to stay within the above
discussed applicability limits.
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A STUDY ON THE EFFECT OF FORCED
LIQUID MOTION ON HEAT EXCHANGE
DURING THE BOILING OF SEA WATER

V. N. Slesarenko
Abbreviations:

anct = distillate
M.8 = sea water

In the thermal distillation of sea water, rotor installations
with boiling in a rotating flow of liquid are being used more and
more [1, 2]. The operating regime of such installations is
characterized by the formation of a thin rotating film between
the heating surface and the boiling liquid. The distinguishing
characteristics of rotor evaporators are the low specific flow
rate of the heating vapor, good moisture separation, the absence
of scum formation, and a high heat transfer factor. However, we
should mention that there has been little experimental research
on the intensification of convective heat exchange during bolling
in thin rotating films.

On an experimental installation [3, 4], the main working
element of which was a rotor evaporator, a study was made on the
effect of the rotating motion of flow and the thickness of the
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boiling film on heat exchange during the bolling of sea water and
a distillate.

After the processing of experimental data on the boiling of
the distillate, it was found that a change in the number of
rotor revolutions with a constant clearance value and specific
thermal flux from 11,630 to 116,300 W/me,brings about a sig-
nificant increase in the heat transfer factor.

Figure 1 gives the graphic functions a, = £f(q) when § = 1.5
mm and the variation in the rotor rpm n = 500, 700, 1000, 1200
r/min., On this same graph the curve a, = £(q) for water boiling
in a large volume 1is plotted. It is apparent from the graph that
at the same values for heat flux the quantity oy in the presence
of flow rotation is significantly higher than for heat exchange
conditions during the boiling of water in a large volume,
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Fig. 1. a, versus q for distillate and

sea water bolling in a rotating flow:
§ = 1.5mmy; 1 - n =500 r/min; 2 -

n 700 r/min; 3 - n = 1000 r/min;

h - n = 1200 r/min.

In the range of heat fluxes studied an inerease in the latter
during liquid rotation acarcely affects the value of the heat
transfer factor, while with an increase in the rpm, the value of
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Ay alco inoreases. The prowth rate (the difterence between the
valuen of a, at various rpm's) of the heat transfer factor when
q = const drops somewhat with an increase in the rpm., A change
in the hydrodynamic regime of liquid motion relative to the
heating surface, in our opinion, subustantially alters the general
plcture of the heat exchange procecs, contributing to &an
acceleration in the detachment of vapor bubbles and a migration
to the boundary layer of new portions of water. At low rpm's
(n = 500, 750 r/min) the frequency of vapor bubble detachment
determines the increase in ay; a subsequent change in n (1000,
1200 r/min), obviously, leads to a detachment of liquid from the
heating surface and to a certaln reduction in the growth rate of

the heat transfer factor.

A change in the size of the clearance § from 0.5 to 1.5 mm
leads to a reduction in the coefficient ase

The effect of § on. o, at various thermal fluxes can be es-
tablisned from examining Fig. 2.
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Fig. 2. Variatlon in the heat transfer
factor for distillate with an increase
in the thickness of the boiling layer:

§ = 1.5 mm; N. G. Styushin: 1 - n = 750
r/min; 2 - n = 500 r/min; author:
3-n=700r/min; 4 - n = 500 r/min.
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With small clearances between the rotor and the heating
surface (§ = 0.5 mm) the value of a, is considerably higher than
with large clearances (6§ = 1.5 mm). This can be explalned by the
fact that when 6 = 0.5 mm wall temperature is lower than it is
with clearances of 1.0, 1.5 mm. The reduction in wall temperature
occurs because of the better heat removal from the surface to the
ligquid and the separation of vapor bubbles of very small dimensions,
not yet reaching separation diameter, which, on the whole, leads
to an increase in the heat transfer factor Goe With an increase
in the clearance the heat exchange intensity worsens somewhat.

It follows from the above that forced motion (in the form of
rotation) in the heat flux range of q = 11,630 to 116,300 W/m2
when 6 = const enables the intensification of the heat exchange
process, causing an increase in the heat transfer factor.

An increase in heat fluxes in this range does not cause a
change in the coefficient LPE The heat transfer factor depends
on the rpm of the rotor (angular velocity) and at large n reaches
23,000-29,000 W/m?-deg.

The growth rate of 0y drops somewhat with an increase in the
angular veloclity of rotor rotation. It is possible that when
n 1s too high, the nucleate bolling regime is disrupted and there
is a transition to film bolling.

A change in the clearance §, all other thing; equal, toward
an increase somewhat ireduces the value of the coefficlient of heat
transfer from the wall to the liquid. With the clearance
dimenslons assumed, a, drops 6-8%.

Sea water of constant concentration, boiling in a thin
rotating £film (see Fig. 1), gives a v7alue for the heat transfer
factor 20-25% lower than distilled water boiling under the same
conditions. 1In our opinion, this 1is explained by the difference
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in tne physical properties of these ligquids since the hydro-
dynamlc regimes of the installation are the same,

An increase in specific heat flux within the assumed range
Joes netv change the value of oy This is particularly important
for evaporative devices using low-potential heat. Operation at
low temperature heads decreases scum formation.

The character of the increase in the heat transfer factor
with an increase in the rpm (Fig. 3) and during the boiling of
sea water 1s clearly expressed. In the distillate the effect of
angular velocity is less than in the sea water.
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Fig. 3. Heat transfer factor versus
rotor rpm:

O~8d~-=0,5mm; 0-48 =1.5 mm;

n = 500 r/min,

Theoretical treatment of experimental data in connection with

the heat transfer factor and the rotor rpm gives the followin-
emplrical equations:

57 == 116080472 (1)
:;'=685"““‘. (2)

& similar character for this relationship is also observed
in the works of Hickman et al. [5].
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At low concentrations of sea water (1, 5, 3%) with forced
motion, a noticeable decrease in the heat transfer factor 1is not
observed as occurs with boiling in a large volume. We can assume
that the turbulence of the flow during rotation with low con-
centrations excludes the supersaturation of the solution in the
boundary layer at the heating surface, while with an increase in
thermal fluxes during boiling in large volume such & super-
saturation 1s observed and leads to a reduction in ay with an
increase in concentration.

This position 1s confirmed by the fact that during tests, the
deposition of scum on the heat-transferring surface during the
bolling of sea water in a large volume occurs more rapidly than
during the bolling of a rotating flow.

With an increase in the concentration (10, 15%) of sea water
the value of the coefficient a, drops with approximately the same
intensity as during boiling in a large volume. 1In this case, sea
water has a considerable salt saturation and a change in the flow
hydrodynamics can not substantially change the heat exchange
process. It should be mentioned that in the presence of rotation
the drop in L at concentrations of 10, 15% begins at a higher
range of thermal fluxes (58, 000-69 750 W/m?) than with boiling in
a large volume (35,000-41,000 W/m ).

In tests with sea water the thicknesses of the bolling
rotating layer of liquid varied because of the change in the
clearance §.

Experiments indicated that regularities of the process
remalined the same as with boiling of the distillate, but the

absolute values of a2 are somewhat lower.

Transition to higher rotor rpm with a decrease in clearance
size at q = const causes an increase in Qs But with clearances
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of 0.% and 1.0 mm points are observed for which the vaiue of a,
drops sharply. A substantial reduction in the heat transfer
ffactor is found with thermal fluxes of approximately 70,000 W/ma.

In our opinion, with an increase in rotor rpm at thi:s time
the water can not successfully remove heat from the surface, 1.e.,

the process of nucleate bolling 1is disrupted and the value of a.
falls.

In the experimental study several characteristics of the
scum formation process, which occurs during the rotation of a
beiling flow, were studied.

In the presence of rotation in flows of varyving thickuesses
and constant concentration, taken in our study after €0 h of
continuous operation, scum deposit was not observed.

The salt concentration in the boundary layer does not grow

infinitely; a reverse transfer of salt to the mass of the soluticr
ocours.

The rotation of the liquid flow obviously contrlbutes sig-
nificantly to this transfer; with boiling of sea water in a large
velume, however, the movement of the liquid masses relative to
the surface deteriorates somewhat and with an Increase in wall
temperature scum begins to appear. An intensive mixing of water
near the surface does not allow the salt concentration to increase
in the Ycundary layer and, consequently, the intensity »f salt
deposit on the surface is reduced. Tihis apparently explains the
atsence of scum on heating surfaces.

"rom an analysis of the works of Hadley and Hickman on the
colling or sea water on rotating surfaces it 1s apparent that
they alsc did not detect the deposition of scum during the con-
tinuous cperation of an installation for 72 hours. Our
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conclusions are valid only at low temperature heads (At = 3-10°C).

An increase in the temperature head to 15-16°C causes the
appearance of scum even with the rotation of flow. An increase
in the concentration of sea water for low At does not alter these
conclusions, but with a rise in At scum begins to cover the
surface. This once again substantiates the position that the
process of scum formation is wholly determined by the values of
the temperature head and the concentration of sea water.

From an analysis of the experimental data 1t is apparent
that the disruption in the hydrodynamics of a two-phase flow
because of the forced motion of liquid at low heat fluxes (to
116,300 W/ma) and the value of the heat transfer factor are de-
termined by the velocity of the forced motion. N. G. Styushin
[6] arrived at the same conclusions, taking into account the
directed motion of the liquid by introducing the criterion
Ky = w*/w0 where W, is the velocity of the forced motion, wh is
the rate of vapor formation. We obtained a criterion equation in
which the velocity of the forced motion was taken as equal to the
angular velocity of the motion of the liquid:

Bt =AY I Sl g

This choice was based on the fact that the forced motion had
a rotational shape.

Using the experimental data from our study with distillate
and sea water, as well as the data of N. G. Styushin, we attempted
to set up the final form of equation (3) and to generalilze the
experimental data with this equation.

The criteria system which describes the process of liquld
boiling in a rotational flow 1s represented in the form:
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As established during experimentation, a variation in thermal
flux (in the range q = 11,630-116,300 W/ma) has no effect on the
condition of heat exchange during the forced motion of liquid.
This enables us to exclude from equa;ion (4) the criterion Kw as

not being a determining characteristic of the process in this
case,

Then
N =f(Pr, Peg), (5)

wi?

where Pe = =,

The processing of tests (Fig. 4) in coordinates i ¥=[(Pe.}
with respect to a distillate in sea water makes it possible to
establish the final form of relationship (5)

Nu == A Pelt Prv-S, (6)

where A = 5,75 is the distillate; A = 5.0 is the sea water.
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Fig. 4. Processing of experimental data
on the boiling of distillate and sea
water in a rotational flow in the cri-
terion form:
6§ =1.5mm

{1 - n=1200 r/min; 2 - n = 1000 r/min;

Sea water {3 - n= 1950 r/min; 4 = n = 500 r/min.
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To substantiate the criterion equation (6) we processed the
results of the experimental study of N. G. Styushin on the bolling
of water during forced motion on various surfaces in the range of
q variatlons which interested us. They were arranged satisfactorily
with respeet to the averaging curve (Fig. 5). The spread of
separate points varied from 0 to 20%. Such a deviation can be
explained by the variation in the clearance between the rotor and

the heating surface in our test and the tests of N. G. Styushin
(2"8 mm)o
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Fig. 5. Generalization of the experimental
data of N. G. Styushin on the c¢riterion re-
lationship Nu: « % ¥pelh

O - Distillate; O ~ Sea water: Rl - R2 = 1,5 mm,

We should mention that the quantity of experimental data on
boiling in rotational flows of liquid is very limited, which makes
a full check of the derived relationship impossible.

Analysis of the heat exchange process during boiling in a
rotational flow leads to the conclusion that an increase in rotor
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rpm within the thermal flux range 11,630-116,300 W/m2 leads to an
increase in the heat transfer factor by 80-85%. The effect of

the thickness of the boiling layer is not clearly expressed and,
although a certain increase in @, at low (0.5, 1 mm) thicknesses

1s observed, the stabllity of 1liquid boiling is disrupted with an
increase in thermal fluxes. At the same time, the bolling process,
under such conditions, considerably reduces scum formation.

We have based our conclusions on the fact that heat exchange
during boiling in the range of thermal fluxes assumed 1s wholly
determined by the angular velocity of the liquid.
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CRITICAL THERMAL LOADS IN ANNULAR ;
CHANNELS 3

V. I. Tolubinskiy, A. K. Litoshenko, 3
and V. L. Shevtsov

Abbreviations

KHp = crisis, critical; i
Hea = underheating.

In various fields of engineering heat exchangers are fre-
quently used in which the motion of the cooling liquid occurs in
cylindrical or annular channels where the pipe dlameters and
slot widths vary from several tens to fractions of a millimeter.
Most of these systems in advanced installations use the heat
transfer process with surface boiling which does not reach liquid
saturation temperature under forced motion conditions. The
forcing limit of the heat exchange process with bolling is de-
termined by the critical thermal load at which nucleate boiling
changes to film boiling.

1
{
!
}

Many works have been devoted to the study of the heat ex-
change crisis. As a result of these efforts, it has been estab-
lished that the pressure, temperature, and physical properties of
the working fluid, the shape and dimensions of the heat-transrerripg
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surface, as well as the velocity of the forced fluid motion
affect the value of critical thermal load.

Nevertheless, because of the absence, in a number of cases,
of relliable methods of determining critical thermal loads by
calculation, it has been necessary to set up special experimental
studies.

The purpose of this work has been to study the regularities
involved in the appearance of a heat exchange crisis in annular
channels 0.2, 0.4, 0.6, 0.8 mm wide under conditions of one-sided
external heating in a pressure range from 2.5 to 21.6 MN/ma.

Mass velocities varied from 50 to 400 kg/maos, and underheating
of the fluid to saturation enthalpy from 600 kJ/kg to 30% of the
per-weight vapor content.

Experiments were performed on a closed circulation loop, all
lines of which were made from 1Kh18N9T steel. The cooling fluid
was distilled and degassed water. Circulation of the liquid in
the system was accomplished with a geared circulation pump in a
special housing which would withstand pressure up to 32 MN/mz.
The pressure in the system was maintained by two NZhR-1l1l plunger
pumps.

The flow rate of the liquid was changed by a diaphragm to
which a specially constructed electronic differential manometer
was connected [1].

After the diaphragm, the water passed in succession through
the heat exchanger, electric heater, experimental section, heat
exchanger again, cooler, separator, and, finally, entered the
suction pipe of the circulation pump.

In a pipe-in-pipe heat exchanger the water was heated from
the heat of the water coming out of the experimental section.
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The electric heater was designed for final heating of the water

to the required temperature. 1In the cooler the water was cooled
to a temperature of 40-50°C and entered the separator, which was
an air-divider tank, during the filling of the system with water.

The test element was 8 single plece and installed vertically
(Fig. 1). The annular channel of the element was formed by two
coaxial pipes. The pipes were made together with tightly fitting
current-conducting cams. In the lower part the cams were welded
at the bottom and were spaced with asbestos-cement insulation at
the top, which allowed the thermal expansion of both pipes.

Fig. 1. Test element,

duced from }
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The feed and drain of water was accomplished by clamp nozzles
to which thermocouple sleeves were welded. All parts of the test
element were made with a high degree of precision and processing
purity no lower than the seventh or eighth class. The principal
dimensions of the test elements are presented in Table 1.

Table 1.
&:{é&ing ‘a..ziilill;_lf.‘“‘.”fu".‘!..' .i?,!u .I‘emoum;e-un-

: v b yRNRE by pedsnll uiew vacrs 4,

M oy b ) e g
0,2 ¥ 12,6 2040 0 —
0.4 13 12,2 20 40 0 -
0,6 13 1,8 2 490 70 2
0,8 13 11,4 20 - &0 160

KEY: (1) Channel width §, mm; (2) Channel
diameter, mm; (3) External d,; (4) Internal

dg,; (5) Length of heat-releasing part I, mm.

The element was heated by & constant current from an ANG-30
motor-generator, 5000 A, 6 V. The lower current-conducting cam
of the test element was set in an expanding contact ring, to the
copper nib of which current conducting bus bars were connected.
To eliminate from the test element the mechanical stresses which
were inevitable with the rigid attachment of both its ends, due
to thermal expansions, the upper electrical contact with the test
element was accomplished through liguid metal.

The heat exchange crisis was fixed visually by the appearance
of an incandescent spot on the outer surface of the heat-releasing
part of the element. In the adjustment test the crisis was also
fixed with the aid of a balanced bridge. These tests showed good
agreement for the quantity q“p in both cases.

Thermal load on the heating surface was calculated from the
force of the heating current and the drop in voltage on the
length of the heat-releasing part of the element at the moment
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. the heat exchange crisis occurred. Liquid flow parameters at the
spot of crisis occurrence were calculated based on the thermal
balance. Data from the control measurement apparatus made it
possible to determine thermal loads with accuracy up to 6-8% and
flow parameters with accuracy up to t45 kJ/kg.

The increase in thermal load was accomplished by increasing
the value of the heating current at prescribed constant values
for mass velocity, pressure, and liquid temperature at input to
the experimental section. Thermal load rose smoothly. With the
appearance of the incandescent spot on the heating surface the
load dropped. The next test on the same element was performed
with the same values for pressure and mass velocity. Liquid
temperature was increased by 20-30°C, A series of tests were
performed in the entire possible range of liquid underheating up
to saturation enthalpy; the deformed elements were replaced with ;
new ones. i

!

As a result of each serles of tests functions Up = r(Aiuen) é
were obtalined at constant values for the width of the annular !
clearance, mass velocity, and pressure. More than 200 series of
tests were made in all. o

As studies have shown, the value of critical thermal loading
is virtually independent of the underheating of the liquid to
saturation enthalpy at mass velocities of 50-200 mg/mz-s; with an
increase in mass velocity from 200 to 400 kg/maos the underheating
of the liquid affects the value of qu, which drops with a dgcrease
in underheating. A similar effect of liquid underheating on the
value of a,, was detected in [2-5].

The effect of the underheating of liquid to saturation
enthalpy on the value of Q, is generally not great and can be
taken inty account in the following manner:

9% = Qup(l + 0,12520:10-%34,,,). (1)
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It is apparent that the determination of Ainen by calculation
can not be performed with complete accuracy, especlally at low
values for AiHBA since, in this case, vapor bubbles, which have
separated from the heating surface and have not succeeded in con-
densing in the boundary layer, are entrained by the underheated
flow, while the heat carried by them is not transferred fully to
the flow of liquid within the test element. It is safe, however,
to estimate the vapor content of the flow as long as it 1s possible.

Figure 2 presents the function q“p = f(p) for a clearance
of 0.6 mm for the case of liquid heating to boiling temperature.
Similar functions were obtained for other clearances, lengths of
heat-releasing parts, and mass flow velocities [5]. As 1is apparent
from the graph, the value of qKp in the pressure range from 2.5 to
21.6 MN/m2 first grows with an increase in pressure from 2.5 to
15 MN/mz, reacr.ng its maximum values, and then drops with a
subsequent increase in pressure from 15 to 21.6 MN/ma. The effect
of pressure on the quantity q . _ can be expressed by the following
equation:

Hp
t=crV P+ %) (2)

As studies have shown, the critical thermal load, other
things veing equal, grows with an increase in mass velocity in
the studied range of variation. However, mass veloclity has a
varied effect on qu with different clearance widths. With an
increase in the width of the annular clearance from 0.2 to 0.8 mm
the effect of velocity grows. Partial functions qu = f{pw) have
the form Gyp ~ (pw)", where the exponent n depends upon the width
of the clearance. In the first approximation, the function
n = £(6§) can be represented by equation:

n=08V%. (3)
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-Fig. 2. PFunction
width 0.6 mm:
l1-17=140 mm, ow
pw = 200 kg/mz-s;
b -1 =170 mm,'pw
ow = 200 kg/m.s;

Table 2 presents the
result of processing test
from equation (3).

= t(p) for a clearsvce with

= 400 kg/mz-s; 2 ~1= 40 mm,
3 -1 =40 mm, pw = 100 kg/m°:s;
= 400 kg/mZQs;.s -1 =70 mm,
6 - 2 =70 mm, pw = 100 kg/m°-s.

values for n = £(§) obtained as a
data, and values for "n" calculated

Table 2.
“l.li-: una u'o‘:;.l.ucnoro PN -
(l)p:mopa. MM n:= f (%) n=0,6y%
0,2 0,270 0,269
0.4 0,412 0,379
0,6 0,465 © 0,465
0,8 0,545 0,537

119

KEY: (1) Width of annular clegrance.




B Y e R A E A SN TR po—

Thus,
Qup ~ (2P V3, (4)

The reduction in the exponent n with quantity pw and an-
increase in the width of the clearance § apparently occurs due to
the decrease in the turbulence of the liquid flow and its trans-
verse pulsations in the annular channel with a decrease in its
width.

Figure 3 presents the function Qyp ® £(8) with pw = idem.
The value of the critical thermal load increases with an increase
in the width of the annular cleavance from 0.2 to 0.8 mm, while
the partial function U, = £(8), in the studied range of clearance
' width variation, can be represented in the form:

q»“'a'.o (5)

where m varies from 0.5 to 1 and, on the average, can be assumed
equal to 0.7. However, as mentioned above, the value of the

! clearance also enters into the exponent when pw. Therefore, in
the empirical formula which takes into account the joint effect !
of § and pw, the exponent with § will not be equal to the ex- ;
ponent defined earlier, obtalned on the assumption that pw = const,
although the final result of calculation will reflect the effect

of § in the degree of 0.7.

It 1s apparent that with a subsequent increase in the width
of the clearance above 0.8 mm the value of critical thermal load
will tend toward a certain constant.

In the studied range of variation in the determining
parameters a decrease in critical thermal load was observed with
an increase in the length of the heat-releasinrg part of the test
elements. In the first approximation, we can assume that the
quantity q“p, all things being equal, is inversely proportional
to the length. In this work the length of the heat-releasing part
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! of the test element virtually agreed with the geometric length of
the channel from liquid input to the spot where the heat exchange
crisis occurred.

L] . r qf 2 :
82 Tres Mi/m qﬁ,,—“zﬁ
32 N >l r
' g
. 28 % | 0=/
P ,/// ' =2
! 2 =3
g 3 . Oo=d
4 : 20 g=8
) ° o4
! (6 o 4
| ' P4 4
i 12
98
y ,_,// ‘
“' 42 q¢ q (LT

Fig. 3. Functlon q, o = £(8) when oW = 1dem.

l-1 =20mm, pw = 100 kg/m ‘8, p = 15 MN/m
2~ 1 =20 mm, pw = 100 kg/m ‘8, p = 10 MN/m 3
3- 1= 20mm ow = 100 kg/m°+s, p = 5 MN/m2~
4 « 2 = 40 mm, pw = 400 kg/ma-s, p = 20 MN/m 3
51 =80 mm, pw = 100 kg/m2.s, p = 15 MN/m°;
6 -1 =80mm pw = 100 kg/m2-s, p = 17.2 MN/m°.

As a result of clarifying the degree of the effect of
separate parameters, the empirical relationship for water heated
to bolling point 1s obtailned:

Gip = 075100620 V(1 + 5, (6)

Formula (6), as is apparent from Fig. 4, generalizes 83% of
all the series of tests with a deviation of 125%. As a result of
the research conducted, we make the following conclusions.
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Fig. 4. Processing of experimental data according to
equation (6).

1. The effect of critical thermal loads is virtually inde-
pendent of the underheating of liquid to saturation enthalpy at
mass velocities of pw = 50-200 kg/ma-s. With an increase in pw

to 400 kg/ma-s the value of qﬂp grows with an increase in under-
heating.

2, With a rise in mass velocity, critlcal thermal loads
grow; however, in the near-critical region their growth is

insignificant.
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3. In the studied range of variation in the length of the
heat-releasing part and the width of the annular clearance,
critical thermal loads rise with an increase in the width of the
clearance and fall with an increase in the length of the heat-
releasing part.

k. 1In the pressure range from 2.5 to 21.6 MN/mz, q

KP
achieves 1ts maximum values when p = 15 MN/ma.

5. For practical calculations we can use equation (6) which
is valid for the range of determining parameters indicated in the
work.
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RECOMMENDATION CN CRITICAL THERMAL
LOADS IN CYLINDRICAL PIPES

V. Ye. Doroshchuk and
F., P. Lantaman

Abbreviations

rp = boundary
Hp = critical

At the present time, extensive experimental material on heat
exchange crises is available both in our country and abroad. To
desigr ~tomic reactors with water under pressure and, particularly,
the boiling type, it 1s necessary to know the values of critical
thermal loads q“p, i.e., specific thermal fluxes, at which the
nuclear regime of liquid boiling changes to the film regime. As
a rule, the surface temperature of the fuel elements rises
catastrophically and the reactor enters an emergency state.
Unfortunately, test data from various authors on critical thermal
loads agree poorly; the spread reaches tens and hundreds of per
cents. Naturally, this cauvses great difficulty in designing
reactors.

There 1s an urgent need to analyze the published experimental
material on this question and, based on such an analysis, set up
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a table of the most reliable values for qu. Such a table, which
we shall call a "skeleton," can serve the direct needs of planners
and can furnish a basis for determining the dependence of qnp on
the regime parameters of the heat carrier during the processing
of design equations.

To simplify the problem, we have limited ourselves to an
examination of critical thermal loads only in circular pipes, for
which the greatest amount of experimental data has been published.
Circular channels are used in several types of reactors.

It was decided to set up a table based on a channel diameter
of 8 mm and the following values for the regime parameters:

pressure p = 49, 69, 98, 137, 167, 196 bar!;

mass velocity pw = 750, 1000, 2000, 2500, 3000, 4000,

5000 kg/m?-s;

underheating of water below boiling 6 = 0, 10, 25, 50, 75°C;
vapor content per unit weight x = 0.1, 0.2, 0.3, ..., xgp,
where xg is the boundary vapor content at which the

boundary layer water film dries [19].

In examining the experimental data of various authors, we
started with the following assumptions.

1. The material and roughness of the heating surface, the
position of the experimental section in space, the direction of
flow of the heat carrier, and the frequency of crisis in the
same section have no effect on the value of c¢ritical thermal load
{5, 61.

2. Low-frequency pulsations in flow rate and pressure, which
are characteristic to certain dlagrams of experimental

'50, 70, 100, 140, 170, 200 atm (abs.).

4.
1‘, s

125

ittt idin




e cmmae W B LR STARIT A o S5 WY > Py e Y

installations, can have a considerable effect on Ay {5, 6, 71.

| Critical thermal loads in the presence of flow pulsations are
reduced by several factors. The necessary conditions for the

. occurrence of pulsations are the following: the presence of an

! easily compressible volume {(usually a vapor-water mixture) in

front of the experimental section, the existence of an

. "economizer" zone in the experimental section itself, and the
presence of a certain minimal thermal load which ensures the
formation of a certaln amount of steam at the end of the heated
pipe (including and because of the surface boiling of water).

3. The channel diameter affects critical thermal loads; in
narrower pipes they have high values. To recalculate q“p from
one type diameter to another within the range d = 2-13 mm, we use
the following formulas:
for underheated water

Qe V?'= consts (1)

for vapor-water mixture

(q.,).uaufqg.—q. (}7‘-‘;-;1)- (2)

These formulas are borrowed from references [8, 9]. The
coefficlent q for various pressures has the following values:

p, bar q0-10'6, W/m?
kg 8.20
78 7.58
98 7.29
137 6.71
167 6.28

4, wWhen 1/d > 15 the length of the heated section of the
experimental pipe does not affect the value of qKp {5, 11, 31].
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5. The concept of "ecritical thermal load," related to the
so called heat exchange crisis of the first type (a crisis caused
by the transition of nucleate boiling to film boiling), has
significance only as long as the heating surface is washed by
water, including a water film with an annular structure of the
vapor-water [low. As soon as the vapor content in the heated pipe
reaches a certain boundary value xgp, the water film dries and at
this moment a heat exchange crisis of the second type occurs.
Thus, the upper boundary of vapor content, at which we can discuss

s x0 0
Ay is Xrp: Table 1 presents the values of Xn [1].
Table 1. —
o, x‘,', with p in bar

wewees a1 e 1 3 | v e | 1%

Ta0 0,86 0,78 0.64 0,30 9,3 0,28

1000 075 | 068 | 08 | 0 | o7 | o

1800 ool | 0356 | 0.7 | 035 | 027 | 019

2000 0,53 0,48 oH 0.31 0.4 0,16

2500 0,53 0,48 0.41 0,31 0 0,15
3000-=5000 | 052 | 048 | o0 | 00 | 023 | 0,15~

DES.GNATIONS: Ke/m%:cen = kg/me-s

The experimental data on qu published in [1-6, 9-52] were
examined and processed. Not all of the data could be used in
setting up the "skeleton" tables, for example:

a) test data obtained at 2 > d > 13 mm since, in these caven,
there are no recommendations for converting the critical thermn.
loads on a pipe with an 8 mm diameter;

b) experimental stage in which qu was measured in pulsat’o-.
regimes [69 36: 37, 1{0, uls ug:};

c) measurements of specific thermal loads made at x > xgp,
i.e., in the area of heat exchange crisis of the second type

[10, 11, 17, 20, 49, 513;
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d) studies of Y. I. Povarnin and S. T. Semencv [4Z, 4;] maue
on very thin pipes d < 1.5-32 mm and generally with underheating:
that vere {oo great 0 < 75°C;

e) studies of A. P. Ornatskiy and A. M. Kichigin [4i4-47],
which are characterized by a very large spread in experimental
points with underheatings of water to 50°C; moreover, these tests
were made on very narrow pipes;

f) references [21, Table 3, 7, 13] containing a limited
number of experimental points w!th a large spread.

Wnen there was no description of the experimental methodology,
we were more critical of the test data and after analysis d1d not
use some of them.,

To set up tables of critical thermal loads we processed Lthe
experimental data of various authors in order to obtain a, for
the skeleton values of p, pw, 6, %. For this purpcse, corresporn!.n-
graphs were plotted. Interpolation was performed only if there
was complete confidence in its regularity.

The experimental data thus processed are presented in summary
table 2. In analyzing this table, it was decided not to use the
bold faced numbers in Table 2 for further processing of the value
of qu. They include the following:

a) Buchberg's test data [15], obtained at 9 = 0-10°C, with -
considerable inert gas content; as noted in [34, 39] at 6 + G an
atundant liberation of gas bubbles occurs in the flow of water;
this leads to unstable flow state and, as a consequence, to 2
noticeable reduction in qu;

t) Becker's test data [13]; this author did not obtain the
dependence of critlcal thermal loading on flow veloclty, whiz:,
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naturally, causes a certain lack of confidence in his experimental
material;

¢) our own test data at x > 0. The critical thermal loads
which we measured in the flow of a vapor-water mixture were
somewhat greater than those measured by other authors (Table 2).
Apparently this 1s explalned by the severe throttling of the
working medium at input to the experimental section (tens and
hundreds of kilograms per square centimeter), which ensures the
high hydrodynamic stability of the flow and, as a consequence,
leads to higher values for qu [25, 26, 53, 54]. In addition, we
performed tests on comparatively thick-walled pipes (6 = 2 mm),
which, when they are heated by ac current, could also lead to
higher values for qu (as compared with thinner pipes)[26].

We can assume that the processed recommendations on critical
thermal loads, for these reasons, will contaln some allowance
with respect to qu

When we dropped the values indicated by bold faced figures,
we were able to obtain averaged values of qRp (Table 3). Based
on these and the corresponding graphs, the final (leveled off')
values of q,, Were obtained (Table 4). They are also the final
recommendations. After analyzing the deviations 1n the test
data of various authors from these recommendations, we were able
to evaluate the accuracy of the proposed values for qu within
+10%.
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Table 2.
-3 &35 40 -T...p -
i £a hec T %
X 253 - -
45 SP|75  50 | B | 0] 0 |01]02]03]0,4]05]06]07
273 8,14
NE'EEX 8,43 7,21
[ ; 30
14, 2| 8,5 | 8,14 | 7,79 | 7,62 [ 7,44 { 7,19 [ 6,75 [ 5,18 | 3,02
27-32) 7,68
12 |9.89]9,19]8,49]7,4]7,21
000§ 3,37
1, 2| 8,91 | 8,48 |8,09(7,80]763]699]63¢]564
27-32) ' 6,9
12 |9.80}0,19]|849]7,86]7.2
100§ g 3,13
14, 2] 9,42 | 8,84 | 8,32 | 8,06 {7,73 [6.99] 6,00
274‘2& 6,45 3,55
12 9,80 0,95|8,49]7.62]7,2
0, 1t 1,43
200145 3%
13 | - 0,77
14, 26 9,77 | 8,11 | 8.49 1 8,07 | 768 | 690
27-32' 6,08 4,07
12 {10,00{ 9,30 | 8.49 7,68 | 7,21
10, 11 1,87
00| g 3,8
1 . 1,06
", 2s| 10,0 { 9,27 | 8,48 | 8,00 { 7,58 | 6,60
21-32’ 5,58 3,2
12 ho,18{ 9,42 ]8.43{7.73]7.21
10, 11 2,49
3000 |~y 364
13 07
14, 210,30 | 9.3¢ { 8,47 ] 7.91 | 7,44 0,07
7 5,47
12 o8 |on{sarfrmlias
4000 {10, 1 2,18
15 3,38 .
13 2.42{ 1,18
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Table 2 {Continued)

t ; p - 49 dap a
RN b:C_ o x
Sy ne| B 150 |25 |ww] 0 o1,02[0304]05, 06]07
2739 5,40
000 | 12 10,47 | 6,43 | 7,85 | 7,09
15 3,79
: 2 - p =69 dap
LREE] 6<C x
2|25 = = -
SF|Te 7850 | 25|10 0ojor1jo2fo3|o04]|05]06
27--32 6,92 2,77
16, 35 5,12 | 4,51 3.68
750 | 12 | 8,49 7,21 6,16
13 345 | 211
14, 23] 7,94 | 7,55 | 7,14 | 6,91 { 6,73 | 6,43 | 5,97 | 5,40 | 4,93
2732 6,61 6,45 6,23
16, 35 4,68|3,98]3,47
12 8,49 ] 7,91 (7,33]6,40 [ 6,16
1000 | 17 ' 5,51 | 4,5 3,84 3,03 }3,00
18 - 2,43 .
13 2,83
14, 201 8,251 7,93 17,321 7,00 | 6,79 | 6,20 | 8,52 | 4,97
27—32 6,33 (6,075,842 3,1312.37
16, 35 4,95 14,053,329
12 [8,49]17,91}7,39]6,45]6,16
15 1,98
1500 | 17 . 3,15
18 2,57
19 5,95 4,88 | 4,55
13 4,45 | 3,69 | 3,50 | 2,04
14, 25| €.60 8,19 7,54]7,09]6,77 (859453
7 -3 6,00|5821549]372]3,14}2,57]1,8¢
16, 35 4,40 { 3,721 3,00
12 {55 |8,02(7,41]6,57}6,16
15 2,08
00| 20 3,00 } 2,04
17 6.63|5.86 | 5,30 | 4,45 | 3,69} 3.08} 2,35
18 3,84 3,21 267
13 457 | 3,00 0,21
14, %] 9,16 [ 8.43| 7,64 | 7,001 6,72 5,82
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Table 2 (Continued)
AR T e
cElzal . c x
gisEl sl |w] o|ort]o2]o3]os]05]|o06
2732 6.0215,70]509}3,61]3,16] .2
16, 35 4,1513,45] 2,73 .
12 [8,60|8,14}7,44]6,59]6,16
15 240 . i
25001 20 2,3
1 4,66 .
19 5,84 | 4,65
| 13 41
g 14, 26/ 9,32 { 8,46} -,58 | 6,97 | 6,57 | 5,69
; 7-32 6,19 | 5,61 | 4,9 | 3,37 | 2,80 | 2,07
; 16, 4,053,221 2,5 ‘
, 12 |8, 8,2 17,506,63]86,16 :
\ 15 2,40 _ i
bl B! 495]13,72]3,2 :
\ 18 4,85 | 3,30 | 2,66 ‘-
' 13 , 0,81
: 14, 26{ 9,18 | 8,30 | 7,44 | 6,83 | 6,43 | 8,40
' 2732 6,5t | 5,65 | 4,81 | 3,20
i 12 |9,658,66|7,56!6,69]6,16
: 15 2,67
0 o] - 4,00 3,35 | 2,83 1,96 ‘
17 6.60 | 5454,7213,2 |28 1,17 }
18 5.4 4.21'3.02 ;
7739 4,88
12 9,59 | 7,79 | 6,69 | 6,16
5000 | 15 30
17 4,70 | 3,31
18 4,5 (2,7
8| & ot 2B 00 -
% ga — 1°C ] X R
gISs”| 5| s0 |25 w0] o0fol1]jo2]03}04]05]0€)07 |
27—32 6,19 15,23 15,35 | 4,98 12,6111,91{1,40] 0,81,
16, 35 4,16 |3,69]3, 242,77
is0] 12 5,12 4,38 4,18 o |
24 3,37]2,79|2.32/2,09]1,06
14, 26| 6,01 | 5,64 | 5,24 | 4,99 1 4,77 [ 4,38 3,05| 3,49{ 3,02
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Table 2 (Continued)
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il e 7 iR dap
g 2 6-C X
[SP| 7 [0 |25 |10 0 101]02]03]04]05]06]07
‘ —_
2732 5,55 | 5,55 | 5,26 | 4,93 | 4,79 {3,94]3,202,37|2.00{1,31
16, 39 3,94 .3,432,85(2,38
12 16,50 |5,76]4,94]442]4,30
1110, 1 1,38
14, 26,6,78 1 6,22 | 5,68 | 5,29 | 5,06 4,559]3,95|3,37| 2,62
17 2,47
2732 6,19 | 5,31 | 4,81 | 4.3 [3.6512,77{1,97|1,20
16, 3 ' 3,69 [3,052,42[1,72
1500
12 17,2716,2]5,23]4,59 | 442) |
14, 26 7,39 | 6,75 | 6,05 | 5,65 | 5,35 | 445 3,60} 2,08
2732 6,22 | 5,45 | 5,16 | 4,16 |3,06{2,27 11,51 0,02
16, 35{ 7,73 | 6,63 | 5,64 | 4,88 | 4,48
2% - 3,37)2,792,32
00 f10, 1 1,58
14, 26/ 7,621 6,75 | 5,68 | 5,54 | 5,12 [ 4.24]8,39
17 3,08
27—32 6,91 | 5,56 | 4,88 | 3,99 |2,8¢]2.0001,18
18, 35 3.6 [2,52]1,72] .
2500 | 12 |8,146,98 59|52 |47
10, 11 2,07[1,28
14, 26{ 8,08 } 6,98 | 5,01 | 5,44 | 4,92 | 398
2732 7.9 | 5,83 | 5,01 | 3,95 |2,70,1,80]1,09
16, 3 3,43 {2,30/1,48
30| 12 [8,61 (7,39 6,34 {558 4,94
10, 1 0,8
14, 230 8,55 | 7,32 | 6,05 | 5,35 | 4,77 [ 33
2732 9,56 | 9,06 | 6,28 | 5,26 | 3,92 [2,36{1.50]0,80
400 |16, 35{ 9,65 | 8,37 | 6,98 | 6,16 | 5.23
12 2,58
2732 6,55 | 5,51 | 4,07 [2,15
5000
16, 35 9,66 { 7,63 | 6,40 | 5,58

133

AR

st

bt KL




LR AR Wl T (R MY K AN W 9T T A R MR O B Y e i o 57

Table 2 (Continued)

 — wacpmem - -

‘“,‘" Jnrepa- i P 137 dap -
AR TP 1T5 0 [ 25 ] 10 ] 0]01102]03]04]05
2732 2,24 12,64 ] 2,50 2,15 ] 1,71 | 1,45] 1,05] 0,69
16, 35 2,331 1,60} 1,40 .
12 3,0|267]25
2 1,87
750 2
(a6, 8)] 2,04 11,51 B
2
(ra6a. 12) 3,65(32712.9[25]205]1,42
14,2 |4,05]3,6113,14]2,79]2,56 |22 |1,63]1,47 | 1,8
27--32 14,59 | 4,6213,50 | 2,79 ] 2.55{ 2,11 | 1,63} 1,00]0.,87] .
16, 35 2,32/1,601,19
12 |43]3.84]3,14[279]2067(
21
1000 | sa60. 8) 2.2 | 1,77 | 1,27
2 2,14 -
23 362313282218
4, 26 | 4,42]4,0013,43]3,02|2,73]232 |20 |15
27-32 | 5,37 | 4,88 | 3,86 | 3,02 | 2,58 | 1,93 | 1,23 | 0,87 -
16, 35 2,32 1,51 { 1,01 :
12 |500]4,42]3,43}3,2/[29
10, 11 1,9 | 1,05
15 3,8 288 | 1,7
22 2,43
1500 50 2,40 | 1,87 | 1,34/
2
(ra6s. 8) 2,16
2
r(uﬁa. xz)r 2,98 2,78 | 2,70
23 4,6313,84|3,19] 2,1 { 2,00
14, %6 | 5,29]4,65]3,98]3.19]3,12]267 ] 1,9 | 1,68
27—32 | 6,19]5,02}4,30 | 3,42 2.63] 1,90} 1,26 ]0,77
16, 35 ‘ 232 1.49]1,00
12 }570]5,08)384}372]3.u
10, 11 1,19
000 | 18 3,64 | 2.64 | 198 *
2
(1262, 12)| 2,08
2 2,66
3 4,37 (3,58 | 2,98 | 2,05 s
14, 2 | 6,00 523 | 4,421 3,82 3,28 | 202
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Table 2 (Continued)

sw, | Juvepa- -~ p_- 131 Gep
K2. M2cex| tTypa AL Z
5% | 3]0 0f[oi1]o2]03]04]05
2732 5,70 | 4,70 | 3,86 ] 2,73 [ 1,90 | 1,19
16, 35 2,32 1,49
12 |6,40]5,76|4,304,13}3,37
10, 11 _ 1,50
15 3,858,183 | 240
20 1 o 2,85
21
(za6a. 8) 2,09
23 5,07 | 4,09 3,24 1,67
14, 26 |.6,86 | 5,81 | 4,65 | 3,88 | 3,12 | 2,32
2732 6,131513(4,22}2,97]1,97| 1,4
16,35 | . 2,2/1,49
12 |7,21]6,40] 5,12 4,42 3,61
3000 | 10, 1 1,70
15° 4,371 3,43 | 247
2 3,08
14,2 [7,4416,164,72]3,72|2,95] 1,91
2732 7,04 }592]4,92]32712,22]1,45
12 |948|7,85]582]465]3,9
4000 | 10, 1 : 1,2
15 5,11 | 4,01 | 2,92
2 3,35
27.-32 6,71 1544363
13 9,01 { 6,63 | 4,65 ] 4,42
. 15 6,92 5,77 4,38 | 342
5000 2 3,52
21 .
(ra6a. 12) 6,61 ]523]4,13]3,2%
p == 167 dap
.57. Jlm'epa- — 8°C P
KAl WP 1T w0 | B | 0] 0 | 01]02]03]04
2732 28 12,301,729 1,60 |1,34]0,78
750 12 2,67 |2,3211,98] 1,69
14,2 3,02 | 2,79 [o.44:230] 2,09 [ 1,920,724 ]1,38}1,0
| |
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Table 2 (Continued)

. ) p-- 167 Gap
12, | <IHicpa 5C P

sy L BT 50 | 25 |10] 0 |0i]02]03]04 '

n-32 1 349 3,33 [252(1,95¢{ 1,76 | 1,41}0,9
1000 12 3,66 2,91 |2,73({2,271] 1,8 y
14,26 ] 3,49 3,14 12,67(1248] 2,21 12,03 ] 1,74 | 1,5 | 1,22

2732 | 4,33 3,84 1'3,07]12,26) 1,83 {1,57]1,08
12 4,42 3,49 13,26)2,73] 2,09

150 1 40, 1 1,781,
, ,2 ! 400 | 372 |3.14]285] 2.5 | 200 | 1,92 [ 1,58 | 1,28
] .
i ,
i 732 | 512 | 42 |3085]263] 1,9 |1,70]1.19 ;
; wo | 2 | 812 | 407 Jam|sem| 2 |
2 10, 1 1,69 | 1,34
f 1,2 | 48 | 42 |35 ]314] 2,7 |23 |18 |20 ‘

: i

' 732 4,76 |3.98|29 |20 {19212 . ’
. 12 | ss2 | e85 |407]33 )26 |
: 20 1101 1,9 .

4,26 ; 563 4,88 |3,811333] 2,77 | 22

; 27-32 527 | 4,413,490 2,2¢ | 1,94 ] 1,40 \
200 | 12 | 65 | 52 [442]3,66] 29 1
) “,2%| 66 | 549 |4,07]333] 256 |11 ;

;ooo 2732 6,00 |s5.08]4,10] 273 |2491]1,68 i
12 6,75 1512]4,%] 3,49 A
27-32 ' 2,62
00 1 e 8.2 |5% ‘
i
- p =19 dap
«e':::.m -"'::el:l' - "-S - d
‘ Wl 9 s | B | w |0 | 01 |02
; 7-32 1,95 | 1,47 | 1,29 | 1,02 ‘
750 12 148 | 1,90 | 1,34 | 1.

te, 6| 2,08 1,92 1,72 1,57 1.8

To-m| 22 | 2.8 | 1.3 | 141 | 1.0 .
1000 12 2,21 1,80 | 1,81 145 | 1,40
M. 26 24 | 222 | 202 | 1,80 | 1.6

136




i e

Table 2 (Continued)

——rs —— -

- 19
7o, Joaepae e e 9cC 2= 1% fap
KLATe WP TS T 2% 10 0 01 | 0.2
271--32 | 3,37 2,79 2,2 1,66 1,2% 1,2 0,93
1500 12 2,56 2,2 1,86 1,69 1,57
4,61 2,9 2,67 2,32 2,08 1,88
27-32 1 4,04 3,26 2,5% 1.9 1,34 1,35 1,05
2000 12 2,9 2,50 2,09 1,86 1,74
4,6 32 | 20 | 2 | 29 | 1,2
7-32 | 4,4 3,68 2,87 -1 2,12 1,5 1,45 1,10
250 12 3.26 2,85 2,44 | -2,15 1,86
u, 26| 3,60 3,29 2,719 2,42 2,05
-82 | 4.78 4,05 3,14 2,31 1,63 1,54 1,23
30950 12 3,60 3,14 2,67
14,25 | 3,9 3,58 2,9 2,5 2,13
WO 2132 4,77 3,61 2,67 1,95 1,72 1,42
DESIGNATIONS: J/urtepatypa = Llterature; Gap = bar.
e /m . cen = kg/m2°s.
Table 3
p=49 fap
Pw' °Oc . X s
KT ] %5 ] 10] 0| 0.1]02]03]04]05] 08
750 | 9,2218,1418,10}7,62]7,67
1000 9,42}8564}18,290|7,66172,77
1500 | 9,65}9,0]84}7,79)]73% | ’
200 1983]9,18)849]7,84]7,08 3,55 L
2:00 110,04 19,28 | 8,48 | 7,84 6,94 4,07 1,87
%3 |10,:3]937|844)7,81]6,14 3.2 2,43
49 No,s119,7]83717,79]6,3 2,16
5.0 10,6 18,43 17,85} 6,24
p=:69 Jap
750 | 8,2 )7,55]7,18)6,9 ,6,61]8511]4,5 3,68 27
wo |83]re|r ]663]640]s.c |4,07]3,.47]388]27] 3,00
1500 | 8.65]8.05)7.07]6,5|8:7]4,40]3,9313,02]270
k0 |8.85)8221694]631]56:14m] 5}248)2,0:
w0 | suel830]i006 42 w00 0l2,8
3000 | 8,98]8,1717,05)6.57}35,28;3,41}279}2,07
4000 | 9,6518,656,90|582]4,95}3,.23] 671,57
5000 9,57 17,79 6,69 | 5,09 3,06
137
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Table 3 (Continued)

S Y Aol -/
e LK T x .

M TS Te0 | 5 P16 ] 0 ful]0.]03]04]05]06]07
750 L emlsm]sa2lg00|4.52]3,6913.2012,78]24712,00/1,630.81
w0 16511595 ]560]4,%]443]3.60]3.02]241}200]1,35
150 | 7,335,534} 5,53 | 5.2 4.95)3.2512,50]1,85}1,29
000 | 76816521560 05,081453]3,21]2,70(1,80]}1,03
2500 | 8,1216,95 15,55 5,18 |4.2912,69]1,93}1,22
300 | 8,58)7,536,0015631428/2,501,63]1,08
4000 | 9.5118,7216,6315,70)4,58]2,47]1,50]0,80
5000 9,6517,1215,9514,82(2,15

p =137 Gap
'”:‘ - bC X

NeATee ™5 1 50 | 2 | 10 | 0 | 01 102103]04]05
750 | 4,05 | 3,60 {327 {285 | 247|212 1,5 {1,499 |1,05]0,69
1000 } 4,45 14,15 | 3.42 | 2,93 | 2,54 }2051} 1,%2(1,19}0,8
1500 | 023 | 4,64 | 352 (3.4 267 [ 1,97]1,37 {0095
200 |59 1511 412 | 364 | 2,821 18] 1,15

20 | 6,63 {57 | 4,50 [ 309 |29 | 23718
3000 | 7,33 | 623 |48t 14,02 297|171
4000 | 948 ] 744 | 562 |47 [3,60 |2,2]1x4
5000 7,50 | 6,08 | 4,75 | 3,73

p =167 Gap _
750 | 3,02 |28 |23 |20 |1.601{1,24]0,
1000 | 3,35 |33 261 224 11,7 |1,4]009
1500 | 4.20.1366 | 3,04 | 262 {24 | re7] 1,18
2000 | 503 )42 [ 35 |29 {2211,7]1,%
200 | 572 1473 {26 (312 (25 | 1,41,
300 | 6,57 | 5,35 14,30 | 3,49 | 257 | 194 1,39
1000 6,42 {500 | 424 | 3.12 ] 2491166
5000 5,26 | 5,49 2,52
p-=1% Cap ,
w0 {20 [ ve ] 1se|rae | '
1000 | 2,31 | 210 1.76] 1,58 | 1,3%
won 2o [ 2,57 ¢ 200180 |52 1,2 ) 09
000 1350 J 2807 241120 |1ee |1.35] 1,05
cq P Vao | o2c0f 223 s res|te
200 | 4,00 | 259 | o0 244 11,88 ) 1,54 ) 1,93 -
4000 477 1 3w 267 | res |12 L,
5000
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Table 4,

. p=19 Gap_
[ .:3:ax §°C s s X
75 %0 [ 2 10 0 |01 [o02]o3]o04]05
750 | onu] ss51f «,94 | 7,65 | 7.60
100, | 9,39| 880) 8,24 | 7821|755 .
1500 | 9611 8,98 8,34 | 7,62 | 7,40
200 | 9,59 9,27]-8,37 | 7,80 | 7.23 | 5,34 | 3,83
2500 | 10,0} 9,39]8,3 | 7.6¢ | 7.06 | 511 ] 3,60
3000 | 10,20] 308,38 | 7,456 | 6,4 |*4,76 | 3,3
4000 10,70] 9,691 8,30 | 7,16 |6,60 |
5000 10,05 | 8,39 | 6,95 | 6,30 | *
' 4
p =69 Oap
7% |82 {7,797 | 706 [ 664 | 6,31 |523]4.41]38}337{3.02
1000 |8,3¢ J7.00 |70 |65 |62 ]4,97(421]8368]|311]272
1500 | 8,60 | 8,03 |'7,08 | 6,60 | 5,9 | 4,50 | 3,72 | 2,90 | 2,62
20 |[8,78 [8,14 | 7,08 |6,3 {567 |41432]125%]20
2500 | 9,00 | 8,20 [ 7,08 {6, |55 |38 |290]232
3% |99 |84 | 708|608 |53 ]3.)213]20
4000 | 9,63 | 8,70 | 7,10 | 5,80 | 4.9 |325(23]1,6
5000 9.57 | 7,25 | 6,3 | 5,2 | -
p=:98 Gap
7 6,31 | 569 | 4.9¢ | 4,65 | 400 | 3,84 ] 3,31 | 2.5¢]2,46] 2,00
1000 |65t | 50¢ | 507 )48 |4,47 |368]307]26]1,9]1,3
1500 | 7,06 | 6,40 | 535 | 4,93 { 4,53 [3,56]273] 15s5]{1,20
2000 | 7,60 | 6,55 | 557 |49 |4,% |3.0]22]1,5/]1,0
2500 | 8,10 | 6,94 | 58 | 505 | 430 | 2,8 ]1,9}1,28
3000 | 855 7,43 |68 |510 |43 |29})1,8])uL1
4000 | 9,52 | 8,44 16,64 | 55 |45 ] 232] 1,5 |08
5000 963 | 7,08 |59 |483.]215
p =131 Oap
750 | 401 [ 360 Ja14 27 |24 220 1,90 | 1,4¢]0,00 07
1000 | 4,45 {3,806 | 3,36 |29 |25 [203]1.65]1,23][0,8
1500 | 5,20 | 4.46 13,76 | 313 {267 {195 ]1,39] 0
200 |59 {305 1413 [ 344 284 | 204]1,28]05¢
500 | 6,74 | 5,09 | 4,80 | 367 | 3,00 | 2,00 1,2
3000 17,5 {627 |48 J3x% |38 21012
4000 | 9,40 | 7,42 | 5,69 | 4,45 [ 3,49 f 221 ] 1,28
5000 7,5 618 |51 {31 b
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Table 4 (Continued)
e T B
LT r». P ' 2
PP SO SRR T DL VR -
s[04 | o totr |o2|03]04][08

———

% — -

750 | 3,20 | 277702341 202 | 1,69 | 1,33 |.0,76
100 [:3,54 | 3,13 [ 2.5 | 2,15 | 1,80 | 1,41 ] 0,9
1500 | 4,25 | 3,72 | 3,02 [ 252 {203 | 1,67 1,00
2000 | 502 | 4,27 13,45 |25 |22 |1,79]1,13
2500 |°S,71 | 4,83 | 3,84 | 3,07 | 2,48 | 1,04 | 1,25
3000 [6,45 | 545 | 4,29 | 3,48 | 2,74 | 2,03 { 1,39

w000 | 650|508 |42 |32 |23%]| 1.6
S000 , 7,85 | 5,90 | 4,87 3,76 | 2,61
p =195 6ap

750 12,09 { 1,78 | 1,58 | 1,39 | 1,27
1000 | 2,32 | 2,10} 1,75 | 1,55 | 1,36 | 1,25 | 0,93
1500 |.2,68 | 2,56:f 2,02 | 1,80 | 1,52 | 1,35 | 1,04
2000 |:3,37 ] 2,88:] 2,32 | 2,02 | 1,66 | 1,45 | 1,10
2500 | 3,81 338 2,70 [29 [1,77 ]1,53] 123
3000 | 4,05 | 359 |29 |24 |18 | 1,721, ,
4000 | | 775|360 | 2,67 | 1,5 | N R
s()w fe <0 .

P

DESIGNATION: 'we/u°-cen = kg/m°-s; Gap = bar.
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A MODEL OF THE BOILING CRISIS
DURING FORCED MOTION OF A
TWO-PHASE FLOW IN PIPES WITH
HIGH OUTPUT VAPOR CONTENTS

L. S. Kokorev, V. I. Petrovichev,
and A. N. Borzyak

Experimental research in many laboratories [1-5] has shown
that with an increase in vapor content critical thermal fluxes
decrease, while the effect of mass velocity and pressure is
expressed weakly with low mass velocities wp (up to 500 kg/mz-s).
Models of the heat transfer crisis at high x [6, 7] are rather
contradictory. Generalizing equations based on these models do
not make it possible to describe the heat transfer crisis during
boiling in pipes in a wide range of variation for the regime
characteristics. At the present time there is a limited quantity
of experimental data on the heat removal crisis with high vapor
contents in the region of low pressures and low mass velocities
and calculated relationships for critical thermal fluxes in pipes
are not available.

In developing power installations for space equipment one of
the main problems is the heat transfer and condensation in
variable gravitational fields and under conditions of weightless-
ness. The mechanism of the gravitational field effect on the
heat transfer crisis of a two-phase flow in pipes has been
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studied very little. Therefore, the creation of a model of the
heat transtfer crisls during forced motion of two-phase fluxes in
plpes wlth high vapor contents 1ls of great interest.

A CALCULATION MODEL FOR THE HEAT
TRANSFER CRISIS DURING FORCED
MOTION IN CHANNELS OF A TWO-PHASED
FLOW WITH HIGH VAPOR CONTENTS

The baslic regime for a two-phase flow in channélS'with rather

'high per-volume vapor contents is an annular regime In this case,
- the liquid flows along the walls of the channel in the: form of a

thin film, and in the core of the flow steam moves with a oertain
amount of moisture in the form of fine droplets. We can aqsume
that critical thermal flows are determined mainly by . the properties
of the flow of the liquid film. 1In the case of film disruption

and the appearance of dry'spots on any section of the heat;
releasing surface, heat exchange in this sectilon is sharply im-
paired and overheating of the wall can exceed the permissible

value during sufficientiy high thermal fluxes.

Let us examine firSt the state of a thin film of liquid on
an unlimited horizontal surface (Fig. la). Let small harmonic
disturbances with wa&elengths_k be imposed on:the film (amplitude
of disturbances A is small as compared with wavelengths A). ,The,
propagation rate of these diStdrbanoes can. be found from the
equationAfor capillary and gravitational waves in an ideal'liquid

[(91:

(1-£)s. (1)

Here a is the propagation rate of surface waves and a liquid
fiim; B8 2? is the wave number; 6§ 1s the. average . liquid film
thickness; o is surface tension, o' 1s liquid density; p" is
steam {(or gas). density over the film, g is the gravitational

acceleration along the normali to the film.flThe first and second
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terms in equation (1) are the squares of the velocities of the ’

’ capillary and gravitational waves, respectively, in the thin ’
ligrid film. The film is assumed thin if the following condition

is fulfilled:

» %ﬂ(l.

Fig. 1. Liquid film:
8 - On a flat surface; b - In a circular |

pipe.

St e o R e+ - — e e ot e ——

The liquid flow rate in the film can not exceed the propa-
gation rate of the surface wave:

- o e n s g

m<a. (2)

Let us examine here the state of the annular liquid film in
a circular pipe (Fig. 1b). Let wave disturbances, parallel to
the axis of the pipe, be applied to the film. 1In this case,
standing waves exist, with which the integral of wavelengths must
be confined to the length of the pipe perimeter.

'R v vd, (3)

On the surface of the pipe a uniformly distributed thermal
flux Qg is given. The rate of decrease in wall thickness due to
evaporation 1is

uy= 2%, (4)
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where r is the heat of vaporization. The condition for the onset
of the heat exchange crisis can be formulated in the following
manner: If the rate of decrease in film thickness from evaporation
uq on any sectlon of the surface exceeds the rate of liquid
boundary displacement, caused by the effec. of capillary and
surface waves Ugs then local drying of the surface is possible on
the given section of the surface and, consequently, the onset of
the heat exchange crisis. Mathematically, this condition can be
expressed in the form: .

Uy~ U.~a. (5)

Using equations (1), (2), and (4), from equation (5) we obtain

¥ V(=) @

Hence 1t follows that the liquid film is most unstable to
long-wave disturbances (minimum values of B). From equation (3)
the greatest wavelength corresponds to n = 1,

) s nd, ’-%. (1)
Then equation (6) is transfoirmed to:
o 1 T 3\, XU RYA ¥
S~V fata(=Fp~) Ve +el- e (8)

For the arnular flow regime relative film thickness can be con-
nected with true vapor content per unit volume

r (R —3)?
7-~Lﬂ%pﬂ“1 (9)
hence
t - - y
Yepe R = % 1s the inner radius of the pipe. True vapor content

per unit volume ¢ is a function of pressure, vapor content per
anit welght, and phase sllppage:

ro 1o 1550, (10)

. 1
- | —x u
1 <4 r; o%ro-ir
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where x = u"/u' is the ratio of vapor and liquid phase velocities.
Substituting equations (9) and (10) into (8), we obtain

20k T7% Y e (15 )d=
=KV EEEY F+e(-F)a, (b

where K is the coefficient of proportionality. In a vertical
channel in the absence of a gravitational field directed toward
the channel walls, the gravitational term in equation (11) can be
disregarded as compared with the capillary term. The equation
for critical thermal flux assumes the form:

tu= ke (525)"Y 3 (12)

where the coefficient of proportionality Kl includes the slippage
factor «,

Figure 2 1llustrates the experimental results for cocritical
thermal fluxes during the rectilinear motion of water in a vertical
pipe 8 mm in diameter [1]. Tests were made at pressure p = 1.75
atm (abs.), mass velocity L variation from 20 to 500 kg/cm2~a.
and relative pipe length 1/4 from 25 to 150. Most of the ex-~
perimental results are well described by the unique function of
vapor content per unit weight x and do not depend upon mass
velocity L and relative length 1/d in the studied region. The
dependence of q._ on x when x = 0.6=-1.0 1s described satisfactorily

Kp
by
o~V

Consequently, the coefficient K, in equation (12), in the
first approximation, is a constant value. PFrom comparison with
tests in [1], K, = 0.275 is obtained. Thus, equation (12) can be
written in the form:

ta=0213 VP Y IEE (13)
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Fig. 2. Critical thermal flux
during the rectilinear motion of
water in a circular pipe d = 8
mm:

D 14 - o
- 1/4 = 50;
° -1l/d = 105; (1] kgr/mz-s;

X :“5’ - 1/d = 150; p=1.75 atm
o“ L S ) (abs.); H,0.

" = 20-500

@+0

The dependence of qnp on pipe diameter q“p ~ 1//3 1s confirmed
by the majority of the experimental works available [3, 4, 10, 11].

THE HEAT TRANSFER CRISIS IN THE
TWISTED FLOW OF A HEAT CARRIER
WITH LARGE VAPOR CONTENTS

In the twisted flow of a heat carrier, an artificial gravi-
tional field directed along the -normal to the pipe wall is created.

With a sufficiently high acceleration of the force of gravity
in a twisted flow, we can disregard the capillary term in equation
(11) as compared with the gravitational term. Then the equation
for critical thermal fluxes in a gravitational field is written

in the form:
o= Kev (525 V el = ). ()

here g 1s the gravitational acceleration along the normal to the
pipe wall: -

where w‘ is the rotational component of velocity during the
forward motion of the flow.

If we use strips which are twisted lengthwise with step S“
(the distance in which the strip turns 360°) for twisting the
flow, expression (15) can be written: :
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‘=2' e . (16)

where W, is the longitudinal component of velocity, andlguagfu
In the case of a twisted flow with a large vapor content, we have

» \ ]
ga-—-’a ;ﬁ:% (‘?.Lt") s (17)
Substituting (17) into (14), we obtain

Figure 3 presents the experimental results for critical
thermal fluxes during the twisted motion of water in a pipe ¢ 8
mm, S /4 = by p= 1,75 atm (abs.) [1]. As seen from Fig. 3, the
experimental results confirm the calculated dependence; the
conatanz K, in equation (18), according to tests in [1], is
4.6:10° ",

e . .

P25 . . _]
' b bl * W antY
Fig. 3. Critical thermal flux versus

masa velocity in twisted flow when
SK/d = 4; p=1.75 atm (abs.).

On the basis of a comparison between the calculated dependence
and experimental data [1], we can conclude that in the region
L > 100 kg/mz-s twisted flow 1s more effective than rectilinear.
If for rectilinear flow the growth in vapor productivity were
limited by comparatively low critical flows, then higher vapor

149




e T 7 S L — —

productivity could be obtained in the twisted flow by increasing
the thermal flux and, accordingly, mass velocity.

Conclusions

1. A physical model of the crisis at large vapor contents
per volume has been created, on the basis of which a generalized
theory for the heat transfer crisis during the forced motion of
two-phase flows has been developed.

2. The dependence of critical thermal fluxes on the value
of the artificial gravitational field in twisted flow in pipes
has been obtalned.

3. Experimental studies are being performed at the present
time to mcre precisely define the calculated relationships for
the heat exchange orisis in two-phase twisted flows.
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AN EXPERIMENTAL STUDY OF CRITICAL
LOADS IN STEAM-GENERATING CHANNELS
IN THE VICINITY OF BENDS

0. K. Smirnov and V. S. Polonskiy

Abbreviations

rp = load
- 8 ™ upper
H = lower

In evaluating the operational reliabllity of steam-generating
pipes in the precrisis region, it becomes particularly important
to take ‘nto account the effect of local phenomena whicn impair
heat exchange. The solution of this problem has been the task of
a number of experimental works on the temperature regime of colled
heating surfaces, widely used in contemporary steam generators.

Chief attention has been given to the study of conditions
under which the boiling crisis arises in bent elements. Unlike
these works, the boundary of developed bolling in the straight
sections of pipe adjoining the bend was studied on a MEI [Moscow
Power Engineering Institute] stand. The first test results with
a mass velocity for the flow of 1100 kg/m2o5 indicated 2 noticeable
reduction in critical thermal loads on the section before the
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bend [1]. Then additional tests were made on W, = 700 kg/ma-s,

the results of which will be discussed in this article.

The experimental stand is a single-loop direct-flow steam
generator [2]. All of the steam-water channel 1s made of 1Kh18N9T
stainless pipes. The heated part of the steam generator is divided
int~ three sections: an economizer, an evaporative section, and
an experimental section, with independent heating of each of them.
Heating is accomplished by sending directly thfough the pipes low
voltage industrial-frequency current. Current-conducting contacts
were sliding contacts, because of which it was easy to change the
lengths of the working section on the experimental coil. The use
of & flexible cable for the feed made it possible for the ex-
perimental pipe to freely expand.

As the experimental section we used a three-path loop of pipe
@ 10 x 2 mm, made from 1Khl8N9T steel. The loop was arranged in
the vertical plane. Both bends had relative radius R/d = 4, The
bends were made by cold bending; therefore, the wall thickness cn
the internal and external generatrices of the bend was different.
Due to this, with the chosen method of heating, the thermal load
along the cross section of the bend was nonuniform, Based on
evaluation, the thermal flux on the internal generatrix (compressed)
can exceed that on the external generatrix (extended) by a factor
of 1.5-2.0. However, we can expect that at a relative distancc
firom the bend of 1/d » 15 and more, where the measurements were
made, the nonuniformity of heating is not apparent.

The wor.ing part was a pipe with length I = 600 mm and a bend
a8t the end. By alternation of the current-carrying contscts the
position of the working section on the experimental coil was
changed. We could study the effect of the bend on the adjacent
straight sections with different directions of motion for the
mediwr in them. In tests with an upper location for the bend,
in the previous section there was a rising motion, while in the
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section following the bend there was & descending motion, With a
lower locatlon for the bend, the direction of motion in the
stralght sections changes to the reverse.

At input to the economizer section, a regenerative preheater,
using the heat of the steam-water mixture used in the stand, 1s
installed. The r~generator was connected in the test with low
thermal loads on the experimental section at high mass velocities
for the flow.

The water supply was fed by five ND-60 plunger pumps. To the !
pressurized collector of the pumps a damper is connected with a
useful volume of 8 I, 3/4 filled with nitrogen. At economizer
input a throttle valve is installed. The flow rate of the water
supply through the stand was regulated by a partial bypass of the
heated channel. The flow rate of the heat carrier was checked by
resistance readings on the measuring disk installed behind the
economizer section. Pressure drop was measured with a DM-6 gauge
in a set with an EPID-08. 1In addition, the flow rate was systemat-
ically checked by the volume method. The pressure of the medium
in the experimental section was maintained at a given level by a
valve at the output of the stand.

Temperature was measured with a chromel-alumel thermocouple
0.5 mm in diameter. The hot junctions of the thermocouples were
welded to the external surface of the pipe with a step of 25-50 mm; i
thermoelectrode wires were branched along the isothermal surface.
The temperature of the working medium was measured by a thermo-
couple introduced into the flow without sleeves through a teflon
seal. For measuring and recording the emf of the thermocouples,
we used PP potentiometers and EPP~09 electronic potentiometers;
the latter were equipped with a special filter for reducing
irduction.

The pressure at various points of the channel was checked
with sample manometers, class 0.35 with a scale at 250 atm (tech.).
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The electrical load was measured with voltmeters and ammeters,

class 0.35 and 0.5. The thermal load and the boundary vapor content

were cialculated with allowance for thermal losses to the ambient

medium. Thermal content at output from the economizer section was

checked with a manometer and a thermocouple which was specially .
calibrated after installation.

Tests were made in the following manner. The experimental .
section was brought to a given energy level with fixed values for
pressure, mass velocity, and thermal load. Then enthalpy at input
to the working section was increased in small stages (because of
the increase in heat supply on the previous section) during the
continuous check of working section wall temperature. A transition
to f1lm regime was determined according to the elevation in wall
temperature.

The experimental data were obtained at pressure p = 140 atm
(abs.) in the following range of parameters: mass velocity wY =
700-1100 kg/m.s, thermal flux q = 120-600.103 keal/m®.h, boundary
vapor content 0.15-0.9, relative distance from bend 1/d = 15-95.

Tests were made on experimental sections with upper and lower
locatlons of bend.

Figure 1 illustrates the dependence of the boundary vapor
content on thermal flux at different distances from the lower
bend during mass velocity v, ® 700 kg/mzos.

Relationships Xep ™ x(q) for the section in front of the
vend are located below the relationships corresponding tc the
section behind the bend. Experimental data at large relative
dictances from the bend (see Fig. 1, 5) are described by the same
relationship regardless of the position of the working section
with respect to the bend. The indicated line divides test results
obtained in sections before the bend and behind it and satisfactorily
descrives the experimental material obtained on straight pipes [2-4].
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Fig. 1. Boundary vapor content versus
thermal flux in tests with mass velocity
LV 700 kg/mz-a. Relative distances 1/d

from bend:

1l - 15; 2 - 45 (behind bend); 3 ~ U5; 4 -
12 (%n front of bend); 5 - 90 (straight
pipe).

The effect of the relative distance form the bend on the
deviation of critical thermal load is shown in Fig. 2. The value
of the deviation in thermal flux with arbitrary l/d from critical
thermal flux with 1/4 = 90 is greater the lower the level of
boundary vapor content,

The effect of a bend, observed in the test, on conditions for
the occurrence of boiling crisis in the adjacent parts can
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Fig. 2. Increase in thermal flux versus
relative distance from lower bend:

when wY = 700 kg/mzoa: la- xrp = 0.7;

2 - Xep ® 0.85; ﬂa- Xep 0.6; 5 =~ Xep ® 0.4;
when Lo 11 kg/m“+.8: 3 - Xep ™ 0.6;

6 - Xep ® 0.5.

obviously be explained in the following manner. With respect to
the previous section, the bend acts as additional resistance, re-
tarding the motion of the steam. The portion of the section
occupied by steam increases. This reduces the amount of liquid in
the film and hampers mass exchange between the core of the flow
and the boundary layer, which finally reduces the value of critical
thermal load. In the section behind the bend the motion of the
steam is accelerated, which is accompanied by a decrease in the
portion of the section occupled by the steam and an increase in

the thickness of the boundary layer. The cross circulation currents
which occur in the bend continue to exist for a certain distance
from the bend, intensifying mass exchange between the core of the
flow and the liquid film. This leads to the fact that the value

of the critical thermal flux increases. Consequently, in design
calculations of coil steam-generating heating surfaces it is
resessary to introduce a correction factor which takes into account
the reduction in critical thermal flux in the section in front of
the berd. The principal experiments were made with a lower
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location for the bend; a smaller nunber of tests were made with
an upper location for the bend. The change in bend position 1is
accompanled, as mentioned above, by a change in the direction of
medium motion in the adjacent section.

Thus, a comparison of the results of these two series of tests
enables us to Judge the effect of a bend on the condition for the
occurrence of boiling crisis with different directions of motion
for the heat carrier.

Only one bend design, with a comparatively small relative
radius, was studied in the tests. Under such conditions, we can
expect that disturbances induced by the bend differ little in the
upper and lower positions. Actually, centrifugal forces exceed
the force of gravity many times and, obviously, generally determine
the character of the bend effect on adjacent sections.

Figure 3 presents a comparison of boundary vapor contents
obtained with upper and lower bend positions, The comparison 1s
made in cross sections with the same relative distance from the
bend at two mass velocities for the flgw wY = 700 and 1100 kg/ma's.
As 1s apparent from the figure, deviations in boundary vapor
content from the bisector do not have a systematic character and
do rot exceed :15% (except for three points).

]
ke . -
'Y ;;: Fig. 3. Comparison of ex-
4[ perimental data in tests with
(1] /8- upper and lower locations of
/ 'J/ | bend:
Y - 2
/W A - W, =110 kg/m®:s;
a¢ /(‘/t s Q- WY = 700 kg/m2°8.
o f‘yﬁ:
q"“"‘f‘t/‘f n
/0 °j
1.X ) SieC O JUREL KU Sy DUSR
7vl
el 22

/7]

157

P < s - - - .. e

ARGk




e i . —r o A et gt

s man . oy

Thus we can assume that the effect of a bend does not depend
upon the direction of heat carrier motion in the adjacent straight
sections of a heat-generating pipe.
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THE MECHANISM OF AMALGAM BOILING

I. 2. Kopp

Designations

= contact angle;
- coefficient of surface tension;
coefficient of friction;
= chemical potential
AS - change in area;
A¢ - change in free energy; i
p - density;
r - heat of phase transition.

T € QO o©
[}

—— - mrasw s, e dme o e samane

Subscripts

r - gas phase;
W - liquid phase;
T = 8olid phase;
nn - melting;
ncn - evaporation.

The possibility of intensifying heat exchange with the boiling
of mercury is of considerable interest. Among other methods of
heat transfer intensification is the physicochemical method, the
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essence of which lies in the addition of amalgomating substances
to mercury. The application of bolling amalgams 1s one of the
present problems in the development of certain designs of liquid-
metal installations [1].

Reference [2] gives the results of studies on heat transfer
during the bolling of potassium amalgams with forced convection in
circular vertical pipes, diameter 9.5 mm, wall thickness of
approximately 0.72 mm. The data obtained in {2], just as the
results of other studies on the boiling of amalgams, do not agree
with contemporary ideas on heat transfer during bolling since the
characteristics can not be related to either nucleate or film
boiling. For this reason 1t was considered advisable to examine
the mechanism of amalgam boiling.

As indicated in [3], the addition of an insignificant amount
of potassium or sodium leads to a change in the character of the
physicochemical interaction between the melt and the steel heat
exchange surface and to a sharp change in the character of melt
boiling. If during the bolling of pure mercury the heat transfer
factor falls within the range 200-500 kcal/mz-h-°C, then during the
boiling o amalgams under the same counditions 1t will reach 2000
kcal/mz-h-°c and more.

M. I. Korneyev studied the boiling of magnesium amalgam [4]
where the heat transfer factors in similar conditions reached
5000-7000 keal/m+h:°C.

According to the conclusion of the authors of reference [31,
the intensification of heat transfer to boiling mercury with the

addition of amalgamating substances 1s achieved in three ways:

a) from a reduction in the surface tension of the amalgams as
compared with mercury;
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b) from the disruption of the oxide film on the heat exchange
surface and the creation of a direct contact between the mercury
and the wall;

¢) the joint effect of both factors,

However, an analysis of the accumulated research material [2,
5 and others] and the conditions for the generation of vapor phase
[16] gives no indication that these factors can explain the sharp
improvement in heat exchange durling the boiling of amalgams when
compared with similar processes during the boiling of mercury. It
i1s established by the cited study on heat transfer during the boiling
of magnesium amalgam [4, 5] that the heat transfer factor has high
values during both the bolling of sodium and potassium amalgams in
tests by A. N, Lozhkin and I. G. Izrayelit [3]. However, the
surface tension of magnesium amalgam scarcely differs from the
surface tension of pure mercury, which is apparent from Fig. 1, and,
according to some studies, is even somewhat greater than that of
pure mercury [6]. Thea from the assumptions discussed in [3] con-
cerning the mechanism of heat tranafer intensification during
amalgam bolling there remains one moment which provides the
probability of oxide film disruption on the heat exchange surface.
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A [-\ “ . 7 u-.ﬁ-’:.'?'..-z‘n— 001

1y e+
. ;:\ L -j-..-°s~4-h]'u.-P"'

P i U
S ity mald. (]
s ©]

.;\' AL . ‘.’.‘-‘..K-

of Qé 43 C atm {tech.) %

Fig. 1. Surface tension of amalgam
based on data from [6].
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This argument can explaln some observation results. Visual
observations of steel surfaces in contact with amalgams and at
room temperatures do not reveal any removal of the oxide film from
the surface.

Observations show that amalgams moisten well both pure and
oxided surfaces which pure mercury does not moisten. A substane
tiation of this can be the example of wetting by amalgams of both
meta’ samples and pure glass vessels, which can not be wetted by
mercury. Although in [8] the authors discussed the concept that
part of the magnesium, during its introduction into the mercury,
is expended on reducing the oxides present on the heat exchange
surfaces, no direct or indirect proof has been obtained concerning
the absence of an oxide film on the surface. i

M. I. Korneyev attempted to explain the improvement in the
wettabllity of the heat exchange surface by amalgams as not due to
the change in the surface tension of the magnesium amalgam on the
boundary with its own vapor, but due to the change in surface
tension on the boundary with the wall, i.e., in examining the
relationship for the contact angle

e cmm, wa 1s em e ot ———————— a ————

— - w s -

cosﬂx’-’-’-’i;'ﬁl_.ﬁ (1)

the determining factors are O and Orre

T

It is assumed that the action of the surface-active subsgtance,
which 1s the amalgam with respect to the mercury, affects not only
the quantity O but 2lso the cuantities Ot and Oy Therefoure,

a decrease In free energy in the lsothermal process of droplet
spread, described by »xpression (2), willl be of considerable

significance:
AD :a - ONAS“ - (’q - ott) Asﬂ" (2)

However no qualitatlive relationships, at the present time,
can be obtatned and thir 1s the b.sis for assuming that their
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effect is quite small. The foundation- for this premise can be the
examination of the surface tension of metal on the boundary with
its own melt, made in references [9, 10], where it was shown that
it 1s interrelated with the surface tension of the melt by re-
lationship

N A (3)

It 1s obvious that if the additions of amalgamating substances
are fractions of a per cent, the density ratio is virtually un-
changed, while the ratio of the transition heats in all cases refers
only to the liquid metal. Thus this assumption does not explain
the characteristics of amalgam boiling.

At the same time it 1s possible to make certain assumptions
concerning the mechanism of the physicochemical method of in-
tensifying heat exchange during mercury boiling, i.e., concerning
the boiling of amalgams, in connection with the analysis of the
behavior of an amalgam film on mercury as a surface-active sub-
stance and the mechanism of boiling [16]). It is known [11] that
a layer of surface-active substance is continuous and rapidly
extends over the entire surface. Since only the surface layer of
amalgam can be in contact with the heating surface, in the process
of vapor formation there can occur thermal disintegration of the
amalgam, the mercury component of which turns into vapor. However,
the amalgamating metal immediately comes in contact with the next
portion of the mercury and again forms a surface-active substance,
approaching the surface of the melt volume. The breakdowns of
continuity in the surface layer of amalgams, due to thermal dis-
integration during boiling, are rapidly eliminated because of the
spread of the surface-active layer of amalgam. Based on data
presented by V. G. Levich [11], the film spread rate grows as it
approaches the source of the surface-active substance, tending

toward infinity.
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The vapor forming in the process of evaporation during bc .ling,
in spite of the presence of a surface layer of amalgam, contains
virtually no impuritlies. Analysils of the condensate of mercury
vapor on the magnesium content, performed by L. I. Gel'man, in a
study on the bclilng of magnesium amalgam, has shown that with a
magnesium concentration of 0.114-0.142% in a boiler, its concen-
tration in the condensate of mercury vapor was 0.00016-0.00031% [71].
This value is less by a factor of ten than the minimum concentration
of magnesium in mercury capable of leading to heat exchange in-
tensification during mercury boiling (approximately 0.005%). 1In
the installation in which tests were made and samples were taken
for measuring magnesium concentration, there were nc separation
devices and, consequently, under normal conditions, the magnesium
content in steam must be even less than that presented in (7], i.e.,
near zero.

. o ——— e So———

Based on the results of motion picture studies [12], the reason
for the worsening heat exchange during mercury boiling on a con-
: taminated surface lies in the propagation of the steam bubble alcrng
the heating surface and the creation of a layer of mercury vapor
between the surface and the mercury (the vapor bubble can not
overcome the surface tension of the mercury, penetrate into the
mercury volume, and collapse). The steam bubble grows because of
the evaporation cf mercury not from the surface but from the
volume of the mercury. However, in the presence of a surface-active
layer, heat transfer to the mercury volume can occur only through
this layer. Consequently, in the boiling of amalgams, in all caces, !
the generation and growth of a steam bubble occur not on the heat
exchange surface itself but in the volume of the mercury, liaited
by the surface-active layer of amalgam. .

- -

The latter circumstance agrees with the theoretical conclusion
that the curface-active layer contributes to a severe attenuaticn .
of wave motlon on the surface of the liquid [11] and, with a
sufficiently high elasticity for the surface layer film, behaves
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as an incompressible solid plate. Judging from the test data,
concentrations of amalgamating substances in mercury can be very

low and can vary over a wide range. For example, in [3] with a
change in potassium concentration from 0.0293 to 0.0049% by a

factor of six or with a change in sodium concentration from 0.0505%
by several factors, the heat transfer factor remained virtually
unchanged. In tests [4, 5] using a magnesium amalgam, the beginning

concentration varied from 0,01 to 0.04%, which also had no notice-

able effect on heat transfer (Fig. 2). Moreover, in the tests
described in [3], in one of the installations used for studying

heat transfer during the bolling of a potassium amalgam, the boiling
of' pure mercury was studied. 1In spite of the fact that, in this
case, the concentration of amalgam could be minimum, in the first
test period heat transfer to the boiling metal was high, on the
level of heat iransfer during the boiling of amalgams.
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Fig. 2. Heat transfer to magnesium amalgam
at various magnesium concentrations [5].

With a high percentage content of surface-active substance-
amalgam, the boiling of mercury will occur, ’n all cases, on the
melted metal-additive layer. As shown in reference [13], the
overall form of heat transfer regularity during the boiling of
liquid on the surface of melted metal does not differ from the

165

e R A i B R  R

4 n e mmn hia Srme———————r— - A r———— . s




Rrr— s

form of the similar regularity during boiling on a solid wall.
Jdowever, in all cases, for the upper temperature of the calculated
tenperature head we shouid take the temperature of the surface on
which boiling occurs. Taking this into account, the data in
reference [2] can be interpreted in accordance with the known
regularities of heat transfer during boiling.

Analysiz of the actual function of the variation in thermo-
dynamic potential [14] shows that its maximum occurs not on the
surface but at some distance from it, i.e., in the mass of the
bolling metal. Hence the possibility of such cases when conditions
for the generation of steam bubbles are more favorable at some
derth from the wall in the boiling metal. At the same time, in all
cases, near the surface conditions are created for local sharp
Increases in impurity concentration, 1.e., the probability
increases for the fluctuation of concentrations and, consequently,
conside."ably improves the probability of the fcrmation of vapor
phase nuclel. The additional substantiation of the validity of
this mechanism can be the examination of critical thermal loads,
whose values for amalgams are substantially lower than for mercury,
and also the new data un heat transfer during nucleate boiling of
mercury [17].
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EXPERIMENTAL STUDIES ON THE EFFECT
OF DUCT MATERIAL ON THE HEAT
TRANSFER OF BOILING MERCURY

{L._I. Gel'man| and I. Z. Kopp

Abbreviations

cT - steel;
3ac - nucleus;
Hac = saturation;
ven - test;

n - surtace [?].

In earlier research on heat transfer during mercury bolling,
a summary of whicl. is presented in references [1l, 2, 3, 4], the
film regime of bolling was observed and possible ways were
discussed for intersifying heat transfer of boiling mercury due
to the transition to nucleate boiling. In connection with the
established possibility of heat transfer intensification due to
the achlievement of moistening by pure mercury of a heating surface
made from low=-carbon steel and the achievement of high specific
tnermal fluxes [5, €], as well as the observed effect of surface
material on heat exchange during the boiling of water and organic
1iquids [7], the problem was posed to determine the effect of
surface material on hea% transfer during the boiling of mercury.
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Ctudies were made on an experimental installation, a brief
Jescription of which is presented in [3], with high-frequency
induction heating by the succ :ssive substitution of experimental
cectlons made of various materials.

Along with the study of heat transfer, a check was made of the
material of the heat-transferring surfaces, for the wettability of
the surfaces by mercury and the content of impuritles in the
mercury. Analyses were made of the chemical composition of the
experimental installation's materials both before tests and after
them, as well as a layer-by~-layer microspectral analysis of the
materials of all sections.

Section No. 1 made from pipe of low-carbon steel, diameter
16 mm, wall thickness 6 mm. Before the tests on mercury, long
tests on water were made and the loop was cleansed. The initial
chemical composition of the material was characterlized by the
following indicators: carbon - 0.22%, silicon - 0.20%, manganese =
0.39%, chromium - 0.14%, nickel -~ 0.18%, sulfur - 0.021%,
phosphorus - 0.024%. After the tests were finished, the section
was examined and analyzed. The inner surface was uniformly
moistened with mercury along the height of the duct,

With immersion into cold mercury in the open air, the mercury
wetted the inner surface (concave meniscus) and its form did not
change immedictely after contact with the mercury ceased. After
two or three days, at separate points on the wetted surface breaks
In the continuous mercury film appeared. The breaks were rapidly
coated with oxides and increased in size. After five or six days,
almost all the surface of the duct was covered with oxides and
only at certain points were there drops of mercury.

From the middle of the duct two cylinders were cut. One of
tne cylinders was ground from the ends and used for micrcspectral
analysts in various cross sections along the wall thickness. The
second eylinder was used for layer-by-layer chemical analysis in
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three different sections, the results of which are presented In

Table 1.!

Table 1. Results of layer-by-layer chemical analysis of the
materlal of Section No. 1.

Elements Determined
Layers Analysis

Ne. C Si Mn Cr T
Outer (from @ 26.5 mm to
ﬁ 2“05 M)............-..o l 0030 0022 005 0011 None
Middle (from @ 24 mm to
Q22mm>.-o-....-..-..o-o- 2 0023 0021 Ols 0!12 None
Inner (from @ 21 mm to
internal diameter......... 3 0023 0322 005 0-12 None

Microspectral analysis was conducted at four points along the

wall thickness for determining two impurities only:

and silicon (Table 2).

manganese

Table 2. Results of analyses on determining impurities in

Section No.

Elements
Analysis State of
Method Material Layers Determined
Mn S1
Initial - 0.39 0.20
Chemical After tests
(average) - 0.5 0.22
Inner 0.47 0.23
Micro- After
spectral tests ?édgi:sure- 0.69 0.33
ments)
Outer 0.87 0.48

IMerallographic studies were made by G. Z. Khislavskiy.
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Section No. 2 was made of new low-carbon steel pipe with a
pure lnner surface, wall thickness 3.1 mm. Unlike section No. 1
before installation in the loop, section No. 2 did not make contact
with the water or other media. After filling the loop with mercury,
seven days passed before the heating of the experimental section.
During this period mercury temperature did not exceed boiling
temperature. Only three times was the mercury heated briefly to a
temperature of approximately 200°C for checking and calibrating the
measuring equipment. The rest of the time the mercury temperature
did not exceed the temperature in the laboratory (below 20°C).

The results of chemical analysis on the material of section
No. 2 after tests are presented in Table 3.

Table 3. Results of chemical analysis on the material of
Section 2 after tests.

L Analysis Elements Determined
ayers No

* C si Mn Cr Ti
Outer (from @ 22 mm to
¢ 20 mm>...-.-..........oo u 0019 0-11 0.“5 None None
Middle (from @ 20 mm to
B 18 MMe.eiossssnnnonnssas 5 0.17! 0.11} 0.43| None| None
Inner (from @ 18 mm to
interior diameter....veee. 6 0.15f 0.10| 0.43] None| None

Here it is more evident, but as for section No. 1, a decrease
in carbon content is observed in the surface layer.

The layer-by-layer microspectral analysis of samples from

section No. 2 for the content of manganese, silicon, chromium, and
nickel is shown in Table 4.
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Table 4. The result of layer-by-layer micro-~’
spectral analysls of samples from section No. 2.

Elements Determined
1
Layers Mn s1 Cr N1

Inner.veeeesessveeees| 0.64] 0.15 |Traces|Traces
Middle.e.veeeseseess] 0,37} 0.20 " "
Middle..cieeevevesess}l 04391 0.07 " "
OUtEr'sveeeerennasees] 0.20| 0.03 " " *

In all sections of the pipe of section No. 2 complete wetting
of the surface by mercury in a cold state was observed.

; Section No. 3 was made from a Kh18N10OT steel rod, diameter
o 28 mm. The rod was bored out in the centers to # 25 mm and then
melted with electrodes of low-carbon steel to a diameter of
approximately 50 mm. After boring to a clean and smooth surface,
: the rod was drilled # 18 mm and bored out in the centers to an i
i outer diameter of 29.2 mm. Such a procedure for preparing the

‘ experimental section was adopted for the purpose of ensuring contact
of the mercury with the surface of the given material (Kh18N1OT
steel) and the possibility for induction heating of the experi-
mental section.,

However, chemical analysis of the material showed that in the
preparation of the section, apparently, there occurred a melting of
the stainless steel near the melting zone and a displacement of the
material, i.e., the surface on which mercury boiling occurred was
substantially different than prescribed (Table 5).

P s e

Table 5. Results of chemical analysis on Section No. 3.

Layers Anﬁéysis Elements determined R
' C S1 Mn Cr T
Outer. . veeeeeed| 7 0.12| 0.36] 1.07| 0.76| None
Inner.,.=....c.. 8 0.12] 0.53] 1.14] 6.83]/0.038
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The microspectral analysis of material in section No. 3 had
similar results.

For this reason the test data for section No. 3 was not pro-
cessed and section No. 4 was prepared to test heat transfer during
the belling of mercury in a stainless steel pipe. To prepare
section No. 4 a new pipe of Kh18N10T steel was used, with an inner
diameter of 13.4 mm and wall thickness of 2.8 mm. With continuous
cooling of the pipe, a layer of low-carbon steel was melted on its
surface, after which the surface of the pipe was bored out to a
diameter of 29 mm. Before the tests on mercury boiling adjustment
operations were performed on this section with respect to heat
exchange during the boiling of water.

Before filling the loop with mercury the external form of the
inner surface of section No. U4 did not differ from the ordinary
surface for Khl8N1OT steel.

After filling the loop with mercury and starting the high-
frequency heating device of the experimental section, the process
of heat transfer to the boiling mercury occurred as in the first
period of mercury boiling in section No. 1l: wall temperature
exceeded mercury saturation temperature by 300-400°C and sharp
oscillations in mercury flow rate and pressure occurred in the
loop. Such instability of process, indicating the presence of the
film regime of mercury boiling, continued for 90 hours of con-
tinuous mercury boiling.

After this period, local reductions in the temperature head
could be observed at separate points, and after 60 more hours a
reduction in the temperature head (wall-flow temperature) was
fixed along the entire length of the experimental part and it was
pessible to increase power input. From this period the study of
heat transfer to boiling mercury in section No. U was made.
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It is obvious that the overall picture of the heat transfer
intensification process during the boilling of mercury on a surface
of stalnless steel does not differ relatively from the similar
process of heat transfer intensificatior. from thermomercury pro-
cessing of low-carbon steel [6]. This agrees with the assumptions
made by the earlier discussed authors concerning the principal
possibility of achieving nucleate boiling of mercury on the surface
of varlous metals by long purification from products of corrosion,
adsorption and chemisorption, which prevent wettability by mercury.
The result obtained indicates the possibility of ensuring the
wettablility of stainless steel by pure mercury with a safe distance
of the contaminating impurities from the surface, as with low-
carbon steel.

To check the stability of the result obtalned, tests on section
No. 4 were interrupted for two months, arter which a new serles of
tests were made. During these tests the nucleate regime of bolling
was observed.

After dismounting section No. U4 the material was used for
chemical and microspectral analyses.

The chemical analysls was made layer by layer and resulted in
the data presented in Table 6.

Table 6. Results of the chemical analysis of material from
Section No. U,

Analysis Elements Determined )
Layers No
* c Si Mn Cr Ny Ti

Outer (melt)ieeveees 9 0.05] 0.29] 0.62f 0.41] 0.38] None
Middle (from @ 16 mm

to 3 14 mm)eseeaanan 10 0.081 0.34§ 0,63! 1.12{ 0.77| None
irner (from 14 mm

to internal diameter 11 0.11| 0.53] 1.09]| 18.0| 9.8 | None
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Spectral analysis was performed in ten sections throughout the
thickness of the section wall. The results of spectral analysis
for determining the five elements are presented in Table 7.

Table 7. Results of the spectral analysis of material from
Section No. 4.

Elements Determined ,
Location of Spectra Mn | S . Cr N4 T4

“Inner layer...............| 0.48 - 18.20 | 10.47 | 0.47
Middle layer.......... ....| 0.81 - 21.80 | 10.23 | 0.30
" " 1 0.85 - 14.45 9.12 0.36

" " 0.72 - 10.72 8.10 0.31

" " 0.66 - 4.89 2.39 | 0.08

" " 0.75 - 2.08 1.66 | 0.08
" " 0.56 | 0.17 1.62 | 1.20 |Traces

" " 0.42 0.27 Traces| 0.60 | None

" " 0.50 0.20 Traces| Traces| None
Outer layer...cceeeeeessss| 0.37 0.30 None None None

In the initial material for working section No. 4 the
following contents were established by microspectral analysis:
chromium 9%, nickel 11%, and titanium 0.33%.

It is obvious that the chemical composition of Khl8N10OT steel,
2s a result of continued mercury boiling in a pipe of this steel,
was virtually unchanged. '

The calculated values of wall thickness in various f’otions
were more precisely defined by direct measurements., In all- sections
the surface of the pipe in contact with the mercury was waiformly
wetted by mercury. With the immersion of segments of thn cection
into mercury at room temperature ‘there was observed: complete '
wetting by mercury of the inner surface of the pipe (thc meniscus

was concave).
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Sections No. 5 and 6 were made from new pipes set up for the
pipe system of a high-pressure boller and characterized by the
following data in Table 8 (average composition).

Table 8, Chemical composition of the material of Sections
No. 5 and 6.

sample Chemical composition, %
No. C Si Mn S P Cr Cu Mo v
1 0.11| 0.20{ 0.53}0.012 {0.012 (0.99 {0.17 [0.28 l0.26
2 0.12] 0.18} 0.50}0.014 }|0.014 |0.11 |0.10 |O.34 [0.22
3 0.13} 0.18| o0.50|0.014 |0.015 |0.12 |0.11 {0.33 |0.21

In accordance with TU=-257 this compcsition corresponds to
12KhlMF steel. Before the tests the material of the section was
not wetted by mercury. After the tests the section was uniformly
wetted by mercury over the entire surface.

Table 9 presents the geometric characteristics of all ex-
perimental sections.

Mercury samples for determining impurities in the mercury were
taken directly from the loop through a valve for draining and
filling the loop. The necessary measures were taken during sample
selection to exclude the possibility of error. For example, part
of the mercury was drained past the sample vessel and then the
vessel was filled. Samples were taken: 1) before conducting a
series of control tests on section No. 1, 2) after ccnducting tests
on section No. 2, 3) before conducting tests on secvion No. 4,

In all cases, based on total impurity content, the mercury
corresponds to brand R-3 according to GOST 4658-49 [GOST = IOCT =
= All-Union State Standard] (99.9%) (Table 10). According to ex-
ternal appearance, in all cases, in the selected samples the
mercury was pure.!

TThe analyses of mercury were made by N. L. Izanova.
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Table 9.

Characteristics of experimental sections.

Section No.

Material
of the
heat
exchange
surface

Inner diameter of

pipe, mm

Outer diameter of

pipe, mm

diameter of pipe,

Intermediate

Calculated wall
thickness, mm

Minimum distance
of thermocouples

from wall, mm

Process for preparing
section

]

St.20

-
o
o

N
(=)
.

o

o)
o

N
o

New pipe before contact
with mercury was in
contact with boiling
water for approximately
a _month,

St.20

15.8

22.0

3.1

3.1

New pipe with clean
inner surface protected
from corrosion

Kh18N10T

18.0

29.2

5.6

Bar of Khl8N1OT steel
@ 28 mm bored out to
@ 25 mm. St.30 melted
to @ 50 mm, drilled @
18 mm, bored out to ¢
29.2 mm.

Knh18N10T

13.4

29.0

19.0

3.2

New pipe of Khl8N1lOT
steel GCT = 3,0 mm

melted by electric
welding St.20 to @ 50
mm and bored out to @
29 mm. Tests were made
previously with bolling
water.,

12Kh1MF

20.2

28.2

4.0

4.0

New pipe. After welding
and marking, surface
strongly oxidised.
Wave-shaped bends along
length of pipe I = 100
mm, h = up to 0.1 mm,

12Kh1MF

20.0

28.0

4.0

177

4.0

New pipe. Inner surface
strongly oxidized.

e A B




N AV TR Y i et

Table 10. Results of merzury analyses

tmpurittes | e e R 5" [Sesaion e "
sectlon No. 1

TPON.eereneseenna| 3.5.1070 10107 12.107"
Magnesium....s... None - -
Chromium. .vovees. 2.4-10'“ 0.05°10'u 0.05’10'“
NiCKelerovevasees| G.0O94e10" None 0.2.10™"
COPDPEr e v versnsnese 0.24.10™" 0.4 107" 2,010
Titaniumeeosonens None - -
Total impurity 6.24.10" 10.45.26™" 14,25.107"
content

The methodology for determining heat transfer characteristics
was as follows: specific thermal fluxes, flow rates, vapor contents,
etc., in the processing of measurement results, were similar to
those described in [3].

During the tests, regimes were established by changing lLeat..
power. The power was gradually increased to permissible surface
temperature of the experimental section (v750°C) and then gradually
reduced until the mercury bolling process degenerated. After this,
the regimes were established In an arbitrary order throughout the
range of permissible loads. The duration of each regime was no
less than 3-4 h.

In the processing we included only those regimes 1n which the
temperature ¢f the outer surface of the steam-gencraling pipe Wa..
below the Curie temperature of the studied material .y no less

than 30-50°C (for pressures corresponding to saturation temperatures
up to 600°C).

This report pre~cnts the results of experimental studies 1n
the range of specific thermal loads up to 2'106 W/m2, which,
according tu test conditions, correspond to steam content of no
more than 20% at section output and - velocity of no more than

17?
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50=-60 m/s for the steam-mercury mixture, when developed surface
nucleate bolling of mercury occurs and the shell or annular flow
The chief results of tests made on all
experimental sections are presented in Fig. 1. Primarily our
attention is turned to the disagreement of data obtained for
various sections, as well as the substantial spread in points for
each sectlon.

regime has not yet set 1in.
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Fig. 1. Results of experimuntal study on heat transfer
during mercury boiling in pipes cof varlous steels:

1l - Low=carbon steel -~ S%.20; 2 - 3t. 12Kh1MF; 3 - St.
Kh18N10T.

179

R RN AP S e T A

o ot e

- o ———




GRAPHIC HOT REPFODUCIBLE

Fig. 2. The structure of actual roughness;on the
surface of pipes in cross sections (X500):
1l - 8t. 20; 2 -~ St. 12KhlMF; 3 - St. KhlBN;OT.
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The difference in heat transfer levels during the nucleate
bciling of mercury in pipes of various materials can be explained,
to a considerable extent, not by the brand of the material but by
the effect of the microstructure of the pipe surface. As is
apparent from the surface microstructure photograph, several sections
of which are presented in the photograph in Fig. 2, the dimensions
of the depressions in the roughness of each of the studied surfaces
differ considerably. The statistical processing of the series of
microstructure photographs showed that the pipes of St.20 steel,
used in tests, had an average roughness depression radius of
approximately 0.050 mm, while pipes of 12KhlMF steel had approxi-
mately 0.012 mm and »ipes of stainless steel had approximately
0.007 mm.

From this point of view, the results obtained agree with the
results of tests on the effect of surface roughness on heat trans-
fer during the boiling of nonmetallic liquids [8, 9] and sub-
stantiate the analysis of conditions for the occurrence of steam
bubble nuclel [10]. All these data show that it is precisely the
dimensions of the roughness depressions which determine the
dimensions of stable steam bubble nuclei. With an increase in the
radius of stable nuclei there is also an increase in the necessary
wall temperature head-saturation temperature, which is the main
characteristic of heat transfer in accordance with the rule obtained
as a result of the joint solution of the Laplace-Gibbs and
Clapeyron-Clausius equations, which can be presented in the form:

a7,
R wp '™ "“J;?f .

In Fig. 3 our data in coordinates R = f(AT) for mercury with
specific thermal load 1-106 W/m2 agree with the data from [8] for
the boiling of n-pentane with a specific thermal load of approxi-
mately 0.5'106 W/ma, which are discussed in [9].
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Fig. 3. Temperature head versus dimensions
of roughness depressions durlng the bolling

of mercury on varlous surfaces:
X - St. 20.
® - Data [é] for nepentane.

(1) Diameter of roughness depressions, mm.

For the purpose of clarifying the observed spread in test data
with respect to each of the experimental sections studied an
additional study of the temperature regimes in steam-generating

pipes was set up.
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THE EFFECT QF GAS PHASE OISPERSION
ON THE INTENSITY OF HEAT EXCHANGE
BETWEEN PHASES AND ON THE FLOW
PARAMETERS OF A TWO-PHASE FLUID
MIXTURE

D. I. Volkov and N. I. Malofeyev
Abbreviations

W - 1liquid
H - beglaning
H - end
nay = beginning
n3 -« isotherm
ap - adiabat
Kp = critical
r - gas

In various industrial areas two-phase fluid mixtures are used,
in which both phases are far from critical states as well as from
states which correspond to phase transitions. Some of these
mixtures such as, for example, mechanical air foam and others,
move along pipes without heat exchange with the ambient medium and
with a constant mas:s composition of each phase,
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With high dispersion of the gas phase the motion. of the
mizture is characterized by the absence Of relativé jphase slippage
{11, In the absence of surface-active salts and struétupe
stabilizers, a flufd mixture of thé mechanical air foam type is an
elastic porous medium capable of multiplé-éxpéhsioﬁ_ang:gémpréssion
without disruption and coagulation of thé gas sphereg. The mass
of each separately taken gas bubble in the ¢omposition of this
mixtuve,,during its expansion-contraction, stays cdnstdnt and,
consequenvly;, the'gheﬁquyanié laws of ideal gases apply to such
a bubble [2]. Therefore; in-a number :0f works [T, 3] there 15 the
concept of isothermal or adiabatic (isentropic) variations in the
state of the gas pphase during the diszharge of the fluid mixture.
With adiabatii¢ varlations in gas phasé stabe, there 15-no heat.
exchange betwéeén phases: With isothermal variation in gas phase
state heal éeXchange does occur beétweén phases.

Heat exchange betweéen phases affiécts the gas .phase parametérs
and, consequently, :the parameters of the entire mifture. Leb us
examine this effect 1. greater detail,

In the gehéral ¢ase; during the :motion or discharge of a
‘luld mizture the temperature of each phase and the value of

 thermal fluX between them are-different and variable o that.the
‘heat exchafigé pr..éss hétweén phasés is nonstationary and occurs

under- conddtions of gradual phase temperature: equalization.

Examining a fludd miXturé in which the gas phasgeée is a bubble
or a sphere wlth ‘& diameter o vess than 25 mi and disregarding
“he transfer of heat by conveéétion inslde the bubble as well as
the radiant ‘heat transfer between liquid and gas phases, we can
wrdte for a separately takeén gas bubble, as for a solid sphere,
the famidiar Foubler équation. of nonstationary: heat .conductivity.
' the heat transﬁeﬁ*thgﬁryEtﬂﬂjtheusdlutibh to. such an.-equation
with given boundary conditions of the third typé 4§ usually
rednred Lo the Torim: ‘

4 == b (Bio, o), (1)
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where ;—-‘-’* is theé -dimensionless tempebaturé of thé gas bubbley
=Bw ’f is, the Biot ¢riterion for a .gas. bubble, Fo==k is the

Fourier criterion £or .4 gas bubble; t 18§ the temperature -on- the
surface -or in the ¢énter 6f the bubblé (spheré) at 4any ‘moment of
time; °Cy £ 15 the -constant température oveér time of ‘the 1iquid
surrounding ‘the bubbleé, °C; tg, 18 the terpérature; uniformly dis«
tributed throughout the volume, of the bubblée at the initial moment:
of time 1t = 0); °C; R is the radius of the bubble (sphere); mj

o is the ‘heéat. tvansfer factor from liquid phase to: the bubble
(assumed constant .over time); kcai/m2€ﬁ~deg;-1:ig-the_hégt~éoﬁe
ductivity factor of :gas phase; kcal/m hedegi & 15 the: temperatiure
:conductivity fagtor of -gas phase;. m /h, T 1s the heat exchange.
time, h.

If we know factors-a-and A .and take into account the Blo:and:
Fo eriteria for various values of R .and v, we can, by using the
.graph-of funetion (d) presented in the handbook on heéat transfer
{5], déeteérmine the dimensionless température in thé cénteér of the
bubblie 6, ,at,,,, = tylto<tw. Or -On 1ts. -supface- Bn-tn—lmllo-—fm.

st s vt v o+ s

Such :¢aleulatichs Were made with respect to thée following
‘paramétérs of 'thé air 'in the composition:iof £he méchanical -air
foams Py = 1 atm (abs.), t, & 20°C % =-030217 keal/meyhedeg,
; a = 0,0766 m' /h, y w1164 kg/m . Calculations -showed: that. the
; températureé eR 0 dirfers from eR only at the beginning of the heat.
€Xchange process, {:é:; when Bio: < 0.1 -and ‘R 2> 207

The reésults of -¢aléulations in the form of graphs © = f£(R)
¢ for various values. of @, are presented in Fig. 1.
As follows from Fig. 1; the beginning time iﬂ“andvéﬁd>timé
;. t, of the heat éxchange process: 1s reduced with a decréase in the
bubble radius R according to: thé law -of ‘the power function, mamely,
t, € £,(R") and 1, = £5(R"): whePe n and n aré.constants.
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= 2 | Fig. L. Time for heat exchange
i /Zf A betweén phasee yersus dimensions: ;
-l o G0 | ‘0f gas .phasé bubblzs 4n the flow i
8.y ,4@537 1 of a °1uid mixtuve at p0 = 1 atm i
. s A L ('ibs 9 S A 20"C :
t’ A 1= Beginnlng of :héat exchange .
fie f ; Aprocess on surface of gas bubble;

A 3;,. £ 2 = Beginning, of temperature
V75,7 065 Ll variation inside .gas bubblej
) : < (I 3 - Procdéess -of intensive ‘heat

-”}‘i 1 exchangé on .gas bubble surface, *
. ) 4 - End of heat exchangé process.
™% oh gas bubble surface.
{1 I - Reglon.-of adiabatic flow.
5? jotioni IT = Region. of poiytropic
;L Tlow drotion; III - ‘Region of
l =
A€ isothérmal 19w .motdon..
*"l: . :
E I
4 1
R ey T TR T S 00
RNN
The time ¢f intense heéat eXchange betweén :phases Tos gt 18
detarmined in: Figs l'by‘ﬁhe'Segmeﬁt*éf'ﬁhé~oﬁdinéteé<betweeﬁwﬁﬂe
curves of functions T = £4(R, 6, = Li0) and t, = £,(R, 0 2.0)
corresponding to the beginning -and’ -the ending of heat exchange-
between phases, Thesé curves make it pgss;ble to g;stinggish the
folloting toree ragions on the graph in Fig: 1.
1. The reglon &f gas phase ddiabatic éxparsion, in which the-
expansion of this phase during 1 oceurs Without héat éxchangé with
‘the 1dquid phase since Ty $ Tys wheﬁe~i@ 1s the time of the fluid:
..L¥ture's motdon on -a segment of thé pipe with length . o
2. 'The regiqnAofzpoiytﬁbpjéwéXPQnsiéﬁ in which the gas phase
fring T, < Ty < T, expands. With intense héat éxchange, occurring .
at ibo maximum value and, at thé same time, & varlable value of
tae e, crature gradient. In this reglon, partial cases c¢an be
the sobarle and iaochoric expansion of the gas phase.
186




TR —— R = -
- -— - e R

e —— e -

3. The région of isothérmal éxpansion in which gas phase

—dufihg_&l<3 fk expands at -4 minimum and .éonstant value for the

tefiperature gradient, a low valué for the thermal flux bétweéen

phasesy and: & practically constant témperature héad: Diring the

fiotion of fluid flow thé paramétérs. of gas phasé p; v, R; a and

A change continuously and, -conséquently, thelr valugs for thé Bio
and Fo eriteria 4156 Shange:

The heat :exchange time for gas bubbles: with. 1iquid phase in-
creases with:.an inérease in pressivreé p and a decheasé in the 1nitial
gas ‘temperature t,, —-In this case, thé curves :for the beginning and
énd of hea exchange :and also the iééithJQr}gdiébat;g?;Qéiytropic@
and isothermal expansions are Shiﬁtéd_uﬁwaréxiﬁithéﬂ&iﬁécﬁioh‘of
an increase- in heat exchange time; while the rvegion of adlavatie
expansion is considerably ificreased dug to the inérease in the
value of T,

Thé convérsion oOf heat éx¢hange timé at new initial parameters

for gas phase can be .accomplished with formula

Pl (2)
whére % is the heat exchange time with gas phase parameters
equal to py = 1 atm (abs:) and to = 20°C, in sécohdé;rkt 18 the
coefficient which takes into account témperature variations
(k, = 1.0 when t = 20°C and k = 2.5 whéen t & 150°C); ks, p/py 1s
the coefficient which takes into account pressure variation.

Using formula (2) and the graph presentéd in Fig. 1, we can
calculate the heat éxchangeé times for the gas sphere (bubble) with
variable radius R, increasing with a drop in the pressure of the
flow of the fluid mixture from p to Pg: Such calcu;ﬁpiops were
made for a gas sphere with initial radius R, = 107" m during its
expansion along the isotherm and adiabat from pressure p = 10 atm
(abs.) to py = 1 atm (abs.). The values of the radius of the gas
sphere during its expansion were determined from formula:

187




0 % st

B T R SR

temperature, the drop in préessure of the fluid mixture, and the

R Rk 5 (3

A Y ‘
R = ¥ (pipg) &, . 4
The results of calculations are preésented in. Figs 2. As *

follows from Fig. 2, the time for the beglnning and end of the heat
exchange of the zas phase with the similtaneous reduction of its

increase in the gas sphere's radius vary insignificantly: In
practice, this time ¢an be considered constant in any flow cross
section of the fluid mixture.

We should mention that. thée timé fopr xhexbggihning~tH and -end;
T, of the heat exchange between phases can be gréater, less, or
equal to the time for the displacement of the elementary volume
of the fluid mixture and the préessure drop in it from hydraulic
velocity on length I or the mixture's discharge time into the
atmosphere Tj. )

Data on the motion time of mechanicéal air foam on sectlons
of pipe, nozzle, and free stream are presented in Fig. 3. The
motion time for foam fz was defined as thé ratio of the length of
path I to the velocity of foam motlon W, measured during the test.

Comparing the time thus deteriined with the time for heat
exchange between phases, calculated from formula (2), we can make
the following conclusions.

1, In pipes with length 7 = 120 m during the motion of a
f1uld mixture containing gas bubbles whose radius is a value from
0,001 to 25 mm, condition T2 T, is fulfilled. Since the liquid
rhase has a heat capacity higher than gas phase, 1ts temperature
during phase heat exchange remains virtually constant. Under these
condlticns, the process ol gas phase expansion can be considered
isotherzal with the polytropie indicator n = 1.
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Fig: 2. Timeés of heat enchange between phases ‘Versus- pressure
drop of mixturefand dimensions of gas phase bubbles. ’
1 = Beginning o e
2 < End of neataexchangeuprocess .on: gas bubble surrace°
I = Region of flow motion: -‘Without heat exchange between ‘;phases
(adiabatic motion), IT = Region of flow moticn with.‘heat
exéhange bétweén. ph ‘sos (polytropic motion), Ila = Zoné of
polytropic flow motion (1sobar1c mction in a free. stream),

«««««

EC - Nozzle section, CH - Initial section ‘of free stream,
HO - Final §ection of free stream. )
DESIGNATIONS: cex. % 8j ama = atm (abs.)

2. During the dischavge of the mixture from the conical
nozzle and during the transition of heat from liquid phase to gas
phase, the following types of dischargé are possible:

a) isothérmal (n = 1) when R < 0,001 mm and T 2 T,

b) polytvopic (n = 1,0-1.4) when R = 0.01-0.1 mm and T, <7

< TK;

c¢) adiabatic when R > 0.1 mm and 1, < 7.

With the discharge of a mixture from the conical nozzle and
the transition of heat from gas phase to liquid phase the
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Plg, 3. Varfation in gas phase paraieters as a function, of
bubblie dimenslons. (the effect of ‘the dispersion of gas phase

on 1ts parameters.): B ‘ ~ o ; -

AE - Isothermal motioh of & mixture ih & section of pipé with
length 170 = 120 m for T =60 s, bubble radius R < 25 mnmj

EC - Motion of mixture in nozzle séction with léngth lgg = 0:05m
for Tz = U.001 s; CH - Motion in inifial séction of frée stream
with length Loy = 0.05 m for 7., = 0.0001 8; 1 - Isothermal

motion whén R < 0,001 mm; 2 - Adiabatic motion when R > 0.1 mm;

3 - Polytropic motion when R = 0.01 mmjy 4, lla - Isobarlc motion
vhen R = 0.0l mm and R = 0.1 mm, respectively; KO « Motion of
mixture in final section of free stream with length o * 10 m

for Tyg = 1S3 he, Ud - Isobariec motion during R = 1.0 mm and

R = 10 mm, respectively; ~ ~ « = Boundary of ga: phase ex-
pansion vrocess behind nozzle from pﬂp to Po-

following forms of discharge are possible:
a) polytropic¢ ( n = 1.4-w) when R = 0,01-0.1 mm;

b) isochoric (n = ) when R < 0.001 mm.
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3+ 1n theé frée stréam.of the fluid mixture Various. forms of

mikture motion aré possiblé as- a function of theé value of K and
the ratio betwéen the time of intensive: heat exchange: ¢, :and time

(,-and 7.) 6ﬁ»ﬁhe-bééiﬁﬁing»aﬁdftheiendféf~hé§§~éiéhéﬁgérbé£Wéeﬁ:
phases.

‘Thus, for example, when R <.0,01 -mm and T, > t_, the motion
of the mixtiure in:the streéam. flowing from: the nozzle will -ogeur .
without heat exchangée betwéén-phasés and without a -change in thé
state of the gas phase (p = consdt, t_. = t, = const) only when such
motion is precedéd by motioh: of the mixture in the nozzle under
conditions of heat éxchangé between phases.

When R # 0;01=10-mm.-and 1, < T, < T, the.motion.of the mix~
ture in the stream will occur with: héat exchange between phases.
and with an expansion in thé gss phase according to:the isobaric
law (n = 0): The time of gas phase thermal expansion will 1increase:
with an increase in gas bubble dimensions.

And{,finailﬁéAwhén‘B > 10 mm and 7, < 1,, the motion of the
mixture in the stream will occur without héat éxchange and without
a change in ‘the state of the gas phase; however, with different
temperatures for liquid and gas phases (p = const t. = const;

Vr = const). Nevertheless, such motion must be preceded by motion
of the mixture in the nozzle without heat exchange bhetween phases.

The variation in gas phase parameters as a function of the
dimensions of the gas bubbles in the mixture is presented in Fig. 3.

From thiis it follows that the dispersion of fluild flow has a
substantial effect on heat exchange between phases and also on
such parameters of gas phase as density and specific volume, which,
during motion of the mixture and drop in 1ts pressure because of
hydraulic losses, change in the process of gas phase expansion.
From this point of view, there 13 a significant difference between
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mixture v ohpressube in the preserce of heat exchange beétwsen

phases: For this We shall wi'e f4F8t. the ekpression for the

specific volume: of a twoszphage 1uid mixtire in the following
manner.i. S : N i
' vV Vs (5)

~whe"e V,.(a }0 meaconst ana- V,- ‘?t y,‘aconst are volumes .of the in-

f— ln

j ;ompressible liquid and compressible gas. phase, respectively,

Wi, Vi aré the elementary volumes of discrete eleménts of liquid
and gas -phase, respectively, ,1 -and n2 -aré the humbers of liguid
and. gas phase inclusions in 1 :Kg of the -mixture. The:pen-vplume
conténts..of phases wWill be.

Taking expressions (5) and (6) for thé volumes of liquid and
gas phases in the mixture into account; -wé can write:

Vi i .0 = Bu/q==b ECO?IS“ (7)
V.= 8,0 B '1.= const. ' (8)

From expressions (5-8) after transformations it is easy to
obtain formulas for specific volumé of a two-phase fluid mixture
with heat éxchange betweén phases taken into account and as a
function of the form 6f mixture motion.

The table glves the baslic characteristics of various forms of
motion for a wwo-phase fluid mixture and formulas are presented
for determining the specific volume of the mixture as a function .
of the form of imotion. From the expression for specific volume of
the mixture during isochoriec motion, it follows that, in this case,
the flow is incompressible,

+
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microdispersed and macrodispersed fluld: flows. This aifference
rust :bé taken 1nto acéount swhen -sétting Up equations of flow motion %
which include the density and: specific volufie of the mixture. :

Let. us fiind: the dependence of the specific volume.of the fluid:



i ) ‘7 « : N -
: 3
L :
Analysis-of the data presented in the table indicates that
: with different heat -exchangé intensities. between phases andy
L ; consequently, with dif‘ferent thermodyhémic laws or variation for 3
: % the state of the: gas phase in.a moving mixture, density and §P§91f—10
L, volume «of the mixture change as. a function of the polytron: indicator
v n, In connéction with this, it is obviously -8xpedient ‘to: call
§ isobaric, isothermal, adiabatie,, isochoric;. :and: polytropic forms: ’
§ ‘of ‘fluid flow motion classes of motion and to :study the propérties s
Lo of .mixturés :separatély according to ¢lass. :
A )
2 'I‘able. Fé‘r‘-iriulas for the specific volume of a two=
phase fluid mixturé taking: Anto ‘a¢count. ‘heat exchange
: between >phases and the form of‘ mixture motion. » ‘
: i Of Hixtu n : Fo 'mula ; Hor the specific
% 1and its characte _1stics i :volume of the mixture
. % e R e .
y % .Isobaric motion' VilT,.= ‘.-y.“,r,
 const;. ?,,71‘,=d-=conn S -
, -Isoti:ermal motion e R P
s i -cn'm. ,.,pﬂcaconst :
A 14 . [ P S TS _ o -
K Adiabatic ‘motion: pv,i- v b4 fiphh
i ’ = const; F,l a! = const . “
| Isochoric motion:. .
Vi & 3alf &= b~ cOitst 1 0 &b+ g wconst
; . Ve= 3y < gisconit :
S
! % Conclusions
§ The approximaté method of calculating heat exchange between
£ phases in the flow of & two-phase fluid mixture charactérizeéd by
constancy of mass phase composition indicated that the dispersion
: of gas phase, to a considerable extent, affects intensity and
; , duration of heat exchange between phases.
i Depending upon the time of the beginning and end of heat
) exchange between phases in the flow of a mixture, the direction
| 'a
193
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6f the thérmal fiux (from 1iquid .phase to .gas of Vice versa), the
velocity of mixture: motion, ‘and- ‘the length of the: ‘path Of ‘métion;
there arise 186bariec;. isothermal, adiabatic—; *1sochoric; -Ahd
polytropic forms of mixtureé motions with various gas phase poly~
tropic indicators (h & 0<®) and various densities -and: specific:
volumes for the mixture, This must: -bée taken: into-account wWhen
setting up the iotion equation for a: fluld mixture.
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THE ‘DYNAMICS -OF ‘THE LIQUID: BOILING

PROCESS ‘IN-:A. FLOW ‘WITH ‘A ‘LARGE
PRESSURE GRADIENT

Vi AAc Zysin  and: V.. A« Barilobich
Abbreviations
Ap - limiting

H = nozzle
Kp = eritical

Kpe & = éritical wall
Kpiy = cPitical céntral
np =-.counterpressure

cp - exit

‘The discharge of a liquid having an initial temperature near
saturation temperature is accompaniéd by steam formation the
intensity of which can significantly exceéd the intensity caused

by the presence of heat exchange. The process acquires an
adiabatic character.

Although the actual process 1is always accompanied by a
disruption of thermal eq-ilibrium, an explanation of the basic
regularities of discharge can be obtained from a thermodynamic
analysis. In the case of the discharge of a saturated liquid,
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bo1ling must occur with an infinitely small préssure drop, l.e.,.
at input to & ¢onvergént nozzle: With underheating of the liquid:
‘to saturation temperature the boiling front. is shifted dgwnstream.
At a certain underheating this front agrees with thé minimum

¢ross -section of the nozzlé: Theé corresponding: regime -can. be

celied. the “1imiting" vegime. This vegime 1s characterized by the
agreement. of ‘the bo1ling front wWith the ¢hitical cross. section,
with which vapor formations:-can dévelop only in the -expanding

‘part of the chanriel. In the ¢asé of a réversible :process. béhind

the boiling front the flow must be supérsonic, For thése con=

-ditions; disregarding gravitatlonal forces; we .can.determine by
- thermodynamic analysis. the véloeity in front of thé boiling front
which responds  to the "iimiting" Pégime,

P )

‘Henicé we find the céﬁhéSpoﬁ@ihg,iﬁitiai underheating

Aty [ ?;]35;‘ (2)

Thé parametérs of the state in (1) and. (2) refer- to- the
initial flow state;

In the framework of the asngption made at At > Athp? which
is characteristic for many technical problems, the flow rate
through a nozzlé of any Shape must be determined by the simple
rélationship:

AR (3)

where FH is the area of the minimum cross sectiony Po is the
stagnation pressure in fronht of the nozzle; pg is the saturation
pressure with the temperature at input,

Experience shows that when counterpressure pnp << Pg» the
actual flow rate can be substantially different from the values
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given in (3). The available data .of theoreticéal analysis does not
ehable géneralization of test material. Therefore, for practical
calculations. it was proposed to use purely empirical relatiohs
Ships which were far from covering the nhécéssary areas of appli=
eations.

After thermodynaric. analysts taking into acéount the
phenomena oceurring in. the boundary layer, it was possible:to
éstablish a dlagrai.of the process .explaining, the character of
the principal regularities: and giving-a basis for generalizing
test data. According to this diagram, substantiated by special
visual observations; with a sufficiént pressuiré drop vapor
formation oécurs in the .convergent part 6f thé channel. However,
it is developed in that region of thé boundary layer whére the
velocity does not -exceed the-quantity from equality (1): Con=
ditions for the limiting flow regime are -determined by the local
value of full stagnation pressure, 'Based on this, at "limiting"
and "superlimiting" flow régimes, whén: pressuré drop exceeds
critical, in thé convergent part of ‘the nozéle there occurs a
two-layer flow: a two~phase boundary layer and a liquid central
layer., At output into unlimitéd space thére oécurs a boiling of
the central part of the flow and in the frée Stream a critical
section is forméd: With discharge froi a Lavel nézzle with a
sufficliently small abgie of taper, the expanding séction is main-
tained, apparently a two-layér flow structure; this leads to a
very unique character for the discharge process. The peripheral
flow, passing into thé minimum section through a region of local
speed of sound, has a pronounced supersonic character. In the
central flow in the expanding part of the channel vaporization
occurs. However, this process is limited by the change in channel
ecross section. Figure 1 shows the distribution of pressure along
the axis of the Laval nczzle with various counterpressures and
during the discharge of water with constant initial parameters.
In all cases, from the point of view of gas dynamics, the discharge
regime was supercritical - flow rate remained constant. This is
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| confirhed. by ‘the constant charadtér of pressure distribution.ip

to the minifivn 6Poss section of thé nozzleé: Meéanwhile final

pressure in-the nozzlé was déepéndent on counterpréssures The

nozzle's angle .of taper affects the valué of critical pressure in
the miinimum. section and, as: & ¢onsequence of this, also affects
the f1oW Paté characteristic of the nozzle, A group -of -studies

on the dischapge of ‘supertieated: watér in- channels of various
shapes were made .oh-a.special stands In-addition to-measuring
flow rates and pressure distributions:-along the -charnel axis; it
was possiblé to uirectly measureé thé: réaction. of the stieam, which
enabled us té detérminé the :average discharge rate.
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Fig. 1. Pressure variation along
a Laval nozzle:
- - — reversible isentrope.

The most comprehensive generalized characteristics were .
obtained for ceylindrical nozzles. It was possible to establish
that there is a certain dimensionless length for the cylindrical
part at which the entire vaporization process, up to the blocking .
of the flow, develops inside the channel. Fittings whose length
exceeds the corresponding dimensions are self-similar relative to
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could be generalized, using the following as $he determining
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: : eriterion. ]
: s 1 = il e
3 i K=o ()
o wheré At 15 thé initial underhéating of the Water up to bolling
S point.
: é . The results of processing experimental data: are-presented in i
: 5 . = e FE N S 2R
: & Fig: 2. In the tésts; initial téhperagure was varied from 120-
: - 170°C-.and counterpréssure from 0.1 to 0.15 bawr,
‘ 7] -~
1 0 IS B s :
N g e e Y B .«
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: Fig. 2. Geréralization of the disciiat’ge curve for
; "1ong" cylindrical fittings.

Here two critical préssure ratios Bup' and Bup" are presented.
The quantity Bupi détermined according to the counterpressure

pnp at which the following condition was fulfilled:

SR o ra =

-3:5-’-30, ) ) (5)

where pcp is the pressure measured in front of the exit of the
outpnt channel section.

The quantity BHp" was determined according to the counter-
pressure at which

ra <O (6)




; v - -
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whéré G I§ thée measuréd flow pate.

‘We :should emphasize that the tests showed the practical
impossibility of directly measuring critical pressufe in. front of
the extt, This Is explained by the large pressure gradient
occurring iﬁkﬁbéaﬁé?ibhérglr§W6ﬁ§ha§éwﬁiéwJin,frgﬁﬁréﬁ"the

\ bi@@k;ng,ﬂpogﬁ. This agreemént between ﬁhe»va;gés‘gf.gkbf:and
.ﬁkﬁfﬂés fouhd<in‘ac§0?dagQ?fwith<§h§w?b§vgb?6n$1dérat16n$‘concerné
ing thé mechanism of flow: {rom &. Laval nozzle.

; By measuring the Stream reac¢tion it was possiblé td determine
the average dischargé velocity at supereritical regime when. flow
rate and pressuve at the exit was adjusted to depend on the
counterpressure; then thie velocity facter $ypyi, Was determined

I from éxpression

i o e . A
£ , Bt = 2 G i) (7)
Here wa is the dischargé velocity measured according to streanm
reaction; iup is erithalpy during isentropic¢. eéxpansion from the
initial state (with enthalpy 10)‘to.tne~r1ﬂal state p

Hp'
Pressure Pyp Was detérmined from éxpression:

Py =B, P0. (8)

As we see, the discharge process is characterized by con-
slderable irreversibility, which 1s indicated by the very low
values of ¢K + The degree of irreversibility increaseés severely

Py
with an increase in the initial underheating up to belling polnt.

e P GBI 00 L AL ot

The character of pressure dlstribution along the output
sectlon of a cylindrical channel Indlicated a sufficiently close
sgreement with theoretical calculations based on a model of .
one-dimensional flow., This enables us to assume that mutual phase
slippage, to which many authors give a high value, is virtually
absent; consequently, the chief factor in the nonequilibrium of
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1s the sharp. increase in process reversibility with a change from

nozzle with a taper angle of o = 4038Y, determined from. an:
~expreesion similar to (7), where instead of i the value of
iﬁp was: substituted (i is the enthalpy during isentropic ex-

and vapor phaeé; An indirect substantiation of this aseumption
eylindrical fittings. to-Laval nozzlés.

Figure 2 'shows the. curve of the. Vélogity factor for g Laval

W
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. CLASSES ‘OF :MOTION :FOR: A THO PHASE
DISPERSED: FLOW: WITH: HEAT EXCHANGE:

BETWEEN- 'PHASES
N. I. Malofeyev

Désignations.

t or

R T < <O =T 4 3T AT ®

‘phase content per unlt volume;
thiékness of 1iquid: layer;
- dlaneter .of gas :sphere;

radius. of ;gas sphere;
temperature in °c or °K;
time;

pressure;

velocity;

flow rate;

specific volume;
specific weight;
density;

acceleration of gravity;
cross-sectional area of flow;
geometric head;

critical pressure ratio;

ratio of phase contents per unit
volume;

polytropic index;

202

———




»

--adigbatic index;.

B AR T e oo A o
b 'Y
=
]

© smar oy mm

- diatietér -of piping;.

: > D: !
T 1= Length; | s
] i w = coefficient of dymamic viscosity. 2
: i :
R Subseripts |
;. ¥ ?
: g . ® = gas;.
P w = 1iquids:
I § o <--athiogpheric ¢onditions;
S = in front of -nozzleéy
- * - in oritical crogs. section;
o # = beginnings
1 # = &nd;. convection;
3 - heat. exchange; ,
i g = miting. it
oo .= 186thernal
SR aa. & adlabatic; i
: vp-= friction. H
s In ship building, rocketry; power engineering, the petroleum ;
: and chemical industriés; various systéms are used with two-phase
g fluid working media moving-in an emulsion reéimezwith constant.
: welght composition. of phases [1; 2, 3]. Among theése media are all
: : fluid dispersed media: air-water emulsions; helium-nitrogen
: i mixtures; flotation, carbon dioxideswater, and mechanical air
? ? foams. '
': ¥
% § In these two-phase flows both phases are far from critical

& e states as well as from states corrésponding to phase transition:
With a high déegree of flow dispersion, which can be ensured by

‘ free or forced dispersion methods, there is no relative phase

) . slippage. In the presence of surface-active substances the flow
‘ structure is the most balanced and stable.
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fluid flows: has méant. that; until recently, -a cal¢ulating device
of thé hydraulics of incompressible dropping.flulds has been used
when caléulating air=roam systems: for ships:-[2]:

With theé aim. of developing a. methodology for the hydrauiic
calculation -of such .systems,. the author has: performed analytic
and -expérimental Studles on the processes: of :motion: in & two-phage
dispersed flow in pipes; nozzles; and free stream.

8

The study: was made taking 1nto*éééouﬁt~thé'Compréésibiiify-oﬁ‘
“thé ‘two= phase fiow, the :effect of dispersion ofr heat exchange
between phases; the: transformation -of phase structure, and the
presence of critical parameters which arise during the discharge
of a tWwo-phase. £1ow and-affect the-dynamics-of the free stream.

Structiral analysts of a two-phase:flow has. shown that
dispersed flow has two flow regions: free-dispersed and connected-
dispersed. In free-dispérsed flow. the ‘gas spheres are not con-
neéted: to each other and are in a freeéipépended»stat§g~ The

" 1niti4) shear stréss; in this-case; 18 zéro. In connected-
dispersed flow the gas,ﬁgpbxés in the form of polyhédrons with
thin films, are conhected to & common structural frame which has
a éertain rigidity (elasticity of shapé), ‘because of which the
initial shear stresses reach considerable values. The mutual
transition of free-dispersed and connected-dispersed flows -occurs
at a liquid film thicknéss of h & 0.01 mm: The value of limiting
gas content per unit volume, at which this transition sets in with
a glven dispersion is determined by éxpression:

V) (1)

(v
n
QP oz et
t‘?’

The boundary separating the regions of free-dispersed and
connected-dispersed motlon for a two-phase flow 1s presented in
Fig. 1.
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Fig. 1. Regionsaof.?ree;diSpé?Sedﬂand‘COnheétédAdispersed
;fluid flows -

A = Curve of gasncontent variation for emulsion during

,expansion of .gas. Spheres: or phase stratifications,

B - Curve of ga3~content for' emulsion, corresponding to
the beginning ‘Of ‘thé :process of gas sphére recomposition
at h = 0;01 mm; C - :Boundary of regions of free-dispersed
emulsion and -connécted-dispersed foam (h = -0: 01 mm);:

D = Curve of" ‘gas content for foam whén h = 0.01 ‘mm;

I - Zoné of free arrangement of gas &phereés in emulsion,
II - Zohe -of gas sphere recomposition; III = Zone of gas
sphere derormation int¢ polyhédrons; 1V - Coagulation
zone of foam ‘bubblés and synéresis.

KEY: (1) Connected-dispersed foam; (2) Frée-dispersed
emulsion:

A two-phase dispersed flow in the presence of surface-active

substances and structural stabilizers 1s an elastic-porous medium,
capaple of multiple expansion-contraction without Qisrqption and
coagulation of gas éphérés. The mass of each separately taken
zas bubble during its expansion-contraction is constant and
thermodynamic laws of change of state can be applied to it [4].

Heat exchange between phases occurs in the case of a

difference in their temperatures or a change in the thermodynamic
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$tate of :gas phase during the motion of & tuWosphase flow With a
pressure drop and is nonstationary. In this case,. the connedtion
between time and spatial temperature variations at any point of
the roving gas méditm is.deteérmined by the Fourier-Kirchihoff

differential equation of heat conduetivity [53:

Sincé mo§t. gases and :aire ave diathermic; radiant heat ex-

-change between phases was not: taken into account: The gonvection
of gas phase insidé a sphere With a dimension of less than 50 tim
was g1s0 distegardéd 'since, for these conditiens; the product of
‘thé Grashof humbep

G “3‘,Rw At; ‘a_\t ~Pv~ m)‘

-and -the Prandtl numbér

Pre= SE (for atrPr=0722).

GiPrg 100

and the convection factor is e = 1 0.

The gas sphére inside the small sphere can thus be assumed
immobile. Under this condition, the convective température change
in the Fourier-Kirchhoff equation is zero and acquires the form
of the Fourier equation a8 in the casé of a solid. For disérete
elements of gas phasé having the shape of a sphere, it assumes
the form:

On the basis cof the second theorem of thermal similarity
{Buckingham's theorem), the unknown function in the form of
dimensionless temperature was determined as a function of the
Biot number Bio = aR/X and the Fourier number Fo = at/Rz. Given
the different value for the gas bubble radius R and the time of
Its heat exchange 1, we obtained the values of Blo and Fo, with

206

A




e e iy shhe AEEES

s ma N N et
o S PR A BB PERI 3 e SIS

RIS IR R N e gy

TEXE

“J\»-; FERTNET

v e wr

R

e e

D .
'y
L]
*
| 3

s and . With identical values for dimensionless temperatures,

a graphic relationshiv was plotted for heat exchange time and ‘gas:

phasé-air dispersion, T ﬂ(R), WhiQh» 1s presenteéd in Fig. 2 for
¢éonditions. By # 1 ati (absi), €= 20°C: -Assuiming that the
parameters: of aaavpbase'ns«xﬁ,wR;‘égréndf&yfééﬁwéllféé the Bio
and: Fo numbers; -¢hafigé: along ‘the £low 1line, the heat éxchange:

tine. Wa§ corrected by expression:
(.0 ‘t)”"'k L i1 amd; ¥ C)' (“3)
[ama = ati- (abs..)]
where k 18 the coéfficient taking into. account temperatire
variation; p/po is the. correction factor taking into account

pressure. variation 1n accordance with the- first ‘théorem of thermal
8imilarity (Newton's theorem)..

Then the time for heat exchange between phases 1 ‘was compared
with the timeffor tb§~P§99°$§v°f=tW9:ph&§e fiow motion T on various
sections of the path: (pipeé, ‘nozzle; strean).

If the time of flow-motion T was less than the time Tr, the
beginning of 1ntensive ‘heat - exchange between: phases, the: flow was
considered adiabatic (n =k !.1\4), if the timé for flow motion <t
was greater than theé quantity t;"bht 1és8s ‘than thé1Quantity~f¢,
the time of the end of the hegt.exchange\pfocess between phases,
the flow was agsumed polytropie (n # 0-®). If the time of motion
of the flow was greater‘thaﬁcthe quantity r:, the flow was assumed
to be isothermal, When ¢onditions p = const or V_ = const were
applied, the polytropic process was a particular case of the
isobaric or isochoric variations in thé state of the gas phase.

This analysis enabled us to distinguish narrower, but
surficiently typical with respect to physical conditlions, classes
of two-phase flow motion: 4isobaric, isothermal, adiabatic, and
isochoric, for which it was possible to perform mathematical.
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Fig. 2. Time of heat exchange between phases versus
dimensions of gas spheres:

" - Cuprve showing time of beginning of heat exchange;

“ ~ Curve showing time of end of heat exchange;

I - Region of adiabatic flow motion; II - Region of
polytropic flow motion; III - Région of 1isothermal
flow motlion.

KEY: (1) Convection.
DESIGNATIONS: ama = atm (abs.); cex = 8,
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analysis and derive squations of motion. For the purpose of

deriving equations :of motlon; & number of assumptiohs were.made

and the flow 1tself was taken as a simplified -model.

The moticn. of the flow was considéred §teacy -and: continuous.

Dispersed. flow with surface=activée substances reducing theé :surface
tension of 11quid phasé Was assumied therfiodynanically stable afid
balanced; i.e.; the arbitrary separation of 1iquid and .gas phasés
under the éffect of surface forces and gravity was -excludeds The
diff‘uéi’é‘n 6f" gas‘ in’to ii’diiid éﬁd thé 'é‘\iépbréti’én ~6i‘~ ‘iiquid‘ iri'c’é

iaoan £

composition of phases was. assumed constant. In addition, we. did

‘not- take into:account the Jump  in pressure on the phase ;nterface,

which; aceording 4o the Laplace -eqiiation [6] did riot exceed 1s2%.

of theé préssure 1in 1iquid phase,

In deFiving-equations of motion for an 1deal two-phase. fiow

the assumption was made that forces -of friction and tangential

sthesses were zero, %.€., there was no dissipation of energy in
éithep phasé and the velocity of particle ‘motion at.all points of
any arbitrarily taken séction was identical.

The -actual two-phase flow -with high phase dispersion was
consideréd a quasihomogeneous flow, whose viscosity and
tangential stresses for both phases waich were identical, while
the density and velocity gradiént weré continudus functions of
the coordinates.

The motion of free-dispersed and connected-dispersed flows
was assumed to be translational, nonrotational, or potential.

From the assumptions made it follows that thé model of ideal
two-phase dispersed flow is similar to the model of steady potential
ideal single-phase compressible flow, and a system of combined
differential equations with partial derivatives, consisting of
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Euler equations; équations of continuity, and the relationship.
betwéen flow density and pressure, -canbe applied 4o it. Inte~
ghation of the differential -equations with the substitution:of
thé dépéndence of dénuity on pressure gives the following,
egliations .of motion for a singlesdimension -two=phase flowi

xS 0 (P = con=t), "-'t-* = 'we-e

e €
=10 (Tmeonst; 252 &8 Binpek B const (%)
nsheld (Smeonst) 2 Eor Gt B R S consty (6)

Ay (Vpmeonst £+ 2422 cont. 41,

With the usé of equations (4), (5), (6), and (7), we analyzed

the process of the discharge of a two<phase flow from conical
Wiozzles, Whieh showed that -during the diséhargé of & fluid flow
from nozzles théré 1§ -a ¢pitical barpier which 1§ established in
& narrow (critical) séction of the nozzle owing to thé presénce
of gas phase,

During the ¢ritical -discharge of & two-phasé fiuid flow; the

discharge velocity, maximum wélght<per<second flow rate, and

éritical pressure ratic aré functions of the gas contént péd unit

volume of the flow. (or the ratio of phase content per unit volume).

For example, with isothérmal discharge of a two-phaseé dis-
persed flow (with gas sphere dimensions R < 0.01 mm), these
parameters are detérmined from the following expréssions:

'Mu"’log‘a (1 ""a) s 23"'3"“]“""&”« (8)
v p c“ “'t)—‘ Tt i v, / .

G"=93[23 t3 .-.i'_.) ] l o )
w4 4,62 gy, o =22 =0y (10)

QU 1214, 1)) =0, (11)

<1t

.
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With -adiabatic :discharge of & twosphase dispérsed flow (with
£as sphére dimensions R > 04 l ﬁn), the critical parameters -are
determined by the following expressions

5 l?‘ (SRS :T ‘

l

P
28 b ‘ (13)
= E.‘ - ,,A . L= :k f. k -
'k‘g.-‘.r#z?ée(kfil,)y; #‘k’:’;’?—-——k)_‘ W 2,‘(1 ¥ 5""1' %0 (n)
N D B g (k-—l) e
%ﬁ+*“'%ltba+a.+z = (15)
r

Analysis. of the discharge formulas indicates that. the maximum

possible absolute valués for-discharge veloeity and flow rate

océur with igochoric discharbge of .a two-phase flow with: heat drain
from gas. phase to liquid; ‘and the minimum values occur -during
isobaric. discharge -of a two-phase flow with heat transition from
liquid phase to gas. The first case ¢an occur under the corre-
sponding conditions for discharge in nozzlés of American rocket
engines operating on liquid and gas nitrogen (or gas helium),
becausé of which the maximum possible thrust is énsured with
minimum engine size [3].

Isothermal and adiabatié¢ discharges of a two-phase flow occur
in domeéstic air-foam systems, with which the critical velocity and
flow rate in the case of i1sothérmal discharge with heat transition
from liquid phase to gas 1s less than in the case of adiabatic
discharge without heat exchange between phases.

These facts are explalned by the value of critical counter-

pressure established in the nozzle outlet. 1In the isobaric
discharge process v¥ = Pup, = 1.0 = max (Brc = 1,0); in isothermal
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=1
0. 607 1in adiabatic v,-(* )c (vi =05°8 for air), in 186=

choric vy =0 {during discharge ifito & vacuuf). Thus;. the critical
parameters duping the discharge of a twosphase flow. (vVeloeity wy
and flow rate Gy) aré détermined not. by the value of the available
potential enérgy of two-=phase flow, but by thée value of counter-
pressure or the Value of critical pressure ratio, which depends
upon thermal flux and its -direction :between phases .(from .gas phase
t0- 14quid or liquid: pnase to:-gas).

An. experiméntal study on the motion.of real; i:é:; viscous
two=phase dispersed; flow showéd. tnat in the discharge formilas.
(8), (9), (12), and (13), derived for ideal £low, it is necéssary
to introduce the flow rate factor ¥ = 0.93=0:96, which takes into
account losses from friction during the -discharge: of a viscous

‘tvo-phase flow from cohical nozzles:

During isothermal motion of a viScous two=phase dispersed
flow in pipes with heat transfer from liquid phase to gas;

hydraulic lossés can bé determined :by §0lving transcendental

equaticng having the: form:

APz ap)t (e.».‘:fz?-Pu)"“ (P am.w*' LI
- i

M P T T am )

1o vx»p btk i (ap™ (et~ ~ Al

TP TR T o (e ) (16)

This equation 1s obtaihed by integration of expression
Cdp ., wl

in which the quantities A, w, and y are defined as functions of
gas content per unit volume, depending on the absolute value of
pressure and changing along the line of flow.

The quantity A was expressed in terms of variables w, y, and

k".

:—'El)x Gl (18)
g:l
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where the coefficient -of dynamié¢ viseosity i is connected with
the value of gas content. per unit voigme‘by'fvnctiQﬁ@l relationship

Ay xS

g . S .
i g = k iy f o "(rlflgu\): N %
oo f ' | ‘
Lo Based -on thie data from an: experimental study by the author,.

the -coefficients in equatian <16>=aﬁdAf¢?mpiasA(18>zand (19) are:
kg 2 Uy & 1y kB 050055 1 2%?2‘{ﬁhgﬁa§ﬁ_g‘blggQ;fkh’éw@;gigéj
n - 3,20 (iihen. B 3 Q 35). ’ )

”*TU’
T.’

-
.

G I D 2 Ry RGP 1

in:pipes, the adiqbat;cﬁand,1sotherma1‘dischargg,pnocesses,Aqnd.
the isobaric motion .of & two-phase fiow in frée stream énabled
the author- td obtain thé rélationship necéssary for the hydraulic
caléulation of -alv-roan systems.

‘Conelusions

vt
w: ’t‘ﬂ‘&g"@’vj&*}’"{m' VEA TN R

1, It 18 shown that equations of motion and thé rélation-
ship bétween paramétérs of isobaric; isothermal, adiabatic, and
{sochoric two-phasé flows are varied and in the absence of ‘heat
exchange betweén the ambient médium and the flow and in the
absence of phasé transition of components, are détermined by the

et
TR IER

T

§ thermodynamic law of variation for the gas phase state, which, in
: turn, depénds upon the value of thermal flux and its direction

(from gas to liquid or from liquid to gas).

2. It is established that the value oﬁ thermal flux depends
upon gas phase dispersion.

P e
T i S A A AN 7 st 09 2043 B ST R

. 3. Thermal energy, changing from liquid phase to gas,

L increases the available energy of two-phase flow and reduces the
eritical discharge velocity and flow rate. Thermal energy,
changing from gas phase to liquid, reduces the value of available
energy and increases the critical discharge velocity and flow
rate.
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;
k. Critical parameters of two-phase f£low during dis.hér"g‘é
. {pressure ratio \)*, velocity Wi, and f16w rate G,) -depénd on. the
' direction :and valués of thérmal flux and, finally, Of the -dis-
} $ persion of gas phase (gas sphere radius: R)s.
: " .
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4 ‘DYNAMIC. .CHARAGTERISTICS: .OF .A.
£ -COUNTERFLOW :HEAT :EXCHANGE
i ‘APPARATUS: 4
i | j
! V.. I.. Kochurov :and N: .I. Tarakariov :
i P
‘ Abbreviations ‘ ' :
‘8x = input.
Bux - output
Heat.exchangers-have found widé application in modern power S
installations. % ¥
E Thé dynamic propérties of a heat exchanger which is an
elemént in an overall control system can substantially affect the
dynamics of ‘the automated object. The knowledge of dynamic
j characteristics of heat exchangers 1s necéssary whén designing
!f automatic control systéems for power installations.
i
% . A characteristic pecullarity of heat exchangers is the con-
? siderable effect of parameter distribution on thé nonstationary
f processeés of heat transfer. This situation, to a considerable
L]

extent, makes it difficult to obtain the analytical dynamic

characteristics of the equipment. Even after the necessary

simplifications, the dynamics of a heat exchanger are described
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by a systefi 6f differential equations 4n. partial derivatives,, o
whose solution: le¢ads to transcendental transfér finctions. The use \
of such transfér functions in studying the dynamics of thgagbﬁéqt
on analog modeling devices is not.possibles Becausé of this,. the
problem is posed t6 obtain -a sifiple :approximaté transfer funétion
for a heat exchanger, which would allow us ‘to -déetérmine its

' f transient processes; taking intc account thé -specifics of the:

‘ physical proceésses océurring in-the objeét with the necessary
degreé of acluracy.

o e st e o ae
<

Various methods for obtaining an approximate transfer

funétion for a heat exchanger are possible [I, 23

> < m
o ey, o W S I W Anry

In this work we usé an approximation of the initial transs
cendental transfer function of the heat exchanger with the
application of & method of lirear ihtégral evaluation: The
résults: of the solutions: obtained are compared with éxperimerital
data compiled from a teést of .a: laminatéd counterflow heat ex-
changer of the GTK-10:NZL .gas turbine type.

A comparison of caléulated :and experiméntal dynamic character-
istics makesit possible to éstablish the admissibility of the
solutions obtained.

% : Let us examine a ¢ounterflow heat éxchanger, whose structural
: ! dlagram 1s presented in Fig. 1. Disturbing input -actions are the

temperature of the hot medium 8, . and the temperatureé of the
cold medium 6,  at heat exchanger input; thé output parameter is
the température of the cold medium at heat exchanger output 8, . .

ot R et o A <y

In determining the components of the heat exchanger transfer
fnetions

’ - “’mu‘ Y a;‘ul
Wp)=322l) and w.(p)=uall .

we make the following ordinary assumptions.
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Let :us assume that: thée physical ¢onstants of the working
médium are constant; theré 18 no temperatire gradient o veloeity
gradient in the-héat éxchanger .séctions, and there 1s no. heat
exchange along the axis: of :the heéat exchanger: Weé shall furthep
assume that the heat exchanger is insulated and: heat 1s transférped
from the hot médium to the ¢old through & dividing wall. Also we
assume that the. heat .exchange coefficients in. the transient
processes Keep their values equal to thé valués during statie
regimes and' do not depend:.on ¢oordinates. Let us disrégard the
thernal inertia of thé medium in the heat exchanger channels. We
:shail examiné«a~31ngie éiménsioﬁai pfébiém'(thé axrs of thé co-

TR <R, Y I R 5 NS R o
St e RO e S
v < i

o
AT

\
A
)
B
f
.
=

it
D Nl e G

Under these qond;tiong,_rgn tng heat exchanger element ‘We can set
up the following system :of -équations for thermal baldnces:

M, (33— 0
%"! =, (8 --6.)“{‘ %3 (By 8,
-.%a?‘ =§ll‘ (og hand &3)! .

where R' ~a!- Ry = 0?'— _1:';’&'. "% m&.

»
2oty

b < '
R e~ A

ﬁére 6,5 62, 03 are the temperatures of the hot medium, cold
mediuym, and dividing wall, respectively; x - relative coordinate

g

% . (0 < x<1); G - flow rate of medium; F - heat exchange surface;
i o - heat exchange factor; @; - weight of dividing wall; C -
? specific heat capacity of medium; 03 - specific heat capacity of

wall material. Subscript 1 corresponds to the hot medium and
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‘when. x.

when x &

subseript’2 £6 the cold. .Applying the Laplace transform relative.
- to: the variable € at zéro: 1nitial conditionst 83 (%, 0) =05

8, (x, 0) =05 b5 i(x; 0):% 0 and -~e.1§<¢:1f@§‘ih\gf{ & %y )5 we findi

~

e )= by lx; PV AP

'z;lr%%’!-" 3% 3,07 (. P)1"3~“~(x 2)i

. where

 Next we agg};y the Laplacé transform Arela;;ﬁié to the variable

& under thée following boundary conditions:

0

D g (’-) -,-:-—-,—,1'; (0' P).

L
ot

D (0 === 05(1; P
o (Se= AN D0, P). T _ BMI0:p) o
b (S Py = TR AR RS a)s-mm n

Fulfilling the Laplace réverse trangform; we obtain unknown
transfer functions:
N WY (. T~ ) M
W ‘(l’) ,(o P) cs.(s' Bg)*f"(l; ,l) (1)

. _ %00, p) R Tk N
,W;(")" LA~ (s B)en ~(sy+ By ° (2)

where s, and s, are the roots of thé ¢haracteristic equation:

(A, — Bj)s = A8, + ABy =0
Bz [ BAR LA B, - AB,.

$12
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Tt. ean be ‘shown that the tPansfer functions do~ fot.-change
under nonzero 1nitia1 conditions if ‘We- consiuer deviat*ons of

temperatures from;their values during the studied ‘heat exchange
degime. '

With the ‘ald of the. teansfer functions obtalned we -¢an dé=
termine- the output :parameter- of the heat exchanger 929ux(t) under

various disturbing effects 6 (t) and °2ax(t) However, finding

4§ V??y difficglt @§ is the~u§e Of the dynqmic«pharecteristics
obtained during the modeling .of the transierit processes of the

heat. exchanger. In order to-obfain the ordinary transferfunctions:

of the heat -exchanger; we shall approximate expressions: (1) -and
(2) of a. transfer function: of the simplest kind:

rp =k
)’

W“ (p) =

Thé parametérs -of this approximaté transfér funétion are
found under-the ¢ondition that W (p) is equal to its exact value
W" (p) at extreme valués of p afd that the linear integral
evaluations are equal to the exact and approximate transfer
function, i.e., from the followirg relationships:

we (op) sj\V"(@)&
W“ (p)= ‘V'(P). (3)

[2

LW Pll-o = W Plp-oe

Performing the necessary transformations according to

equalities (3), we obtain approximate transfer functions of a
counterflow heat exchanger:

Wy(p) = Sl _-,=——,,," ()

V PLIT) "’*‘
WAP)--".-.,-;% 'f, (5)
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Thé parameters of the transfér functions W, (p) and W,(p) are
found from the following relationships:
—. Br(ed=1)  __ kN —N; .
TTAr = gee™ T VT Bt 1)’

o }
b, = ...__5.?___? i Ty= q‘:’""Tﬁ; ' .

2040~ B,"e"') No = 5N,
(k= e~ ") (A"~ Bye®ip?

Here

Cawa L L Tl 0= A.0.1 RO
Aom s BO=SHG st = AR BN

V‘ .7-3— 'lq'lm : A’ i -_‘I': : _.r_) 7.\7)‘-4' 11!. (1, + 7»3)’
FCEE A P O X

Nyz= o (L es') - (N — N Bfe* — (N + Nz)Bs ;

7« -+ 7-;)2

Mo (N 5 N A0 65+ (N = Vo) (14 B = 2o (1 = en).

. The approximatce transfer functions obtained have been
1 evaluated .on a heat exchanger of the GTK-10 gas turbine type.

An experiment for taking the amplitude~phase frequency
characteristics of a GTK-10 heat exchanger was carried out while .
it was operating in the gas turbine cycle. Therefore, from the
experiment we could obtain the total frequency characteristic of
“nhe heat exchanger during the simultaneous action of two dis-
turbances: with respect to elax and eQéx‘

The constants of the heat exchanger in the studied GTU
operating regime had the following values: k; = 3.15; «k, = 46.9 v
1/hg Ky = 53.3 1/h; Ky = 3.90.

In determining the constants, the heat exchange factors a,
and dz were found by calculations, using the values for the heat
traznsfer factor of the- heat exchanger obtained from the experiment.
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For thé studied operating regime, the following approximate
transfer functions were obtained for the heat éxchanger:

, .. 0€e3 | Y o S0i0p - 0337
Wilp)s=qgpors Well) =g 37—

Figures 2 and 3 present the calculated values for the
amplitude-phase characteristics of the heat exchanger wl(im) and
wé‘iw),,plotted.on the basis of exact and .approximate transfer
functions. As 1s apparent from the graph, the obtained approximate
dynamic characteristics of the heat exchanger, in spite of their
simple form, enable us to indiéate very precisely thé dynamics of
the processes in a wide rangé of fréquencies. Figure 4 illustrates
the total frequency characteristics of the heat exchanger, obtained
with the aid of expression

W dw) = W (i) 5 .‘.‘."‘ :““‘,’, W, ().

1] I‘.|~'

| w=Qr¢padcex

e:&v ‘

“ w-b%lépaiﬁu

\ 11T
A«u.qmmam TTTT ;..,/w_am”p”/m

\\ weqoiszpatien || \ /’ dw-oooarypaa/m

S --- \ "
) N I Lo, A w-aoodwpallan
13 —< =

S~ T S S o
wag 00978pad/m

év . a 92 03 o4 ‘0,5 Q&.rJ‘ZU
- ’w-o

02

Fig. 2. Amplitude~phase characteristics with
respect to the temperature of the cold medium

at heat exchanger output and the temperature of
the hot medium at input, with constant temperature
of the incoming cold medium:

c] Calculation according to transfer function
w (p), formula (1); A - Calculation according to

transfer function W% (p), formula (4).
DESIGNATION: pad/cik = rad/s.
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Fig: 3. Amplitude-phase characteristics with respect to the
temperature of the cold medium at heat exchanger output and
the temperature of the cold médium at input with constant
temperature for the incoming hot medium: )

0 - Calculation according to transfer function ~wg (p),
formula (2); A - Calculation according to transfer function i
wg (p), formula (5). [pad/cex = rad/s]

0 O 82 03 04 05 06 07
‘VL w =044 padloex ]
) :
012 w=0,06¢2padicex do 1l
AN : . P S o
| —_—(wb wegrigia e | o welcaaizal e }é‘
§ B ’ L ) ! o «GC319padisen La,
a3 N . b e A
\.\ S CISEpusleen
\“’1 - 7 1
A
o1 o\\ //
: \A%.__;,.J’ R y
| | - w=0,00973 zadlc ' ,
L] g I d . i
; q:_.L... R — 4 N " Ioea

. Rig. 4. Amplitude-phase characteristics with respect to the
* temperature cf the cold medium at GTK-10 heat exchanger out-
put and the temperature of the hot medium at input: gl

0 - Experiment; O - Calculation according to transfer functions
‘d'{ (p) and wg (p); & - Calculation according to transfer
functions wi‘ (p) and wg (p). [pad/cen = rad/s]
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The experiméntal frequency characteristic 1s also .présented
there.. As follows from the graph, a good correspondencé between
caleculated and experimental frequency characteristics i1s obtained.
Thé values of exact and approximate frequency characteristics also
agree well in the examined frequency range.

The results obtained indicate that the simple approximate
transfér functions founhd can be used for detérmining the transient
procésses of heat .exchangers.
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THE SIMULATION OF WEAK GRAVITATIONAL
FIELDS FOR STUDYING HEAT EXCHANGE
DURING BO1LING!

B. I. Verkin, Yu. A. Kirichenko,
M. L. Dolgoiy, I. V. Lipatov,
and A. I. Charkin

Abbreviations
n - lift, bubble, flow
¢ - cohesion
v - inertia
otp - detached
Kp - critical
npea - limiting

n up - critical flux

The study of heat exchange processes in weak gravitational
fields, the processes of boiling in particular, 1s a timely study

in connection with the development of new fields of engineering.

Conditions of weightlessness and reduced gravitation (for
studying hydrostatic and heat exchange phenomena, etc.) are usually o

'p. 8. Chernyakov and V. L. Polunin also participated in

this work.
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accomplished in laboratories on installations equipped with
containers freely falling under the effect of gravity [1, 2]. The
main disadvantage of this type of installiation is the extremely
brief testing time, several séconds in the best of cases. Under
these conditions it is very difficult to study procesSes occurring
in liquids or in two-phase media, which réquire someé stabilization
in time, for example, heat exchange processes during boiling.

In the Low Temperature Physical Enginéering Institute of the
Academy of Sciences, USSR, methods have been devéloped for
simulating the conditions of weightlessness and weak gravitational
fields, making it possible to perform an experiment for as long
a time period as désirable:

— simulation with the aid of a two-dimensional layer of
1iguid in thin containers and narrow slits;

— simulation with the aild of forces acting on a liquid
magnet in a nonuniform magnetic fileld.

1. SIMULATING WEAK GRAVITATIONAL
FIELDS WITH TWO-DIMENSIONAL THIN
CONTAINERS!

In the rather thin layer of liquid (or liquid-gas, liquid-
vapor system) located in a narrow inclined slot, only the com-
ponent of gravity directed along the slot will affeet the hydro-
dynamics and heat exchange processes. In this case, in thin slots
we can simulate the conditions of weak gravitational fields for
processes occurring in them where the simulated acceleration of
gravity g will be equal to (Fig. 1):

g =g,sineg, ’ (1)

where 8, = 9.81 m/82 is the normal acceleration of gravity; ¢ 1s
the angle of slot slope to the plane of the earth's surface.

'!Phis method of simulation was proposed by A. D. Myshkis and
Yu. A. Kirichenko.
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2zl ie o TN SR 2 ETT) Pig. 1. Simulation of weak
AT il T 2 | gravitational fields in thin
L~ L e _,Tffﬁ - containers:
;;!"T"gf"'SBW"JjﬁIZLQZEETh;,«4-,an ~ Lift, acting on the bubble;
(7 ; -
- e % - A 2 *
. ,ﬂ¢2;;2;~k . . FC. Cohe;ive force betwéén
4252225/ bubb}e apd wa}l;‘FD - Drag of
) e liquid; ¥ =~ Inertia; F, -
s 14 6 » f

Surfacé tension.

it is corivenient to conduct siich studiés in thin containers
with transparent waills.

If the detached diameter of the bubble D, is compared with
the distance between the side walls“of theé container § so that

Dy=i; (2)

and the bubble touchés the side walls at the moment of detachment,
only the component of 1lift directed along the container will affect
it. If tests are made with a heater (for example, a resistance
heater), located an equal distance from the walls of the slot, the
following conditions must be fulfilled:

‘Do>-;—. (3)

For a correct study of bolling under simulation conditions
it 1s necessary that the forces acting on the bubble be elther ;
the same as during bolling in a large volume for a weak gravita-
tional field equivalent to that simulated or be small as ccmpared

with the simulated lift. .
The following forces will act on the bubble at the moment of
its detachment from the heater (see Fig, 1): 1lift F_, inertia of .
the liquid FH, surface tension Fd’ drag FD, surface adhesion
between the bubble and the wall of the slot FC. To evaluate the i
|
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applicability of thé method, wé shall find the ratio of forces
P Fes F, and F_ to 1ift F_:

v 1 ? .;_FC . ;_FD’
m= = n~="-;', "4—'7-";!'- I?‘"-;*' (%)

We can see that when condition (3) 1is fulfilled, the forces
acting on tne bubble will have the following orders:

o AnR . , Ty 3.
W~ Fi~8Rs Fp~ ERM,

27“ ot

Fo~ 4zR5(1 — cost);- ) (5)

4 .
Fo~ 3 7RMg,sing,

where p is the denéity of the liquid; Ty is the time interval
from the moment of bubble generation to its detachment; RO is the
detached radius of the bubblej; ¢ is the coefficient of surface
tension; v is the kinématic viscosity of the liquid; y is the
contact angle.

We shall designate 1n terms of Rn and Tn the detached
diameter of the bubble and the time interval beétween bubble gen-
eration and its detachment at g = Bn» using the dependence of

v '
R, on the acceleration of gravity [3]: 1ﬁ==(£) 83, assuming the
0 Ry &

detachment time Tgs in accordance with the formula of Pleset and

: 2
Zwick from [4], to be tTy=1 (2%) %} we obtain from (5):

3R, 63
n o n o H, — .
LT gm0 Raga (gl
Io= 3:{1 —cosy) . = v (6)
3T ANiga sing¥” ' SR,,-.,;gn(sinq)'"

The first two expressions in (6) in order are the same as in
a large volume [5] (assuming g = 8n sin ¢) and are not needed in
the evaluation. To evaluate n3 and ﬂu we assume Rorp = §/4. This
is valid for the evaluation calculations of slots with a thickness
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0! suveral millimeters osince the detached diametors of bubhbles in
n lurge volume for the working flulds we used (ether and water),

according to publimhed data [6) and thoe results of our test, are

on the order of one millimeter and more. The detachment time was
snlenlated from the formuln presented in reference [4].

Olven the values of the corresponding physical quantities and
aasguming R, = 0.5 mm which corresponds to § = 2 mm, we obtain from
" conditlion 03 < 1 for ether and water on glass sin ¢ < 10"3 and

sin ¢ < 10'", respectively. The contact angle for ether is assumed
to be y = 5° and for water y = 1°, Evaluations obtained from
condition N, < 1 give even smaller values for ne=g/g, = sin ¢.
Thug, on thin slots the simulation of weak gravitational fielde
durling goiling is possible up %o overloading! on the order of

nows 107,

Experiments were made in thin transparent containers with a
clearance width of 1.2-3 mm on ethyl ether, ethyl alcohol, and
water. We studied the boiling crisis, as well as heat exchange
during nucleate and film bolling on platinum ?esistance heaters
0.05-0.3 mm in diameter, located in the middle of the container
and equal distance from ite side surfaces. The heater served, at
the same time, as a resistance thermometer. The container was
rlaced in a thermostat in which constant temperature was maintained,
near the saturation temperature of the studiec liquid. Data on
critical thermal fluxes are presented in Table 1 and on Fig. 2,
where thg golid line indicates the relationship q“p/q,.I Kp
= (g/g”) ) 5. Each point on Fig. 2 and in Table 1 13 an average
value of tnree measurements. Based on the results of approximately
five hundred measurements of critical thermal fluxes in %he
overload interval 0 < n < 1, the foilowing relationship was found
Ly the method nf least squares:

L

-

Ithe ratio of the simulated acceleration to the normal
acceleration of gravity (n = g/gn) will be called the "overload."
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qo.;' _'i-‘ll- i ({T).o & = 0‘26 = 0'01' (7)

Tak;ng into account the earlier méasureéements made on nonthermo-
stated containers (approximately 1000 méasurements in all)

k0243 £ 0,01 (8)
122800, . e . . S . ‘
. " [ ] N . ~o“ %
) I N P A . [
L e B S g o ==
: . 5 /.': ot ]
- l | g,f*/ Al
~ 1 * i —4 P
! ° STe b
el - °z.:~_/..,4.!3 - .
1S N N
, 'Y ’éo;‘.
) . N 2 4 -
? { ’r ? o
8 4
3 "
8- ...?F:’.;.' f?.t-c e
/{éc 1
‘2.0 [-)
G b
e
ol
3
0.2;.3
0 a1 q2 73 o s 6 07 08 99 T2

9194

Fig. 2. Critical thermal flux versus modeled
acceleration of gravity:

0 - Ether in thin containers; 0o - Alcohol in thin
containers; A - Water in thin contalners; 0 - Oxygen
in a magnetic field.

Thus, the obtained dependence of critical thermal fluxes on

the acceleration of gravivy agrees well with the familiar
Kutateladze~Borishanskiy-2Zubr relationships of the hydrodynamic
theory of crises.
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Pable 1. 2
containers on platinum heaters.

Critical thermal flux in thermostated

N Sul , H b ; 1AL 7 A -3 ‘ -3
- ‘I;‘i.v:.;’:a'nnh\fwlcau sKivawocn, | st 1070 | Guap 1075 q—?" [
nn A i o M2 am u? Qaxp
(33 i2) oy i) W) 4
oS 0,65 Y5)3¢up 4,50 1,54 0,3 | 0,23
21 2 0,03 up 1,13 2,47 0.5 | 0:23
31 2 0,65 Sditp 3,66 1,61 044 | 0.2
4] 2 0,15 3gisp 3,44 1,51 | .044 | 028
5| 2 0,15 3mp 3,80 10,97 0,26 | 02
6| 3 0,05 3pup 4,91 2,20 | 045 | 0,285
7| 3 0,05 3dup 3,8¢ 2,04 0,53 | 0,26
§] 3 0,15 dup 4,10 0,97 0,24 | 0,29
9| 3 0,15 2bup 3,9 1,21 0:37 { 0,27
0] 2 01 [Ocupi 7.40 4,1 0,5 | 0,2
ni 2 0,1 Cripr 6,15 2,74 0,44 | 0,25
12 3 0,15 Crutpt 5,37 1,51 0,28 | 0,28
13] 3 0,15 Crepr 5,36 1,68 0,31 | 0,3
H¥] 12 0,1 {7 Boza 4,4 1,61 0,37 | 0,29
151 2,0 01 ‘Bésa 4,95 1,97 0,40 | 0,28
16| 2.4 0,1 Boaa 5,55 1,78 0,32 { 0,2%
17| 1,8 0,3 Boaa 5,40 1,59 0,30 | 0,3
18] 2,4 0.3 Boaa 5,97 2,12 0,35 | 0,29
19 3,0 0,3 Boaa 5,95 2,03 0,34 | 0,%
. 20( 1,8 0.1 Boaa 4,75 1,8 0,38 | 0,30

KEY: (1) Clcarance thickness, mmy (2) Heater diameter,

mm; (3) Liquid; (4) W/m2; (5) Ether; (6) Alcohol;
(7) Water.

In the case of an underheated liquid, when condition (3) is
nnt fulfilled, the index k in our tests was considerably less
thar 0,25,

The average value for relative crltical thermal fluxes during
welghtlessness is
J0R.2038 = 0,02, (9)

Fuxp

mid, taking into account the measurements in a nonthermostated
vontainer, is

Jorp 220,36 = C,01.
Inxp ( 10 )
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Table 2. Nucleate boiling in thermostated containers.

. aTH - i . i

£ %;"': ;'1:'1”“-‘?38 7KIUIKOCTH g-1077, Af“' (Ac""w-‘f ) :‘n)-l?"‘, 3(m| n ' %?

2 .sa::?x‘:a 1:3:, (3) am[\.u’-' :pa.r) em x2-2pad :pgo smjuipad | a, t

Sl RO LALI S Fhog (st b ey dshl  (6) ‘

1{ 3 | 015 y Cupr [ 1,60 |24,5{ 0,667 [22,2; 0,71 }1,03 ﬂo,ozg ‘ :
e 21 3 0.15 | Cunpr |0.762{19,7| 035 |18,7] 0,37 11,050,018
A 3} 2 0,15 [8Baup 1059 | 7.7] 0,7 69" 086 [i,12 ‘o,iua
‘ 412 ) 005 | 3gup | 181 1250] 073 249 073 [1,080,17
’ 51 3 0,05 | 3pup |229 ]50,3] 057 _ [39,9] 0,57 11,0010,17
. 6{ 3 | 0,05 | Spup 1,67 [59,30 0;43 [37.3] 0,45 [1,08 0,17
7] 3 055 | 3¢up |1,9 40,2 048 28,6 0,49 1,020,107
813 | 005 | 3¢up | 132|315 042 |20 o043 1,08 'o;u’
9! 3 0.05 | 3dpup 2,02 [2,3]. 069 |308] 065 [0,9460,17
10] 1,51 0.05 | 3pup 0,98 {2241 0,44 o8] 045 N2 l(:.1‘7‘
o u|l 15 0,5 | 3pup |1,42 23‘,4“ 06 |24 063 1,04 lo.n

KEY: (1) Clearance size, mm; (2) Heater diameter,

mm3 (3) Liquid; (4) W/mz; (5) Deg; (6) W/m2'deg;
(7) Alcohol; (8) Ether.

Tests were made on heat exchange ‘during nucleate boiling in-
the overload range 0.02 ¥ n < 1. Certain data on nucleate boiling
; (;1 sets of measurements, 3 series each with 7 measSurements in
i } each series) are presented in Table 2. The heat transfer fzctor ‘ L
‘ o during nucleate boiling with a reductlon in the simulated

: gravitational field increéases somewhat. This relationship,
: calculated by the method of least squares based on the results of
. ; more than 200 separate measurements, has the form:
i .
! © 21,0005, 002< £ <], (11)
%a . &n S8 .

where an = o when n = 1.

é With weak gravitational fields near weightlessness, we can
: not fix the region of developed nucleate boiling; following the
beginning of vaporization, crisis sets in.

For film boiling the following relationship 1is obtained:

2 =.,(.g_)" (k=018:200% 003<£ <), (12)

%a 8a
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The index k in relationship (12) is less. ‘than the expected
0.25-0.3, obviously, because of the heat transfer through the

1.
be

it

1ya2ll of the container and convective heat exchahée‘in the liquid
and in the vapor, which does not correspord. to- simulation con-

ditlons. Relationship (12) can be considered: the upper boundary
of the heai transfer factors during film boiling in the studied

range of acceleration.

Pigure 3 presents motion picture frames of the boiling
srocess on a thin wire in the contadner, located at anglés 0°
(n = 0), Pig. 3a, 3b, 3e; 20° (n.~ 0.35), Fig. 3d; 90° (n = 1),
¥ig. 3b. There is an apparent tendency for the vapor bubbles to

increase and merge durding a drop in the ovérloading.

Under weightlessness simulation conditions the growing. bubbles’
in the boiling process merge into one vapor--cavity covering the
entire heater.

The same pattern 1s al;g»observed during the bciling of
liquid oxygen in a nonuniform magnetic field when simulating low
pverloads.,

THE MODELING OF WEAK GRAVITATIONAL
FIELDS WITH THE AID OF FORCES
ACTING ON A PARAMAGNETIC LIQUID

IN A NONUNIFORM MAGNETIC FIELD

This method lnvolves placing a paramagnetic liquid (liquid. -
oxygen) in a constant nonunilurm magnetic field of such’con-
figuration that on each elementary volume of the liquid there acts
a force directed against the force of gravity and fully (welght-
lessness) or partlally (weak gravitational field) compensates for
it.

If Gn = pgnv is the force of gravity, V is the volume of

tiquid, ¥ is the force acting on the liquid in the magnetic fleld,
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Fig. 34
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Fig. 3e. The bolling process in a
contalner with various simulated
overloads.

then
n=g 1+5-. | "L'Vpg. . (13)

We can see, 'using [7], that for a liquid magnet in a uniform
magnetic field

1
n=1-——2z;y_|gradﬂ’l. (14)

o where H 1s the intensity of the magnetic field and x is the
specific magnetic susceptibility.

This method 1s accomplished in the interpolar vertical
‘ clearance of an electromagnet with the diameter of the terminals
200 mm and maximum field intenslity approximately 10“ Oe. The !

polar terminals were designed according to a method similar to

t71.

The profile of the polar terminals is presented in Fig. 4
/ where the dashes indicate the calculated configuration of the
terminals, and Xgs 2q are the cutoff points of the terminal

235

P s e i

. .
oy




PO

R S o Wi o
N

proffile, A constant force compensating the force of gravity acts
in the plane of symmetry of the términals (XY). The volume of
the liquid magnet bounded by coordinates =29, +21, X1s Xo» and y
will be affected by the unstudied vertical components of the
compensating force, equivalent to relative overload:

VR VAP | LI
-E;‘- ..A'h“’-h (x; +x32)2 ° (15)

An evaluation of all errors connected with accomplishing the
method shows that it is possible to simulate weak gravitational

fields with forces acting on a liquid paramagnet with an accuracy
to at least £0.01 B*

Fig. 4. Profile of polar
terminals of a magnet for
simulating weak gravitational
flelds.

0 2 ' 'z

The overload for vapor n, during the simulated overload for
liquid can be expressed by the formula:

nn‘—=:'l‘:‘(l“”)‘|?i“:,¢‘ 'In;"l, }o (16)

where K and K, are the specific magnetic susceptibilities of
iiquid and vaper, respectively. The quantity n. differs insub-
stantiaily from n. In the case of weightlessness for liquid
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oxygen n = 0, while n_ = 2.1073,

The most reliable method of checking weightlessness for
boiling is the neutral equilibrium of a vapor bubble in the
studied region of 1liquid Since in order to simulaté the boiling
process during weightlessness, it is obviously essential to ensure
the weightless ¢onditions for vapor bubbles.

In studying heat exchange there will be additional errors
caused by the depéndencé of magnetic susceptibility on temperature
and the appearancé of thermomagnetic convection.

The upper limit of simulation in a study of boiling can be
found from the relationship:

nnpu>‘fi': 6'%:7' ‘ (17)

where T is the average volume temperature of liquid; 6 represents
the Curie-Weiss points; Vo 1s the volume of the vapor bubble;
Via is the volume between the bubble surfaces and the heater.

For 11quid okygen when At = 10 deg n. .. = 1073, Thus, the
presence of thermomagnetliec convection does not obstruct the study
of heat exchange during boiling. However, thermomagnetic con-
vection makes it Iimpossible to study convective heat exchange with
the chosen method of simulating weak gravitational flelds. The
relationship between the heat transfer factors for thermomagnepic
A and thermal %q convections can be written for liquid oxygen in

the form:

a0 =2 (t5m ). (18)

If we assume that the study of thermal convectlon is possible
when aqp > ay, this gives the evaluation of limiting overload at
which it is possible to study thermal convections: n > 0.6.
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Boiling was studied in a glass Dewar vessel with an internal
diameter of 14 mm, placed in the vertical clearance of the magnet
on platinum résistance heaters with a diameter of 0.05 and 0.1 mm.
The heat transfer factor vérsus thermal flux for various overloads
(n =1, 0.64, 0.5, 0.3, 0.1, 0.05, 0.04, 0.02, 0.061, 0) was
studied. Data on boiling are presented in Table 3; some of the
boiling curves are given in Fig. 5a and 5b. In addition, critical
thermal flux versus the acceleration of gravity was studied (see
Fig. 2). The dependencé of the heat transfer factor on q,
corresponding to ¢onvective heat exchange (see Fig. 5), as in-
dicated above, 1s caused by thermomagnetic convection. In the
area of film boiling there is also observed an anomalous dependence
of a on q, which is apparently connected with the limited di-
mensions of the working vessel in which the study was made. For
the area of nucleate bolling, which is simulated correctly, we
can arrive at certain conclusions relative to the dependence of «
on g and a on q in the reglon of weak gravitational fields. From
Table 3, which presents data on heat transfer factors for devel-
oped nucleate bolling, reduc:d to flow q = u.lo" W/m2 and the
exponent k for relationship a = Aqk, it is apparent that in weak
gravitational fields for developed nucleate bolling the followlng
relationship occurs:

2 == Ag™T, (19)

agreeing with the relationship obtained under normal conditions.

Concerning the heat transfer factor during nucleate boiling
under conditions of weak gravitational fields (0.02 < n < 1), we
can only state that it 1s not less than under normal conditions.
Boiling curves (see Fig. 5) indicate the constriction of the
nucleate boiling reglons with a decrease in overload. When n = 0
there 1s virtually no region of nucleate boiling.

The dependence of critical thermal flux on g was found in the
f'orm

Goo=Gu(Z)
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Table 3. Parameters of the
nucleate boiling of liquid
oxygen under conditions Ny
imitating weak gravitational
fields 1n a nonuniform mag- :
netic field.

——

] W
n ' 210 -I-ntd—e-g“ k V
0,02 4,5¢ 0,7
0,043 3.9 10,88
0,05 3.9 0,86
0,1 4,2 0,84 )
0,3 4,6 | os8
0.5 4,1 1 0,75
0,64 © 4,2 0,79
1 3,7 0,8

¥The value of o corresponds to
the moment of crisis during a

thermal flux of 3,8-10" w/me.

o, W/ma'de; a) o, w/ma'deg b) .-
At 4 o n=002 |
#H 5 p |
g S ® 2 e ,\
‘ 3 0 ° \
o A
[ ] X
Iﬂ; o P
4 ." I 1 "’;
o 'M@ 'y ) Ly 'O'\,\ ned
2 —e* , Uy
mJ ¢ [ Y
g L - ¢ ”‘\w—o" B
4 2
’Mb3; 4680077 4 68007 ”%’a €631 2 < 58K% 2 460
. [ W/m q I’/m

Fig. 5. Curves representing the boliling of liquid
oxygen under conditlons of weak gravitational flelds
simulated in a nonuniform magnetic field.
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in the range 0.0l < n < 1. The limiting average value of relative

critical thermal flux when .g = 0 is qQ, “p/qn wp = 0.26 + 0.01.
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| Fig. 6. Critical thermal flux versus
the acceleration of gravity based on
data from various authors:
0 - Ether in thin container; A - Oxygen
in a magnetic fleld; M - Based on data
from Mert and Clark [8]; O~ Usyskin
and Zigel' [3]; 4 - Lyon [9].

s \ 2%
Figure 6 illustrates the relationship qu=daw (%) and the

experimental points obtained by various authors [3, 8, 9] including
the data from our work. Data of Mert and Clark [8], who conducted
a very careful study of the bolling of nitrogen from a copper
sphere in a falling contaliner, has the best agreement with our
dependence of qu on g in the overload range 0.03 < n < 1. The
¢levated values of qu, found by Usyskin and Zigel' [3] during
boiling on thin wires in water also in a falling container
cbviously are explained by the insufficient purity of the weak
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gravitational fields and the short testing time. Lyon and
colleagues [9], who conducted tests with the simulation of low
overlozds according to a methodology similar to ours in a magnetic
fieid of a solenoid, also obtained very eléevated results in the
region of weak gravitational fields. It is possible that intense
thermomagnetic convections, caused by the very large surface of
the heater, affected the results in reference [9].

Concluasions

1. Methods were developed for simulating weightléssness and
weak gravitational fields for studying the process of boiling in
the overload range 0.01 < n < 1,

2. The relationship between critical thermal flux and the
acceleration of gravity was found:
-— g O,ﬁ. ’
T =up(£)™: 001 < £ <1,
and it agrees well with the familiar theoretical Xutateladze-
Borishanskiy-Zuber relationship (10, 111.

3. According to two methods, the limiting average value of
critical thermal flux when g = 0 was found:
o 0,30 + 0,05,
Tnnp . ‘
In the experiments we observed considerably lower values for
limiting critical thermgl filux (0.18 q, Hp~0.2 a, Hp).
i, We have shown that the value of the heat transfer factors
during nucleate boiling under conditions of weak gravitational

fields is no lower than 1t is under normal condiv..ms.

5. It was found that the dependence of the heat transfer
factor during nucleate boiling on the thermal load under con-
ditions of weak gravitatlonal fields remains the same as during
normal gravitation. '
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¢ i 6. With extremély weak gravitational flelds (g s 0) there is

virtually no region of nucleate boiling and after boiling begins
erisis sets in.

Loty i teclniiiian G-t

-

7. During boiling in weightless conditions there is a ~

tendency toward the formation of a single bubble which surrounds
the heater.

T

(2]

BIBLIOGRAPHY

L 1. Henecomoets. -@stsucckiie aaciing- u-6uoaoriveckie sdpdekin. Mox pel. 3. Beéne-
' ankr: M., #3a. «Maps, 1964, ] L . .
2. Unterberg W, Congelliere J. ARS Journal; 32,.1962, M 6, 862. |
3 Veuckun C, 3ureav P, icnepuventaibhoe . iecar1oBaniie npouecca Kine
nUA B YcaoDHAX yMembuicnnoll u uwylesofi ipasntatm. C6.: «Hesecomocts, Ouanveckie
#BaCHNA 11 Gitodoraveckite shpekTaa. M, 133, eMup», 1964 )
4. Crpenr I, Opeaa A, Yscryorep O .\iux{mcxommecxoe nayvenne ;
pocta_nysups rpu kunenni, - CG.. «Bonpocw duanki kuncunas, M., 1sx. eMups, 1964,
] 5 AxeasvlBepr M, Gopcrep K. Baunwne rpasuraitun Ha tenionepelany npu ’
i
1
t

——

ayauperosoy kuncinn, C6.: «Hesecomoctb, ®ustiueckite ssaenstr M Gnoaoruyeckne 3¢-
derts. M, 131, «Mips, 1964,

6. Bonpucw manzn kinciing, .M., 131, «Miups, 1964, )
I‘HTT7.;I'113 5n7 aay JL 4, Nudwnu E. M «Saextponnamixa cniownux cpeas, M,

8 Mept, Kaapk. «Tpyau Asepukanckoro-ofiuectsa nimenepos-mexaniuxos. C. C.
tenaonepeaavas, 83, 1961, Ne'3; 3.

A LyonD. N,Jones M.C,RifterG.Z,Chiladacis’C.J,KoskyP. G,

AIChE Jourual, 11, 1965, Ne 5, 773,

10. Gopnwanckund B."M. KT, 2, 1956, .

1. Kyrareaaase C. C. Has. AH CCCP, cep. csueprmma». 11, 1950.

I o LS e e SA—

'
%
*
7
* '
: L
3
¥
3
t l
. .
L

242

i o B TV -

.
N e LT nd
R ow ~ ' o g Al




-

B il o P RR T - o

RRORE

» B o

SECTION IT

-
R ot

THE HYDRAULICS OF TWO-PHASE FLOW

FLOW PULSATIONS IN TYPES OF STEAM
BOILERS

0., M. Baldina, V. G. Zinkevich,
R. I. Kalinin, and V. B. Khabénskly

Abbreviations

aH - economizer
nap - steam

Bx - lnput
BHIX - output

A - dynamics
MuH - minimum

8H = internal

Untll recently test data on stabllity conditions for
evaporating parallel flows have been represented in parametric
form [1, 2, 3] and made it possible to determine the necessary
throttling of boiler pipes only for a heating surface similar to
that studled with respect to components and thermal ccnditions.
In the general case, it is very difficult to determine the amount
of throttiing necessary or the amount of relative throttling I:

3P
=S ()

where ZAp:_)H is the sum of the pressure drop at the input unheated
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and economizer sections; }:I.\pna is the same at the evaporator,
reheater, and output unheated sections of the pipe. L

PR A e o< a4 2 N T

Figure 1 is a generalization of test data on the flow
stability boundary in a number of industrial and bench test in-

-

" stallations as a function of the value of mass velocity wy.

Certain qualitative regularities in the form of NI = f(wy) are
noticeable only at very low values for wy 300 kg/m2's, which are .
virtually never encountered in steam boilers. f

Attempts to use.other parameters for the purpose of gen-
eralization - pressure, thermal load, output vapor content, etc. -
also have not given posltive results. .Theoretical methods for
finding the boundaries of the stability region for the motion of
a medium in steam-generating pipe elements, based on the use of
the theory of automatic control [4], have not as yet reached: the ‘
level of engineering design. Available physlcal concepts have not
sufficiently explained. the phenomena observed.

For these reasons, a stand was bullt at the TsKTI [Central
Scientific Research, Planning'and Design Boiler and Turbine
Institute im, I. I. Polzunov] for studying pulsations in parallel
pipes at pressures up to 250 atm (abs.) [5]. The study of inter-
pipe pulsations on this stand included a study of the nature of
the phenomenon and the obtaining of experimental data in the little
studied region of high pressures and thermal loads. We studied
first two types of horizontal pipe bundles: one ol four stralght !
pipes @ 26 x 3 mm, each 7.5 m long, and one of three coils, each
27.5 m and with the same diameter. The pressure drop between the
input and output collectors of the pipes was kept constant by a
shunting system with a large cross section. The test pipes were (
heated by steam (p = 250 atm (abs.), t = 500-550°C), passing into
the furnaces along an annular clearance between the heated pipe
and the outer housing. The length of the heated section was: for
straight pipes 5.0 m and for coils 4 x 5.0 m. The stand operated §
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vwith a singlé-flow system and required up to 8 t/h_of water. Water
was supplied from a high-pressure pump (p = 300 atm (abs.)) with

a temperature of 100°C and was preheated in surface heat exchangers
before entering the test elements.

:” o R .
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" 4", A rerg s a )
12|—fgott——t— = 1 ,
‘0 . b - - -1 -4 -t - x - - ' - I
| IR EEEENE AN EE NN
- ‘j“ - Py i g »' v N K ] [
a4 R ﬂ;O’ 1 g e L & ¥x, . .
92 mefocnd 47'; R % X X% — 1%
RERE! Lt e :ag .
: TR =
o § ) i w’o kgf/m *s

Fig. 1. Test data on the stability boundary in
coordinate I - wy:

1 - Davidov's tests, boiler p = 100 atm (tech.);
2 - Kruzhilin's tests, boiler 200-35, p = 35 atm
(tech )3 3 - Semenovker's tests, boiler 200-35,

35 atm (tech.); U = Shmukler's tests, VTI
boiler, p = 60~-140 atm (tech.); 5 - Golovan's
tests, stand, coils @ 14, 15, and 17 mm, p = 15-50
atm (tech.); 6 - Serov and Lezin's tests, stand,
pipe @ 4 mm, p = 30-100 atm (tech.); 7 - Lavrenov's
tests stand, coils ¥ 13 mm, p = 20-50 atm (tech.);
8 - Valdina's tests, boiler OKG~100-2, p = 15-22
atm (tech.); 9 - Fedorov's tests, stand, pipe @

10 mm, p = 40-100 atm (tech.); 10 - Region of the
authors' tests, stand, coils @ 26 x 3, 28 x 4,

16 x 3, straight pipes @ 26 x 3 mm, p = 20-200
atm (tech.).

Horizontal coils @ 28 x 4 and 16 x 3 mm with dc electrical
heating from a GPN-550-750 transformer, 550 kW at a voltage of
85 V, and a vertical coil from pipes @ 26 x 3 mm, heated by steam,
were next installed on the stand [6]. Diagrams of these coils
are presented in Fig. 2. The horizontal coils were eac. 24.1 m
long and the heated sections 19.6 m each. The vertical coils
26.4 m long could be connected along systems of Il-, N-, and M-
shaped motion with the aid of the switching provided. Sections
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of each path were heated for a length of 5.0 m.

The pressure in the installation varied from 20 to 240 atm
(tech.). The average thermal loads were, with electrical heating,
3 < 400.103 keal/m®.h and, with steam heating, up to 600103
kcai/mzoh. Underheating before boiling at water input was
bty = 5-100 keal/kg: '

=G: xemian socmar - (1)
T aowmaxm wuingobed- (2)
0= coisyelas xameps  (3) -
= omigmneln-mpyony-  (4)

Fig. 2. Dilagram of experimental colls:

a - Horizontal @ 28 4 mmj; b - Vertical @ 26 3 mm.
KEY: (1) Throttle gate; (2) Conductor contact;

(3) Annular chamber; (4) Rod pipe.

Variable quantities - wéter flow rate at input, dynamic head
in several cross sections along the pipes, and pressure drops in
thelr sections - wvere establlshed by the N-700 oscillographs and
the single-flow EPP-09, whose signal was fed from sylphon sensors
through multichannel eleectronlic transformers deveioped at the
TsKTI,

Interpipe pulsatiuns were caused by a change in the parameters
of the TISW in the coils or by the degree of pipe throttling at
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input or output. The flow stability boundary in the studied pipes
was determined according to the moment of the sharp increase in
vibration amplitude: Several tests have been conducted near it,
beginning with stable and up to the appearance of developed pul-
sations. For example, the appearance of pulsations in horizontal
and vertical coils is presented in Fig. 3. The character of the
flow process did not depend upon the orientation of the pipes.
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Fig. 3. Develcopment of pulsations durihg a decrease in

flow rate:
a -~ Horizontal coil @ 16 x 3 mm, p = 119.8 atm (abs.),

qQ = 129,.1 x 103 kcal/mz-h, Aio = 13.9 kecal/kg; b -
Vertical 1ifting pipe, p = 119.3 atm (abs.), g = 389 x 103
keal/me+h, 81, = 84.7 keal/ke.
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In tests using the markings of a synchronizer, combined
diagrams were plotted showihg the variations in flow rate G, the
dynamic head of the flow on the evaporative part and at output
from tae coil D, and the pressure drop on its successive input,
heated, and output sections (8pg,» Bpq5 Ap,s Ap3, Apys 8p,,,) for
tests with pulsations (Fig. 4). The combined diagrams showed the
identity of the relationship for horizontal and vertical pipes.
The pressure drop and thé dynanic head of the flow on the water-
containing section always vary in opposite phase with the corre-
sponding quantities measured in the output sections of the coil.
In the middle section of the pipe thesé quantities, as a function
of the regime; tan have any character.

In stable regimes during the forced multiple variation of
flow rate, certain‘opposite-phase variations of dynamic heads at
input and output are also noted. However, with a large deviation
in flow rate at input the dynamic head at output finally changes
in the sume direction. With pressure near critical and beyond
critical all pressure drops on separate sections of the c¢conil
changed synchronously with the change in flow rate at input.

All these peculiarities of the variation in dynamic charact-
eristics of flow along & pipe in nonstatilonary conditions can be
explained if we consider the change in the per-weight capacity of
steam-generating pipes during fluctuatlons in thelr flow rate.
According to the equation for the preservation of matter, flow
rates at input G ard at pipe outpgt W are connected by relatlion-
ship:

G=w—22, (2)

<

where dB/dt is the change in the per-welght capacity of the pibe
in a unit of time. With suberitical pressure with any small
decrease in flow rate, the fractlion of space occupied by steam is
increased by 6G and the per-weight capacity of the pipe is
decreased by $B. This part of the per-weight capacity is removed
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4 from the pipe during transient process t. If the removal rate of
part of the per-weight capacity 1s assuméd constant, then
immediately after the disturbance the flow rate at output will be:

‘ W=G-0+2. (3)
‘89, atm. {abs.) ]
S ! T ]
f{ p,', N :, .
2'-_‘]_.l‘vl [ MNEENANT 10011 R
o NI G, ke/h.
) LK N - : NI
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Fig. 4. Combined diagrams showing variations of. flow
rate 1n separate sectlons and pressure drop in the
sections of a vertical N~shaped coil:

p = 96.5 atm (abs.); T = 345 105 keal/m®.h; A1, = 3

: kcal/kg; G - Flow rate at input; Dy, D, - the same at
the end of the first and third paths; Apax’ Apaux -
pressure drop at input and output of unheated sectlons;
Kbl, Aﬁz, Kp3 - the same on consecutive heated sections.
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If :jg-:>60. then flow rate at output in this period will be

greater than the initial quantity. In this case, pressure losses

in the steam-containing sections can increase by a greater quantity

than losses are reduced in the section before the start of boiling
il and the reduction in flow rate will continue.

A rise in the pressure drop in the water-containing section
increases flow stability. This condition 1s assumed to be
characterized by the coefficient of relative pipe throttling I,
determined by expression (1).
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Depending on the dynamic properties of the system, greatly
determined by the inconstancy of the filling of the evaporative
pip.s per unit weight, the necessary value for coefficient N can
vary over a wilde range. The inténsity of the variation in the
per-weight filling of pipes during a decrease in flow rate at
input can be characterized by the coefficient called the dynamic
coefficient of capaclty:

4B
B‘=7_G-?. (l‘)

A method for the approximate calculation of the dynamic
coefficient of capacity is proposed in [5, 6, T].

All test data obtained on the stand, concerning the stability
boundary of flow in coils, as well as test data from other studles,
were processed in coordinates @I - BA' A generallzed rrelationship
between the necessary relatlve throttling of the horizontal heated
pipes (ensuring the absence of interpipe pulsations in them) and
the dynamic properties of the progressing flow is presented in
Fig. 5. The region of stable regimes 1s above the limiting curve.
The uniqueness of the relationship is disturbed only at low mass
velocities wy < 500 kg/m2~s, which was approximately accounted
for by introducing a correctlion factor to the value of the necessary
relative pipe throttling, equal to the ratio of mass velocities
500/wy [7]i On Fig. 5 test points at wy < 500 kg/m2~s are plotted
with conversion of the relative throttling in reverse relationship.
It can be seen that the coordinate chosen made 1t possible to
connect the experimental data obtained on various types of test
installations and steam boilers under various flow parameters
considerably better than, for example, in Fig. 1.

This generalization was used in the new standards for
hydraulic design. The nomogram of the standards is presented in

Fig. 6. An evaluation of the necessary value for the relative
throttling of evaporative pipes nmuu’ which ensures the absence of
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Fig. 5. Generalization of test data on the stability
boundary in coordinates I - BA, (see Fig. 1 for designations).

intercoil pulsations, must be made for single-flow bollers at
minimum output, when the pressure of the medium in the evaporation
zone is minimum, and for boilers with multiple forced circulation,
at maximum. For pipes with an orientation other than horizontal,
the function of the standards can be applied when the fraction of
level pressure drop in them does not exceed 10-20% of the full

pressure drop.

A min

251

Fig. 6. Nomogram for deter-
mining the necessary relative
throttling of horizontal
pipes.
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With a conslderable fraction of the level component in the
total pressure drop and a strong throttling of flow &t input or
output sections, a .more successful generalization of test data is
possible in the coordinates II - BA - K [18], where

Ap,, +3ps + pm
k 3y, +sa (5)
3puy SPu; - pressure drops. in throttie devices at input and output .
from the pipes; Apr, ApBblx -~ the same in the input and output

unheated sectlonsg ApéH -.the same in the economizer section..

However, a further refinement of the standard .method of
determining the value of Il necessary for providing flow stability
in a system of boiler pipes 1is desirable with a more detailed
study of the effect of initial parameters on the stability boundary
and the mechanism of the nonstationary process in a steam-generating
pilpe. Nevertheless, an experimental determination of the propa-
gation of a disturbance along a pipe, the rate of change in the
mass capacity in its separate sections, the role played by the
heat-retaining metal of the power pipe, and other questions is
extremely difficult and, in a number of cases, impossible. 1In
order to clarify these problems and the effect on the stability
boundary of individual parameters, a method of mathematical
modeling was used.

A mathematical model describing a process is a system of
equations in partial derivatives, expressing the laws of conser-
vation of energy, mass, and momentum in single-phase and two-phase
flows and the heat conductivity equation for the metal of the
pipe.

Considerable attention was given to the selection of the
experimental relationships necessary for completing the basic
differential equations since they have a. substantlal effect on the
course of the nonstationary process. For example, for the pressure
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steam content a formula was used which approximates the experi-
mental data generalized in the hydraulic design standards for
steam bolilers with high accuracy; for the coefficient of friction
in a single-phase flow the relationship obtained in [9] was used,
which is.valid for a wlde range of Reynolds numbers. The re-
sistance of frietion in a two-phase flow was calculated according
to the formula for homogeneous two-phase flow with a factor taking
into account the relationship obtained in the standards between
lossés in actual and homogeneous flows. On the basis of reference
[10], this coefficient was defined as a function of the Re number
and the ratio of two-phase flow density to water density on the
saturation line at a given pressure.

For the most accurate quantitative description of the
pulsation process and for tracing the change in parameters over
time and along the pipe, the initial system of equations in
partial derivatives was numerically integrated on an electronic
computer. To solve equations in partial derivatives the method of
straight lines was used, wilth which the derivative with respect to
time was retained and the derivative with respect to the spatial
coordinate was replaced by finite differences. The obtained system
of high-order ordinary differential equations with substantial
nonlinearities was solved by the Runge-Kutta method of the fourth
order.

The presence of slippage in two-phase flow, the nonuniformity
of the thermal load along the pipe, and the need to accurately
account for the level component of pressure drop determined the
selection of the most convenient system of coordinates in which
the equations were presented. The economizer section was described
by equations in Lagrange coordinates and the evaporative sections
in Euler coordinates. Moreover, such a representation made 1t
possible to eliminate the jump in velocity which occurred during
the use of only the Euler system of coordinates.

253

e —

P

R i e T



-~

Theé numerical integration of the mathematical model was
accomplished on a M-220 computer.

The methodology used to derive the pulsation model was similar
to the methodology applied in the test. Under determined initial
conditions and a large initial flow rate, the pressure drop between
the collectors slowly decreased, i.e., imitating the reduction in
flow rate in a system of parallel pipes. The pressure drop de-
creased until the model went into flow pulsation in the pipe, after
which flow rate pulsations were fixed at a constant pressure drop
between the collectors. When the boundary of instability was
reached, a small reduction in flow rate led to a considerable in-
crease 1n pulsation amplitude. At a considerablé amplitude the
flow rate pulsations had a pronounced nonlinear character as in the
experiments.

The computer calculatlon program made it possible to change
at any instant the throttling at input and output, the thermal
load, and the underheating of the water at pipe input.

2 )
1) gop WE. KE/m”: 2w mzlcs l ]
m “ - 'Jao :l ‘A j \'—
ANILYEP, . 1200 JLEARL 4
800 I\I “'\\ /’ l'\ " il ] )
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Fig. 7. Variation over time 1n mass velocity at
pipe input in the pulsation process:

experiment; —ecewecnwcw.. theory;
1 - for test conditions § = 355 x 103 kcal/m®+h,
t . = 284°C, p = 57.8 atm (abs.); 2 - for test

BxX
conditions § = 191.5 x 103 keal/m®en, t_ = 270°C,

p = 100 atm (abs.).
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The theoretical solutions obtalned were compared with test i
[ data provided on the stand. A good correspondence betwéeen theory ;
and experimental results was achleved both with respect to the '
values of average mass veloclty at which pulsations occur and with

oy respect to their period. Figure 7 presents examples of a N

‘ theoretical and experimental comparison for flow rate fluctuations
in the coil @ 28 x 4 illustrated in Fig. 2. The study of pulsa-

« tions using mathematical modeling 1s very effective when it is
necessary to illustrate, in pure form, the effect of one of the
parameters on the stability boundary. During a change of one

: paraméter the others can be maintained within strietly prescribed

limits.

, Theoretical study of the effect of a specific thermal load

% on the stability boundary has shown that with its variation during
{ constant underheating, pressure, throttling, and pipe geometry,

‘ . mass velocity, which corresponds to the pulsation boundary,

' changes almost proportionally. The slight deviation from the law
of direct proportionality is explained by the fact that with an
increase in flow rate the ratio of the coefficients of friction in
real and homogeneous two-phase flows 1s reduced. This leads to a
reduction in the relative portion of the evaporative sectlon's
resistance in the total drop in the pipe and somewhat improves
flow stability. Thus with an increase in thermal loading, for
example, by a factor of k, boundary mass velocity increases by a
factor of Ak. A study of the effect of this phenomenon on the
stability boundary has shown that in the range wy = 300-1500
xg/m®.s the coefficient A lies within 0.9 < A < 1.

Such regularity for the effect of thermal loading is explained
by the fact that the mass capacity of the pipe 1s kept constant
during a synchronous change in wy and q and completely confirms
the connection between the value of BA and the stability boundary
[5, 7J. A comparison of the ratios of specific thermal loads and
boundary mass velocities for a series of tests conducted on the
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stand at near values frr the other parameters is presented in
Table 1.

Table 1.

2) (%)

plnl s {1 179073 s o] a wy Tun
amaln oleradi w2 oRx | oSNX . Kia.a 3 “3 ;l W‘,‘] 93;1”’7.
(3 (2) Ny |wcen . 5
1] 24,5 |6,9110,6] 86,9 |1,13] e - -
. SR B L S Topiiaontadn-
39 ) o 7 i _ Huil aueemi
121 21,5 i6.9010,6] 4.7 {1,1u] -.;.;—=la58 149 | .2 BX4 nu

|*u (6)
3| 53,3 6,9 1o,6| 6 |10/ - C = “

ss]4] 552 |69 1o.s| 27,5 [1,19] %62 | L=140 [F2=1,28] 14 e

Q4 Y, 1)
5| 56,5 16,9 1o.s| 26 {1,18] 80 |fr~160 |®B 19|
: . gs Y
6] 643 |6,9]2.0] 1918 [1,08] 665] -

To me

100 , . = —
7| %6.2 [6,9] 2,0 269.8 [1,05] 901 -% =0,713 %;--p.mw 1

8| 54,4 7.922.8[ 26 10,72| 486 - ] - '
! Bepmxus-

m = | Han Tpy
9| 54,4 |7,902,8] 228 {0,75] 438 w112 [0 1,005 @ RS
L 2 “o (8)

KEY: (l) atm (abs.); (2) keal/kg; (3) kcal/m *h;
(4) kg/m 53 (5) Type of element; (6) Horizontal coil;
(7) Ditto; (8) Vertical pipe.

To study the effect of pipe diameter on the stabllity boundary
calculations were made for pipes with internal diameters of 10,
20, and 40 mm. Thermal loads were selected so that the output
vapor content per unit welght in the initial state was identical
in all three pipes. Accordingly, the specific thermal load for a
pipe with internal diameter 20 mm was greater by a factor of two
and for a pipe with internal diameter of 40 mm was greater by a
factor of four than for a pipe with internal diameter of 10 mm.
All the remaining parameters (pressure, underheating, throttling
at input and output, pipe length) were kept constant. Theoretical
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solution has shown that under these conditions the effect of the
diameter on the stability boundary is not substantial (Fig. 8).

r,z’#’ﬁ% Fig. 8. Variation in the ratio
: ; of boundary mass velocities in
‘ . 1" pipes of various .diameters to
“ Exmanun! that in a pipe # 20 mm under
T T11 ldentical initial vapor content
A M Y N per unit weight, pressure,
. dw underheating, and pipe length.

The validity of this conclusion was checked theoretically for
various initial combinations of parameters. The insignificant
increase in the boundary mass flow rate with an increase in pipe
diameter is connected with the change in the coefficient of
resistance during a change in diameter. Thus, we can assume that
the effect of pipe diameter on the stability boundary is manifest
only in terms of the thermal load, i.e., flow stability does not
change if with a change in diameter the specific thermal load
changes proportionally or, in other words, the dynamic coefficient
of capacity BA is kept constant. If, however, during a change in
diameter the specific thermal load remains constant, an increase
in pipe diameter will decrease the boundary value of mass velocity.
All other parameters are assumed constant. This regularity 1s
confirmed by experimental data obtained on the stand during a
study of horizontal coils with two dlameters (Table 2).

Theoretical studies have also shown that the effect of pipe
length on the stability boundary during constant parameters is
also manifested in terms of the specific thermal load. Thus, for
example, with an increase in pipe length by a factor of k and a
corresponding decrease in the specific thermal load the pulsation
boundary shifts insignificantly toward a flow rate increase. The
pulsation period grows significantly.
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Table 2. ‘;
- —i=TaT - - i
P | N 44, }, |, dy, | 921075 ot 0 o 9 K2 (0 ) &
ama luin'xane] ™[] sen | XH0A | Ba | we v a ] ey ?1
{1) (2) . . (M3 ;(zofex
vj-21,0 16,921,650 20 | 1522 {102] 70 |~ - :
10 | )

2| 17,2 [9.3)15,8| 10 | 626 [105] &7 | 1,26 [Tl=1,8

J3] 313 [6:9fs2] 20 | 22 10| o6 - - ,

w || T , , ’ ;
slars [o3pssl 10 | o0 1| e | 16 [gh=170 :
5| 21,0 j6.9)15,2| 20.| 1713 |o;84| 700 - -

100 | — /

61138 [o3f158[ 10| o foz]| e | o9 |[gR-=10 ‘
71%.5 692,55 20 | 37 |1,01]| 1082 | <~ -
6 -— — {

3|50 |oshss| 10| esa [1az) er | re2 =1

KEY: (1) atm (abs.); (2) keal/kg; (3) kecal/me+h; |
(4) kg/m3.s.
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STABILITY OF STEAM-WATER FLOW :IN
A- HEATED PIPE IN A SINGLE-LOOP
SYSTEM

G. G. Treshchev

Avbreviations

[=.3
]

container
boiling
friction
input
output

x
!

™
BX

!

BblX

In a number of cases, a heat exchanger in which heat exchange
occurs with phase transition 1s connected to a straight-through

single-loop system, which can be represented schematically in the
following manner.

Fig. 1. Diagram of a straight-through single-panel
model.

259

s 2oy

RS R
PR .

B Tt e

ad




o wm—

From tank 1 (Fig. 1), in which constant pressure is main-
tained, 1liquid moves through threttle 2 with strong throttling,
container 3, and throttle 4 with weaker throttling, into section
5 where heat exchangr. occurs with phase transition. Then the
steam-water flow (or steam) through the unheated section of the
loop 6 and 8 and chokes 7 and 9 moves to tank 10 in which constant
pressure is also maintained. o

In spite of the very strong throttling of flow in throttle 2,
self-oscillations of steam-water flow can occur in such a loop.
The possibility of osecillations is brought about by the presence
in front of the heated section of container 3 with a medium which
has a compressibility of a sufficient magnitude [1, 2]. Ther with
relatively small oscillations of pressure in the boiling zone and
low resistance for throttle 4 the flow rate of the liquid entering

ﬁhe heated section can change considerably and flow oscillations
can occur,

Let us examine what parameters of the system are important
in order that strong throttling at input not affect oscillation of
the flow in the heated part of the loop. We shall write the
equation of motion for zone I, which 1s indicated by the dashes
in Fig. 1. Zone I begins at contalner 3 and ends at the flow
boiling boundary. After integration of the equation of motion
with respect to the coordinate along the loop (for simplicity 1let
us assume a system arranged horizontally and disregard the pressure
losses from water expansion in the heatea part of the loop), we
obtain:

W

m—p.mg%?dl--:--\p,.. y (1)

where G = pw 1s mass velocity; Pg is pressure in container 3;

P, is pressure in the boiling zone; ZK is the length of the
channel from the container to the beginning of flow boiling;

Apr is the pressure loss from friction, involving the resistance
of throttle 4.
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For an analysis of system behavior at the stability boundaries
we can 1limit ourself to small deviations of flow from stationary
flow.

For small deviations; equation (1) is written as
o= e =l 57 + kG (2)

with which it is assumed that AG does not change along the
coordinate; in this case,

&

093G 0AG
S.T, dl = b5~

We shall write here the equation of continuity for container
35 in it flows a quantity of 1liquid FGO; this quantity is constant
since it is determined by the drop at throttle 2, which is very
large and during small pressure oscillatlions in the-boiling Zone
and in the container can not vary noticeably (pressure up to
throttle 2 is constant). From container 3 flows a quantity of
liquid FG (this flow rate is constant per length ZH), consequently,

Oo—G=Bs 22, (3)

whereg¢=_.%§(%%‘; let us call this quantity the total compressi-
bility of the examined part of the system; V is the volume of the
container per unit cross section of the pipe.

Taking into account the conétancy of the flow rate at lnput
to the container (3), during small deviations we obtain from

relationship (3):
s,

Substituting this value of flow rate into the equation of
motion (2), we find

()
APe = 3pe = = L3y Sof = ohy, 28
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Jolution to this equation is found in quadratures and 1s

)

[ §
1 ~-—«u)

APg =3 = .---_-.-7;5 . lp,e ® sh l ( ‘“ -—-t)dt-

' (k.‘) | | .

Substituting the value of Ap, into the equation of motion (2)
and solving relative to 245, we obtain

i 200 = [ —=X
3 l / Kpx}?
' l ( )—- Ix36

X lp S.\p‘e e "’shV(*"‘)-— YR .—t)d.-—.\p]e"dt. (5)

Hence it is apparent that when the quantity L}/ (4=Y—-%

’ is great, the first term in brackets can be disregarded; then for
a deviation of flow rate from the statlonary values, the following
expression 1s obtained:

[}
AG=-%‘e-“§Ap.e“dt. (6)

whevre a =—*!-'3-.
[ §

From relationship (6) it is apparent that the change in flow
rate is determined only by the pressure oscillatlions in &the boiling
zune and the value of the resistante of thie system's input sectica: &

u"'( +E"'" Waar

where ¢ 1s the ccefficient of resistance of the throttle (#);
£ is the coeflflicient of resistance of a pipe with length Zh and
diameter d.
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The value of throttling before container 3 does not have a
noticeable effect on the change in flow rate AG.

To check tris experimentally we use a single-loop system
consisting of the following elements. Used as tank 1 (see Fig. 1)
was a boiler of an experimental heat and power plant, giving steam
at a pressure of 300 bar and a temperature of 600°C. A study. of
pulsations was made at a pressure of 50 bar. Therefore, after
cooling the steam in pipe heat exchangers, it was throttled by
throttle 2 from 300 to 50 bar. Then container 3 with a capacity
of 23 1 was connected to the system. The container was filled
with a steam-water mixture, which after cooling entered the heated
section 5. The container was‘connected with the sectlion of pipes
having an internal diameter of 11 mm and a length of 5.06 m, which
then changed into a pipe with diameter 8 mm and a length of 0.5 m.
The heated section was made of pipe with a diameter of 12 x 8 mm
and a length of 2.4 m. It was heated by de¢ current from an
ASD-50 motor generator. This section was arranged vertically anrd
the water fed into it from the bottom.

Behind the heated section the following were connected in
series: a section of pipe @ 8 mm and 0.38 m long, a section of
pipe ¢ 11 mm and 2.62 m long, a throttle ring # 3 mm, a section of
pipe @ 11 mm and 24.82 mm long and then a cooler in which the
steam-water mixture was condensed and cooled - two lines of
pipe @ 11 mm and 17.6 m 1dng. On the end of the single-loop
system was a throttle 9 in which the pressure was reduced to
atmospheric (in tank 10).

The resistance between the input end of the heated section
and the container was approximately 20,000 N/m2 with a mass
velocity of water 550 kg/m2~s. The quantity k.x==(’.+i-'",‘-) & was
equal to 72 m/s.

The value of total compressibility of the medium in the

Vv /o
volume of the container, expressed by formula 35_-—;;(;; , was
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0.3 sg/m. The value of the product of 4uf: was 22. Consequently,

P T

the pressure oscillation in the container was considerably less
than in the heated section and its variation can be ignored.

During pulsatlons the pressure oscillations in the bolling zone
did not exceed 4 bar. It is clear that the flow rate of water

entering the container, determined by the drop of 250 bar in o

throttle 2, was virtually constant.

Thus, in our single-loop system the small seélf-oscillations
were determined by the input conditions after contalner 3;
however, throttle 2 had no noticeable effect on flow stability.

To investigate the characteristies of the transition of

i stationary flow to pulsating flow, the above deécribed experi-
mental installations was equipped with IDT quick-responss induction
pressure gauges. One gauge was installed 0.05 m in front of the
heated section and the other 0.05 m behind the heated section.

The temperature of the water flow at input was measured by

i a quick-response thermocouple. The thermocouple was made of
chromel-alumel wire 0.2 mm in diameter, placed in a sleeve 0.8 mm
in diameter. The hot junction of the thermocouple and the bottom
of the sleeve was a single unit. The emf arising in the thermo-
couple was intensifiled by é photoamplifier.

Electrical signals from the pressure gauges, thermocouples,
and the heated current of the section (voltage drop) were recorded
with a N-105 oscillograph. Along with the recording on the
oscillograph, a recording of the parameters of the stationary
regimes preceding the regimes with pulsations was made. The
transition to pulsations was accomplished either by an increase
in the thermal load through an abrupt jump (by 3-30%) or by an
increase in the temperature of the water entering the heated -

L0

section.
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Figure 2 presents the osclllograms obtained. If the flow is
far from the stability boundary. an increase in thermal load brings
about an increase in pressure in the boiling zone, which then
drops to a stationary value (Fig. 2a); oscillations do not arise.
If flow 1s 1n a stable region and near the stability boundary,
with an abrupt increase in thermal load attenuating oscillations
will occur (Fig. 2b). If, finally, flow is so near the stability
. boundary that the increase in thermal loading brings about its

transition into the unstable reglon, stable self-oscillations will
arise in the flow (Fig. 2¢).

PRSI,

v e -

An increase in thermal loading causes the additional formation
of steam in the zone of the heated section; this leads to an
increase in pressure. The pressure lmpulse affects the flow; the
entrance of water into the heated zone decreases and the output
of the steam-water mixture increases.

Ao o

i o3 AT T

The more the flow is throttled at input and the less at out-
put, the less the flow rate will change at input, the more in-
tensely the steam will be removed from the heated section, and the
more slowly the pressure will grow in the bolling zone. As 1is
apparent from a comparison of the oscillograms in Fig. 2a and 2b, |
as the stability boundary 1s approached, the rate of pressure
growth increases and the pressure lmpulse grows; thls leads to a
stronger deviation of flow from stationary. Oscillations occur,
but they are attenuating if the dissipation energy for the os-
cillation period 1s greater than the input of additlional energy as
compared with the stationary flow. With a further increase 1n
loading the energy flux into the flow for each oscillation in-
creases; this increased energy input fully compensates energy
dissipation and the oscillations become nonattenuating (Fig. 2¢).
How oscillations arise in flow during a disturbance (growth) in , \
water temperature at input 1s shown on Fig. 2d.
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From the oscillograms it is apparent that when at a given
flow rate, pressure, and thermal loading, flow temperature reaches
a certailn level, osclllations arise which increase with a
further rise in temperature. If the temperature increases even
more, the oscillations disappear; this begins at the moment the
water temperature approaches saturation temperature (underheating
less than 2°C).

It should be noted that oscillations can arise not only with
an increase in loading but also with a decrease in loading (Fig.
2e). The oscillograms showed that this is connected with the
reduction in pressure; this occurs due to a decrease in vapor
formation and thus a decrease in pressure loss from friction in
the output section and the throttle.

Of course, a reduction in pressure, as a disturbance in the
thermal flux, can also cause oscillation (Fig. 2f).

Thus, at the stabllity boundaries a disturbance of any of the
regime parameters can lead to the occurrence of self-oscillations
in the flow. '

A series of tests were made at constant pressure and flow
rate and various underheatings from 2 to 35°C. With a change in
underheating in these limits during loadings which are greater
the greater the underheating, pulsations whose period changes
arise; with an increase in underheating the perliod grows.
However, this connection is not monotonic. Figure 3 presents the
values of the square of the oscillation period as a function of
the vapor content of the flow.

The circles on Filg. 3 indicate tests in which the transition
to pulsatlon regimes was accomplished by a disturbance of thermal
loading, and the triangles indicate the same accompllished by a
disturbance of water temperature at input to the heated section.
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Fig. 3. The square of the oscillation
period versus the vapor content of the
flow.

In the first approximation we can assume that the oscillation
period does not depend upon which parameter 1s measured for
oscillation disturbance: thermal loading or water temperature at
input. The spread in points with a low value of vapor content is
caused by the low accuracy in this region for both the values of
vapor content and oscillation periods. The character of the curve
T2 = f(x) - the presence of a maximum - is connected with the

fact that the pressure increase in the bolling zone occurs more
slowly (the period is greater) the greater the total compressibility
of the zone and, consequently, the less the vapor content of the
flow. On the other hand, the pressure increase is connected with
the rate of steam removal from the zone II (see Fig. 1), and it is
less the greater the resistance of the output throttle and, N
consequently, the greater the vapor content of the flow.

It should be noted that the oscillation period can change .
somewhat as a function of the pressure oscillation amplitude:
with an increase in amplitude it increases somewhat (for example,
with an increase in amplitude from 1 to 2.8 bar the period
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increases from 24 to 26 s). The amplitude, however, of the

oscillations grows with an increase in the abrupt jump of the 2

parameter, which 1s caused by a disturbance in the flow.
Thus, in a single-loop system self-oscillations can arise;
this occurs when the total compressibility of the medium in the
part of the system in front of the heatling zone 1s sufficiently
great. A large value for the product of the coefflcient of input
section resistance times the total compressibillity of the input
part of the system kaB determines the possibllity of pulsations

and, on the contrary, a low value for this quantity in the presence
of considerable throttling at input ensures flow stability. 1In

the experimental installation described this criterion was 22
seconds.,
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.THE HYDRODYNAMICS OF TWO-PHASE

NONEQUILIBRIUM FLOWS

Ye. I. Nevstruyev, D. A. Khlestkin,
T, T. Antidze, and G. M. Dvorina

In most modern steam-generating installations water heated
considerably less than saturation temperature is fed to input.
With large thermal loads at comparatively short distances from
input in the heated channel surface bolling begins. As tests have
shown, the steam forming on the heat-transferring surface, even
with considerable underheating, does not condense directly on the
surface but penetrates the region of underheated liquid and is
entrained by the flow. Due to the fact that vapor condensation
does not occur instantaneously, but at a'finite, frequently rathner
slow, rate, two-phase flow is thermodynamically unbalanced. Such
flow is a mixture of vapor and underheated water; the greater the
vapor and the greater the average underheating of liquld phase
with the same value for relative flow enthalpy x, determined
according to the heat balance, the greater the degree of thermo-
dynamic nonequilibrium.

Furthermore, the process of vapor formation 1s, in essence,
a nonstationary process and is characterized by variable values of
basic parameters. Because of this, the prozesses 1in steam-

generating pipes should be studied not only by measuring the
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average values of flow parameters but also by the simultaneous
recording of variations in thesc parameters over time.

A complex study on two-phase nonequilibrium pulsationless
flows in heated and unheated pipes is being carried out in the
Laboratory of Two-Phase Systems of the Mass Exchange Department
of the NIIVT [Translator's Note: This abbreviation could stand
for either the Scientific Research Institute of High Temperatures
or the Novosibirsk Institute of Water Transportation Engineers.]
under the direction of Academician M. A. Styrikovich.

A description of the experimental installation and the
research methodology is explained in detail in references [1, 2].

Each series of tests was usually performed with constant
average values of pressure, mass velocity, and thermal loading by
the gradual increase of temperature at input to the experimental
installation., At first pulsationless regimes of flow were studled,
and then pulsation regimes up to the onset of crisis, In each
series of tests the boundary values of parameters were fixed,
corresponding to the beginning of the emergence of self-oscillations
in the experimental section. The figure presents the varlations
in true per-volume vapor content over time in three cross sections
along the experimental section (the first two in the heated pipes
and the third in the unheated), and it is apparent that, in
analogy with pulsationless f{iow, during pulsation flow regimes the
quantity of vapor in the unheated section of the pipes 1is greater
than in the heated.

]

The figure illustrates various types of pulsation regimes
detected in the tests, which can be dependent on the frequency
characteristics, and are conditionally called disordered a,
ordered b, and low-frequency c.

The term "disordered pulsations" is introduced for the
characteristics of regimes in which oscillations of parameters,
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even in short intervals of time, are characterized by variable
values of amplitude and frequency, differing by several factors.
Such flow regimes occur with large vapor contents and comparatively
low thermal loads and; probably, are annular dispersci flow regimes
with which part of the liquid phase flows in the form of a film
along the channel wall and the other part of the moisture 1s
sprayed in the form of drops in the vapor flow. The character of
the film's motion on the heat-transferring surface, as the tests

of other authors have éhown, can be wave=shaped.

Ordered pulsations are characterized by the almost exact
agreement between the frequency and amplitude characterlistics of
the parameter oseillations and are probably connected with the
displacement of large vapor clusters along the channel. With such
flow regimes pulsations of vapor contents and pressures; as a rule,
agree in phase, while pulsation of flow rate is in opposite phase.
The reason for the occurrence of fiow rate pulsations in a steam-
generating channel is probably the periodic increase in the
hydraulic resistance of the channel connected with the periodiec
inerease in vapor content. It should be noted that in install-~
ations with powerful pumps and strong flow throttling at channel
input (in absence of large compressihle capacities) flow rate
pulsations do not occur. Under actual conditions in the presence
of collectors and multi-pipe systems, increase in the hydraulic
resistance in any one of the parallel branches must unavoidably
lead to a drop in the flow rate due to the redistribution of flow
rates. Thus, the installation used in this study, with a turbine
pump apparently imitates rather closely the operation of one
branch of a real apparatus, excluding the fact that the pressure
drop in the experimental sectlon is not kept constant as occurs
under actual conditions.

Low-frequency pulsations (see Fig, lc) are obviously con-

nected with the periodic temporary increase in pressure in the
experimental section. Such a pressure increase and the
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corresponding saturation temperature increase lead to a weakening
of the boiling process intensity or even to its complete cessation
for a certain period of time. The hydraulic resistance of the
steam-formling sections falls, flow rate grows, and pressure
decreases. The boiling proucess becomes more intense and vapor
formation, hydraulic resistance, and pressure increase, which
again leads to a reduction in vapor formation intensity. The
period of .such pulsations is ~25-30 s and is commensurate with the
time of liquid passage along the entire experimental loop.

Before the appearance of a crisis, whose onset parameters
were evaluated earlier, all recording instruments are simul-
taneously switched on, recording the variations in the basic flow
parameters in the period before crisis onset, at the instant of
the crisis itself, and after it, i.e., after discharge or re-
duction of the load. With considerable underheating at input and,
accordingly, relatively large critical thermal loads, crisis occurs
with pulsationless flow regime and low true vapor contents per
unit volume at the spot where the crisis occurs. This type of
crisis, arising with comparatively low vapor contents per unit
volume, is, of course, similar to the crisis during boiling in a
large volumne when all the vapor forming at the surface goes into
the volume [3].

With moderate underheating at input and, accordingly, average
critical thermal loads, c¢risis occurs in the above examined flow
regimes with ordered pulsations. The period for pulsations in
vapor content, pressure, and flow rate is up to 2.5 s with a heated
section length of 600 mm. The temperature of the heat-transferring
surface before onset of c¢risils does not pulsate in such regimes
and remains virtually constant. Only at the instant of crisis is
there observed a sharp increase in wall temperature. This points
to the fact that before the onset of crisis on the heat-
transferring surface even during the approach of large clusters of
steam there is a relatively stable fllm of liquid which ensures
the continuous cooling of the surface. Analysis of the regilime
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characteristics with this type of crisis has shown that the first
oscillations (in the direction of increase) in wall temperature
are observed when a maximum vapor content per unit volume of

0.95 is reached. Obviously, in this case, the crisis is connected
with the fact that the large cluster of vapor at the surface of
the liquid film hinders the replenishing of the surface film by
liquid from the core of the flow. An evaluation of the liquid
film thickness on the heat-transferring surface at the moment
crisis cceurs indicates that under the examined flow regime a
considerable portion of liquid must be in the flow; then it does
not greatly affect the intensity of heat transfer from the surface.

With very small underheatings at input to the heated section
and, accordingly, low critical thermal loads, a boiling crisis
arises during flow regimes with disordered pulsations. Os-
cillation frequencies during disordered pulsations are approxi-
mately one hertz. Variations in vapor content during these
regimes as crisis approaches are accompanied by significant
osciliations in the temperature of the heat-transferring surface :
(on the order of tens of degrees, always in the direction of an ”
increase). Since the ‘maximum vapor content with thls reaches one,
consequently, there is no stable film on the heat~transferring
surface, otherwise there would be no such noticeable increases
in temperature. Due to the rather high frequency of the os-
cillations in true vapor content per unit volume, the surface,
which 1s periodically dry, can not be strongly reheated before
the entrance of the next portion of moisture either from the core
of the flow or from the advancing wave of the boundary layer
(on the assumption of the existence of waves on the surface of the
liquid film). Only with average vapor content per unit volume
equal to 0.95 does crisis arise, accompanied by continuous tem-
perature increase on the heat-transferring surface and by its
reddening on the upper output end of the heated section. As
visuai observations have indicated, the crisis 1s propagated down
to the input section itself,
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Thus, based on the studies made, we can state that when
investigating the crisis of bolling, the study of the hydrodynamics
of two-phase flow by measuring the lnstantaneous values for vapor
contents has great possibilities and is of consliderable interest.

By analogy with two-phase gas-liquid or steam-liquid flows
in unheated or weakly heated pipes, it 1s assumed that during
passage along the channel of large vapor clusters there occurs a
shell flow regime during which the vapor moves along the axis of
the vertical pipes while the water moves along the periphery and
in bridges between the shells. Moreover experimental data [U4, 5]
indicate that during the boiling of underheated liquids in the
presence of large thermal loads, vapor 1s concentrated primarily
in the boiling boundary layer while the core of the flow not only
remains single~phase but also is heated rather weakly. Therefore,
we can assume that at sufflclently high vapor contents such flow
can be not shell-shaped but ring-shaped; the vapor moves not in
the form of shells along the axis of the pipe but in the form of
rings. However, the core of the flow can remain single~phased.
If such a flow regime actually occurs, then upon the passage of
a vapor cluster the main mass of liquid, moving along the axis of
the pipe, must have a velocity greater than the velocity of the
vapor. The possibility of a vapor cluster on the heat-transferring
surface has been demonstrated not only by movie film [6] but also
by several analytical studies [7].

As for the bridges of water between the vapor clusters, vapor
in them perhaps moves in the f{'orm of chains or filaments whose
velocity must be greater than the average velocity of the liquid.
The problem is particularly complicated when studying nonequilibrium
pulsation flows in which the pressure pulsations continuously
cause both condensation and boiling. To study such flows, not
only new experimental methcds are necessary but a completely
different approach to analytical studies is required.
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Conciusions

1. When a steame-generating channel is fed water which has
not reached saturation temperature, the quantity of steam in the
sections of this channel is considerably greater, while the
temperature of liquid phase is considerably lower, than could be
expected in the case of thermodynamic equilibrium.

2. The absence of thermodynamic equilibrium indicates that
the condensation of vapor in underheated 1liquid occurs not in-
stantaneously but at finite, rather low ratss.

3. Study of the instantaneous values for pure vapor content
per unit volume and other regime parameters has indicated that,
as a function of the underheating at input and the thermal load,
the existence of various types of pulsationless and pulsation
flow regimes is possible for two-phase nonequilibrium flows.

4, The mechanism of boiling crisis in channels is in-
separably connected with the hydrodynamics of two-phase flow, and
when examining it it is necessary to study not only the heat
exchange but also the hydrodynamic characteristics.

5. A study of the heat exchange crisis in two-~phase flows
must be carried out using quick-response recording equipment due
to the transiency inherent in such flows.

6. An analysis of the processes in steam-generating pipes
must be performed with the thermodynamic nonequilibrium of two-
phase flows taken into account.

7. The research conducted indicated that depending upon the
underheating of the liquid at input to the heated channel and,
consequently, on the critical thermal load at the same pressures
and mass velocities, there are possible at least three completely
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{ the two-phase flow.

liquid core.

4 different types of boiling crises connected with the structure of

8. On the basis of an analysis of the 'variations in regime
parameters of pulsation flow over time, and particularly the
instantaneous values of true vapor content per unit volume, we
can predict the probable structure of a two-phase nonequilibrium
pulsation flow consisting of a rings of vapor and an underheated
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AN EXPERIMENTAL STUDY OF HYDRODYNAMIC
CHARACTERISTICS DURING THE BOILING OF
UNDERHEATED WATER IN VERTICAL PIPES

G. G. Bartolomey and V. M. Chanturiya
Designations

4 - internal dlameter of working pipe, mm;
p - pressure at output from working section, bar;

w - velocity of water at input to working section,
m/s;

(yw) - mass velocity of flow in channel, kg/mzos;
qQ - specific thermal flux, W/ma;

Y -~ specific welght of water on saturation lilne,
ks/m3;

Y =~ specific weight of vapor on saturation line,
kg/m3;

r - vaporization heat, kcal/kg;

i' - enthalpy of water on saturation line, kcal/kg;

i - average flow-rate enthalpy of flow, kcal/kg;

1c - average flow-rate enthalpy of water in core
P of flow, keal/kg;

1s - water temperature on saturation line, °C;

tn - average flow-rate temperature of flow, °C;
to - temperature along axis of flow, °C;

tn - temperature on interface of viscous sublayer

and core of flow, °C;
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t_ - temperature along the cross section of the
flow core, °C;

tc - average flow-rate temperature of water in the
P fiow core, °C;

t, - temperature of external surface of chnannel
wall, °C;
£ - temperature of internal surface of channel
BH )Y
wall, °C;

n - relative radius of working pipe;

¢ - average true vapor content along the cross
section of the flow;

X - mass flow-rate vapor content or relative
enthalpy of flow;

Xx_ = actual mass flow-rate vapor content;
B = volumetric flow-rate vapor content;
B -~ actual volumetric flow-rate vapor content.

The hydrodynamic processes which occur during the boiling of
underheated liquid under forced c¢irculation conditions, due to
their exceptional complexity, are very difficult to subjJect to
theoretical examination, which means that experiment 1s the chief
method for studying these processes in order to reveal their
overall regularities. Analysis of published data indicates that
the majority of works on one of the most important hydrodynamic
characteristics of steam-water flow - pure vapor content during
surface boiling - have been performed on channels of rectangular
or annular cross sections. As for an experimental determination
of this parameter iIn channels of circular cross section, which is
of considerable practical interest in the design of modern thevmal
apparatuses, only references [l, 2], using the method of labeled
atoms, are known to concern this question.

The purpose of our work is the experimental study of true
vapor content, averaged along the flow cross section, during the
surface boiling of water in vertical heated pipes with internal
diameters of 11.7, 15.4, and 24.0 mm by the radiocgraphic inspection
of the working channel with a wide beam of y-rays, along with the
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determination of the temperature prcfile along the flow cross
section and the measurement of the external temperature of the
channel wall surface, In addition, in a number of supplementary
tests, with radiographic inspection of a pipe 15.4 mm in diameter
by a narrow beam of y-rays, the distribution of vapor phase along
the cross section of the flow was determined, while the character
of the temperature pulsations, measured along the diameter of the
working pipe, was studied with oscillographic recordings. Thus,
in addition to accumulating test data on true vapor content, our
work also included the study of individual characteristics, which
enabled us to examine in greater detail the physics of the surface
boiling process.

Tests were made at pressures of 15, 30, and 45 bar, thermal
loads (0.4, 0.6, 0.8)o106 W/mz, and mass velocitles of U450, 900,
1800, 2700, and 3600 kg/mz-s. The degree of water underheating
at input to the working section varied from 160 to 6°C. At output
from this section the value of true vapor content varied from
zero to 0.55.

EXPERIMENTAL INSTALLATIONS AND
TEST METHODOLOGY

The experimental installatlon is an open loop connected to
the main lines of the MEI [Moscow Power Engineering Institute]
heat and electric power plant for the feed water and superheated
steam. The dlagram of the stand and its description are found in
reference [3]. Thin-wall pipes @ 12.3 x 0.3 mm, # 16.1 x 0.3% mm,
and @ 26.9 x 1.45 mm 2000 mm long, made from 1Khl8N9T stainless
steel, were used as the heated channels, which is the main element
of the experimental installation. The values for flow temperature
along the axls of the plpes at input and output of the working
section were measured with chromel-copel thermocouples with
alundum wires 0.2 mm in diameter. In addition to this, a similar
thermocouple checked the average flow-rate temperature of the
working medium one meter from the outpué section of the ex-
perimental section after the flow had passed the elbow.
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For measuring the temperature of the external wall surface
of the heated channel, five chromel-copel thermocouplies wvere
installed along its length and, to avoid induction, were insulated
from the current-conducting surface of the chammel by a thin
layer of mica.

To measure the temperature profile along the flow cross
section a speclally designed movable thermocouple was used,
located 70 mm from the output section of the working pipe. The
thermocouple was moved along the channel cross section by a device
with a micrometric screw. The position of the hot junction of the
thermocouple, diameter 0.4 mm, relative to the axis of the pipe
could be determined within #0.25 mm. This made 1t possible to
move the thermocouple without liquid leakage at pressures to
60 bar and enabled us to easily replace thermocouples. The moveable
thermocouple device 1is shown in Fig. 1.

Fig. 1. Moveable thermocouple device:

1 - Working channel; 2 - Fitting; 3 - Teflon recess;
4 - Capillary tube; 5 - Insert plece; 6 - Metrometric
mechanism; 7 ~ Shaft; 8 - Guide; 9 - Bracket; 10 -
Upper carriage of the radiographic inspection device;
11 - Insulating clamp.

he value of the average radiaticn intensity, necessary for
determining true vapor content, during motion in the channel of
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the studied medium was recorded with a special electronic in-
strument. The 1sotope Tu~170, activity 0.5 g<equiv. Rd, was used '
as the radioactive source. As the y-~radiation detector we used
a NaJ (Te) crystal and a photomultiplier.

The points for measuring radiation intensity during the
radiographic inspection of the channel by a wide beam of y-rays,
. conditionaily designated ¢1 and ¢2, were located along the height
of the workii;z pipe at various distances from its output section.
The signal from output of the measuring system was fed to the
indicator or, duriug a number of tests, to the input of an N-700
loop oscillograph. ' 4

Radiographic inspection of thz experinental channel by a
narrow collimated beam of y-rays, dimensions 0.5 x 10 mm, was
performed with continuous and uniform movement of the carriage in
a direction perpendicular to the axis of the pipe. The measure-

P ﬁ ment cross section for radiation intensity was 300 mm from the :
| output section of the working section. ¥
[}

& The order of the basic tests was as follows. According to

the test regime assumed, the flow rate, pressure in the working
section, and thermal loading on the heated plpe were established.

As stationary state was achleved, the. simultaneous measurement of
the basic thermophysical parameters of the flow was made and also
the cross-sectional average radiation intenslties were recorded at
points ¢1 and ¢2. In addition, the external channel wall surface
temperature was measured and the temperature was taken by the
moveable thermocouple at several points along the flow cross section.

periments were made on a pipe with an internal diameter of 15.4 mm;
the test procedure differed from the above only with respect to
parameter recording. The radiation intensity averaged along the
flow cross section was measured only at point ¢l.

k . é
In addition to the main tests, several supplementary ex- ;
g’%
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Tests were made in series. Vithin each series, several tests
viere made in both the single-phase 1iquid f'low regime and in the
regimes of surface and volume boiling by gradually varying the
vater temperature at input to the working section. The values of
the other parameters were kept as constant as possible. At the ’
measurement point for all recorded values, a condition of thermal
and hydrodynamic stabilizatlon was maintained.

EXPERIMENTAL RESEARCH.ON TRUE
VAPOR CONTENT AVERAGED ALONG
THE FLOW CROSS SECTION

The cross-sectional average true vapor content is the basic
parameter analyzed in our work. According to the methodology
developed earlier for calculating ¢ during the radiographic in-
spection of an experlisental channel by a wide diverging plane'beam
of y-rays, the values of the studied parameter in twc cross sections
of the channel for each of the main tests were determined according
to the linear calculation function derived in reference [4].
Maximum absolute errors in determiiiing true vapor content in most
tests were within #0.035. The minimum value of ¢, recorded under
experimental conditlons, was ¢min = 0,015, The values for
relative enthalpy x at the radiographic inspection points were
calculated according to the quantity of heat absorbed by the
working medium in the section of heated pipes before the given
cross section, taking into account losses to the ambient medium in
this section. The value of the limiting absolute error in the
entire examined range of x variation was less than #0.006.

Figures 2, 3, and 4 are graphs of the true vapor content ¢
versus relative flow enthalpy x, varying from negative values
during the boiling of underheated water to positive values
corresponding to the beginning of the region of volume boiling. .
Analysis of the functions obtained makes it possible to illustrate
certain regularities in the effect of the regime conditions on the
studied parameter. Thus, with a mass velocity of yw = 900 kg/m2-s
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for all three test pipes, an increase in pressure leads to a
reduction in true vapor content in the entire studied region of
x variation; with a decrease in pipe diameter this relationship
noticeably weakens. At higner flow velocities for a test pipe
with d = 15.4 mm, the noted character of the effect on ¢ 1is pre-
served but it is manifested to & lesser degree. However, for a
working pipe with d = 11.7 mm, with an increase in flow velocity
the value of true vapor content at various pressures changes
insignificantly, while a disruption in the uniqueness of the

effect of pressure on ¢ in the region of negative values for x, in

a number of cases, is commensurate with the degree of accuracy in-
volved in determining true vapor content in our work.
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Fig. 2. ¢ versus x for a pipe with d = 24,0 mm;

YW = 900 kg/m°-s:
l1-p=15bar; 2 - p = 30 bar; 3- p = U5 bar.

Within the studied range of parameters an increase in the

level of thermal loading, other conditions belng equal, as a rulé,
leads to an increase in ¢3; the minimum value of true vapor content
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recorded in these tests is noted with large negative values for
5 ..,.2

W/m ¢min is
recorded approximately when x = -0.08, then for the case of

relative enthalpy. Thus, if during q = 0.8-10

q = 0.37-106 W/m2 the minimum pessible value of true vapor content

occurs only at x = -0.04. As relative enthalpy increases, the }
effect of thermal load on the studied parameter decreases and, (o

all appearances, gradu " y disappears in the region of volumé

boiling. .

From a comparison of the test data it is also apparent that
in the studied range of variution for the regime parameters, the
mass veluvcity of flow uniquely affects the value of true vapor
content: with 1ts increase, ¢ decreases. However, with a decrease
in the diameter »f the working pipe, all other regime conditions
being equal, the valuec of true vapor content generally increases.
However, Lf the direct relationship ¢ = f(x) for a pipe with
d = 15.4 mm lies above the curve for a pipe with d = 24.0 mm
throughout the relative entH&f&? variation range and the quantity
¢min
gipe with d = 11.7 mm a noticeable increase in true vapor content
is observed only in the region of small underheatings and positive
values for relative enthalpy, while the quantity ¢min is recorded

for both cases is noted'd!% ;g near values of x, then for a

at smaller negatlve values for x.

INVESTIGATION OF HYDRODYNAMIC
FLOW STRUCTURE AND DETERMINATION
OF TEMPERATURE FIELDS ALONG

fLOW CROSS SECTION

In our work on the hydrodynamic structure of the fiow of a
vapor-water mizxture during the boiling of an underheated liquigd
in circular charnels, diagrams showing the distritution along the
Tlow cross section of radiation intensities averaged along the
chord were recorded on a dlagram tape of an EPP-09M2 potentiometer
during radiographic Inspection by a narrow collimated beam of
y-rays in a series of tests on working pipe with an internal

i
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diameter of 15.4 mm. In processing, the diagrams obtained were
broken down into a4 finite number of chords, for each of which the
average value of true vapor c¢/-ntent was determined acecording to

a formula for a narrow beam and a source having monochromatic
radiation [5]. As a result, diagrams were obtained sﬁowing the
distribution along the flow cross section of true vapor content
averaged along the chord for the region of -surface boiling at
various values of relative enthalpy (Fig. 5), whose analysis made
it possible to give a qualitative evaluation to the character of
the structural rearrangement of the flow as the degree of under-

heating decreases as the working medium moves along the heated
pipes.

At large negative values for x the main part of the vapor
phase is concentrated near the heated surface. The reduction in
underheating of the 1liquid along the experimental channel 1s
accompanied by the gradual transfer of vapor from the boundary
layers to the core of the flow and an overall increase in vapor
phase. Our attention is turned to the high concentration of
vapor in the central zone of the flow with zero relative enthalpy.

For each of the examined tests the true vapor content,
averaged along the radiograbhically inspected cross section of
the channel, was defined as the weighted mean along the chords.
The results obtained agree well with the values of ¢ measured by
a wilde beam of y-rays under the §ame regime conditions.

In order to determine the temperature filelds along the flow
cross sections during the boiling of underhcated liquid, ]
temperature measurements were made with a moveable thermocouple
at several points at equal intervals along the diameter of the
experimental pipe. According to these temperature values, which
were averaged over time, temperature profiles were plotted at
various values for relative enthalpy; an examination of these
profiles made it possible to illustrate the effect of various
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Fig. 5. .Distribution of local vapor contents along
flow cross section: )

d = 15.4 mm, yw = 900 kg/m2~s, q = 0.57~106 W/m‘?;
a-p=15bar; b - p = 30 bar.

DESIGNATION: Nap = vapor.
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regime factors on the character of temperature distribution along
the flow cross section. Thus, an increase in pressure within the
studied range does not lead to a noticeable restructuring of the
examined profiles, while an increase in thermal loading, all other

" conditions being equal, 1s accompanied by an increase in the

temperature drop between the boundary layers of the flow and its
colder core. An increase in mass velocity leads to equalizing of
the temperature field due to the higher degree of flow turbu-
lization and, consequently, the more intense transfer of thermal
energy from the heated wall to the flow core.

Compared on Fig. 6 are profiles of temperature along the
flow cross section, obtained in pipes of various diameters with
approximately equal regime conditions. Here there occurs a
marked growth in the gbove noted temperature drop, as well as an
increase in the difference between the boundary layer temperature
and the average flow-rate temperature of the flow with an increase
in the diameter of the experimental pipe. A simlilar character
for the effect of the diameter on temperature distribution along
the flow cross section was earlier noted in reference [(6]. It
should be mentioned that not once did" the measured temperature
near the heated surface exceed the saturatlon temperature of the
liquid at a given pressure. Attention is drawn to the presence
of a certain temperature gradient during values of relative
enthalpy near zero. We should note, however, that this deslign
of moveable thermocouple does not exclude the possibility of heat
flow along the thermoelectrodes, which leads to a distortlon of
the temperature profile to be determined and a disruption, 1n a
number of cases, of its symmetry relative to the axis of flow.

In measuring the temperature profiles of the flow throughout
the region of studied regime conditions, significant temperature
pulsations were observed; to determine the character of these
pulsations during supplementary tests on a working pipe with
d = 15.4 mm, oscillographic recordings of the temperature values
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Fig. 6. Temperature profiles along the flow
ecross section:
W = 900*kg/m2-s, q = 0.8-106 W/mz, p = 30 bar; ;
a-d=24,0mm; b ~4a=154mmy c~d=11.7 mm. i
! at various points along the pipe dlameter were made. It can be |
i noted that in the region of large negative values for x, where

-y 2

single-~-phase or the lnitial stage of surface bolling occurs, and
in the region of small undérheatings the character of the change
in the examined pulsations 1s qualitatively different. The noted
growth in amplitude as the heating surface is approached, in the
latter case, appears more suddenly and is accompanied by a
noticeable drop in pulsation frequency. In addition to this, it
was established that, all other conditions being equal, an in-
crease in thermal loading leads to an lncrease in these pulsations.

THE PROCESS OF SURFACE BOILING
ALONG THE HEATED CHANNEL

Earlier it was noted that within each of the main series of
tests, by varying the degree of water underheating at input tc the
experimental section, several tests each were performed in both . i
the regime of single-phase flow and the regimes of surface and :
velume bolling. The values of the remaining regime parameters
were Kept constant. This enabled us to reduce all the processed
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experimental data of each serles of tests to one general pattern
showing the distribution of temperatures and true vapor contents
of the flow, as well as channel wall temperatures as a function
of the increase in flow enthalpy along the heated channel at
given regime conditions.

For a complex examination of the process of the development
and course of surface boiling along a steam-generating channel
under forced circulation conditions, the above indicated re-
lationships t = £(1.) and ¢ = £(1 ) are presented, as an example,
in the form of graphs obtained from the data from cne series of
experiments. In plotting these graphic relationships, the values
of average flow-rate temperature, temperature along the axis of

the flow, temperature of the external channel wall, as well as

the values of true vapor content averaged along the flow cross
section were successively plotted along the y-axls. The values of
the average flow-rate enthalpy of the working medium in at the '
measurement points of the recorded quantities were calculated with
the heat balance equation. The average calculated values of

the temperature of the inner heat-releasing channel wall surface
were determined according to the measured and average values of
the temperature of the outer surface of the test pipe and the

drop in temperature in the pipe wall, Figure 7 also presents
temperature profiles along the flow cross section; in plotting i
this an additional coordinate was introduced - the current valuecs i
for the relative radius of the working pipe were plotted along
the x-axis,

From an examination of the graph thus plotted it follows that
the cross section where the value of ¢min is recorded virtually
agrees with cross section b, beginning with which there occurs a
decrease in the difference between the average flow-rate
temperature and the temperature along the flow axis, and is con-
siderably removed from the cross section of the formal beginning
of surface boiling a where the channel wali temperature reaches
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the saturation temperature of the studied medium at the given
pressure., This situation agrees well with the pattern, visually
observed earlier in reference [7], of the vapor phase distribution
along the heating surface during the boiling of underheated water
with a clearly distinguished zone of low boundary vapor content
(on the order of 0.01) with a subsequent increase in the zone
where vapor content grows sharply as the degree of medlum under-
heating decreases. In our case, only the begihning of the second
zone 1s fixed due to the fact that the insignificant vapor contents
in the first zone are beyond the sensitivity limits of the meter
used for determining true vapor content.
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Fig. 7. Temperature, true and flow-rate vapor

content versus flow enthalpy:

d = 15.4 mm; yw = 900 kg/mz-s; q = 0.57.106 W/m2;
p = 45 bpar.

In examining the hydrodynamics of the boiling process for
underheated liquid along a steam-generating channel it 1s ex-
pedient to divide the region of surface bolling into a zone of
high underheating (from the formal beginning of surface boiling
to the beginning of rapid increase in vapor content) and the
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zone of low underheating (further from the actual beginning of
volume boiling). The generally assumed distinction between the
regions of undeveloped and developed surface boiling, in our
opinion, is more conveniently used in problems connected with
determining the heat transfer factor.

It should be kept in mind, however, that the graphs obtained
for the distribution of temperature and vapor content along the
working pipes are only approximate. This is generally explained
by the fact that each of the analyzed graphs 1s plotted according
to the results of various experiments conducted within a given
series of tests under approximately equal regime conditions.
Actually, however, the effect of channel length on the course of
the process was not directly studied.

An analysis of the approximate graph for the distribution of
temperature and true vapor content of flow along a heated pipe
makes 1t possible to assume that the conditions of working medium
input to the experimental section must be reflected in the
quantity ¢, measured in any channel cross section. Along with
the condition of hydrodynamic and thermal stabilization in the

true vapor content measurement section, 1t 1s apparently necessary

that liquid underheating at input to the working section be at,

least higher than the values for underheating corresponding to the

zone of high surface boiling underheating at the given regime
parameters,

Analysis of the graphs presented in Fig. 7 has shown that
both in the region of single-phase flow and in the zone of high
surface boiling underheating no noticeable restructuring of the
temperature field along the flow core cross section is observed
since the measured temperature profiles on the noted section of
the channel preserve their mutual equidistant nature. This 1s
apparently explained by the fact that in the initial stage of
its development along the heating surface the boiling prccess for
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underheated liquid has only a boundary character; therefore, the
effect of the.turbulizing action of the vapor bubbles which are
forming is manifested in the form of a thinning of the viscous
sublayer and a more intensive heat transfer because of the motion
of molar particles of liquid within this sublayer [8]. Con-
sequently, in the zone of high surface boiling underheating the
observed decrease in the full drop between the temperature of the
inner heat-releasing surface of the channel wall tBH and the
average flow-rate temperature of the flow tn’ characterizing the
increase in heat exchange intensity between the channel wall and
working medium, is a direct consequence of the decrease in the
drop in the viscous sublayer, representing the difference between
tBH and the temperature along the interface of the viscous sub-
layer and the flow core tn, while the other component of the full
drop tn - tn, generally determined by the character of the
temperature distribution in the flow core, remains constant.

After the temperature drop 1in the viscops sublayer reaches
its minimum limiting value, tau - ts, in the section where the
rapid growth of vapor content 6 begihs (see Fig. 7), a subsequent
increase in heat transfer intensity in the zone of small surface
boiling underheating occurs only from the restructuring of the
temperature fields along the flow core cross section, which leads

to a gradual decrease in the full temperature drop along the
channel.

Conclusions

1. In this work new experimental data were obtained on true
vapor content during the boiling of underheated water moving in
vertical heated pipes with internal diameters of 11.7, 15.5, and
24,0 mm. The effect of pressure within 15-45 bar, thermal fluxes
within 0.“-106-0.8-106 W/mz, and mass velocities within 450-3600
kg/m2-s on the valué of the studied parameter was examined.
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2. A calculated relationship was obtained in parametric form
for determining true vapor content during the surface boiling of
water in a pipe with diameter 15.4 mm for the studied range of
regime parameters.

3. The hydrodynamic structure of flow in the region of
surface boiling was studied. With values .for medium underheating
near Zzero, a high concentration of vapor phase in the central zone
of the channel 1s noted.

i, Temperature profiles along the flow cross section with
various degrees of water underheating were measured by a moveable
thermocouple. We noted the presence of an underheated flow core
and the absence of a state of thermodynamic equilibrium in the
flow at zero values for relative enthalpy.

5. A complex analycls was made of the process of surface
boiling along a steam-generating channel under forced circulation
conditions,

6. The test data obtained make it possible to evaluate the
value of the hydrodynamic characteristics in the designing of
thermal equipment in which surface boiling 1s used.
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THE EFFECT OF THERMAL FLUX AND
THE GEOMETRIC SHAPES OF A CHANNEL
ON THE VAPOR CONTENT PER UNIT
VOLUME OF A MEDIUM DURING BOILING

Z., L. Miropol'skiy, R. I. Shneyerova,
A. I. Karamysheva, E. T. Semin,
and M. N. Vinogradova

Abbreviations

cT - rod

06 - course

n - surface
nac' - saturation

At the present time a number of works have been published on
the study of true vapor contént per unit volume during the forced
motion of a steam-water mixture in channels of various shapes
(1-5]. However, the available data are insufficlent for judging
the effect of geometric parameters on ¢, particularly the very
little data avallable for channels of complex conflguration such
as rod channels with small gaps between the rods (GCT._cv) or
between the rods and the unheated course (§_. _ o).

Because of this the authors made an experimental de-
termination of the values of ¢, averaged over a cross sectien,
during the motion of a working medium in a vertical cylindrical
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channel with diameter 17.2 mm, inside of which werethree heat-
releasing rods 5.1 mm in diameter with a spacing of 8 mm. The
quantity Gcr.—cr = 2.9 mm, and GCT.-cf = 1.4 mm. The arrangement
of the rods was asymmetric along the angles of ah egquilateral
triangle and the equivalent hydraulic diameter of the channel was
6.7 mm. The rods were heated for a length of 400 mm by passing
ac current zciong them. The unheated length of the rod at input
was 40-155 mm.

The quantity ¢ was determined by radiographic inspection with
a wide divergént beam of y-rays [6] a distance of 20, 135, and
312 mm from the beginning of the heated section, i.e., Z/d3 was
here 3, 20, and 45 respectively. Tests were made at pressures of
30 and 98 bar, mass velocities from 100 to 1000 kg/m2~s, and
specific thermal fluxes from 0.2 to 2 MW/mz. The relative
enthalpy of the working medium in the control sections varied
from -0.4 to +0.3; the working medium was prepared by preheating
deaerated and desalted water from the lines of the heat and power i
station. After the experimental section the medium was cooled in
a heat exchanger and its flow rate was measured by a measuring
tank. The enthalpy of the medium in the control sections was
determined according to the enthalpy of the feed water at input to
the stand, taking into account the heat introduced and the thermal
losses determined by special calibration.

For gamma transmission the radioactive isotope Te-127 was
used with gamma quanta energy of 0.088 MeV. The maximum absolute
error in determining ¢ was %0.05.

Figures 1 and 2 present the results of tests for a cross
section located 312 mm from the beginning of heating, in the form
of the dependence of true vapor content per unit volume ¢ on
relative enthalpy x, specific flow q, and mass veloclty wp. Here %

the calculated values are plotted for flow-rate vapor content
per unit volumeﬂ=-—-—%;:; for adiabatic flow in absence of

P———

X
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phase slip. From:an examination of these data it follows that
in the przsence of the heating of rods, values of ¢ other than
zero are noted in the zone of negative relative enthalpies and
are larger the higher the phermai flux. Accordingly, with equal
values for x in this zone, ¢ increases with an increase in q.
With an increase in x this difference decreases.
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Fig. 1. Dependence of ¢ on x, wg, and q. A
three-rcd channel p = 30 bar.

When comparing the data obtained with various mass velocities,
we can see that in the region of negative relative enthalples ¢ 1is
reduced with an increase in wp, while in the region of positive x
an inverse relationship is observed.

DE B RS S0 p

Relative to the effect of pressure on ¢, 1t can be noted that
in the region of negative values for x there is observed an in-
crease 1n ¢ with an increase in pressure; this effect is most
strongly manifested at small wp. With positive values for x and

an increase in pressure, ¢ decreases since higher values of B8
respond to equal values of x‘at high pressures.
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Fig. 2. Dependence of ¢ on X, wg, and g. A three-
rod channel p = 98 bar.

The effect on ¢ of the relative length of t{he section of
thermal stabilization is shown in Fig. 3. Here it 1is apparent
that, all other conditions belng equal, in the region of negative
values for x, ¢ increases with an inerease in the length of tre
connected heated section, particularly in its 1initial zone since ]
the change in ¢ with a change in the relative length of the
section from 3 to 20 is significantly greater than with a subse-
guent change 1in Z/d3 from 20 to U45. It should be noted that in
pipes and channels with large gaps the effect of the initial
sectlon appears to a lesser extent, for example, only when 1l/d4 < 3

4 Smat % pown

- 10. With an increase in relative enthalpy of the medium the effect
; of the initial section on ¢ decreases and in the region of positive ;
values for x (in practice, when x > 0.05) in the studied parameter
. range the effect of the length of the connected sections on ¢ is
} not noted. '
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The above mentioned character of the dependence of ¢ on mass
velocity, pressure, and the iength of the connected sections in
the region of negative relative enthalpies of the medium is
explalined by the following characteristics of the studied process.
Surface boiling begins gnly when surface temperature becomes
higher than saturation temperature by several degrees. In the
first approXimation the beginning of surface bolling can be de-
termined from condition

te=tue—1-, (1)

where a i: the heat transfer factor in the absence of boiling.
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0’6"—0 ._ o "‘”
; - .
0¢ | Nzt
L (" A8
sz_..;?‘( .
.
0y ey &
whiTeo [eelac] wo] 20
o | ° x ¢ .
2
:‘ ! wge el lc/:.g&o;. ”

U] ' ——J:.o

G " l/ }‘. .
92 %-_“__——_‘ =====n=t

0 9 ] W, &

Fig. 3. The effect on ¢ of the length
of the connected heated section. A
three-rod channel p = 30 bar.
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With an increase in mas. ‘relocity a grows and, accordingly,
tn, tn, and x increase, in response to the beginning of boiling ,
or a given value of q. :

When q and wp are equal, with an increase in pressure con-
dition (1) is fulfilled at higher tn, i.e., at somewhat higher
values of a (due to the reduction in water viscosity and the in-
crease in the Reynolds number); consequently, the difference in

‘ temperature Ai = 1t « 1n and the difference in enthalpy At = ¢
A - tn somewhat decrease . with an increase in pressure, while
Ax = Al/r increases since the heat of vaporization decreases more
significantly than Ai. The beginning of boiling is shifted to
the region of lower values for relative enthalpy. !

Hac

The reduction in ¢ in the initial section of the channel is
also apparently connected with the fact that o here is higher than
it is in the presence of thermal stabilization; therefore, bolling
begins at higher values for tn and x. In additlion, in the initial
sections of the channel the amount of vapor bubbles which enter
from the connected heated sections and can not be condensed

—

decreases.

Figure 4 presents experimental data on true vapor content per
unit volume obtained by the authors of reference [1] on the same
stand during the motion of a working medium in a vertical pipe
with an internal diameter of 15.7 mm. The pipe was heated on a
length of approximately 500 mm; gamma transmission was accomplished
for a distance of 340 mm from the beginning of heating, i.e., 1/d
was approximately 22. A comparison between this data and that
published in [6] for a pipe with a smaller diameter (approximately
8 mm) shows that when x > 0 the value of ¢ increases with a
decrease in diameter. In reference [2] it 1is noted that in the
zone of negative relative enthalpy the effect of the diameter on
¢ 1s not detected.
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Fig. 4. Dependence of ¢ on x, wg, and d. Type @ = 15.7 mm.

Since the Adata presented in Figs. 1, 2, and 4 were obtalnecu

with narrow gaps (8

min
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in the parameter region where the effect of the length of the
connected section is small, they can be compared in order to
illustrate the effect of the geometric shapes of a channel section
on $ with near values for the remaining determining parameters.
With such a comparison we see that in the region of negative
values for x the vapor content per unit volume
= 1.4 mm) 1is noticeably higher than in the
pipes and in the reglon of positive values for x this difference
levels off, i.e., surface bolling of liquid in the rod channel
begins at lower values of x than in the pipes.
is explained by the fact that in the narrow gaps between
neighboring rods or the rods and the channel wall the velocity of

in the rod channel

Apparently this
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the flow 1s considerably less than average while the enthalpy of
the medium is higher [7]. The presence of turbulent mass exchange
is insufficient for equalizing enthalpy in the cross section of
the rod channel and is sufficient for the high condensation of

' vapor bubbles generated here.

Conclusions

1. In rod channels with narrow gaps between the rods or
between the rod and the course (on the order of 1.5 mm and less)
! surface boiling begins with smaller thermal fluxes or smaller
medium enthalpies than in pipes, 1.e., in comparable conditions
in the region of negative relative enthalpies, ¢ in rod channels ; |
is higher than in pipes. '

2. True vapor content per unit volume in channel cross
sections located at a comparatively small distance from the be- Py
ginning of heating, all other conditions being equal, can also
depend on the length of the connected heated sections, increasing
with an increase 1n this length. With an lncrease in medium
enthalpy the effect on ¢ of the length‘of connected sections
decreases.
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) CALCULATING THE VAPOR CONTENT
FIELD IN CYLINDRICAL VERTICAL
CHANNELS

I. P. Kornyukhin

In studying the hydrodynamics of two~phase flow and in
certain practical applications it 1s necessary to know the radial
distribution of vapor content ¢(r) in a cylindrical channel. The
radiographic inspection of a channel along the chords by a narrow
beam of y-rays enables us to determine only the field of local
vapor contents or vapor contents averaged along the chords.

(The term "local vapor content" used in many works is unsatisfac-
tory since the concept "local' is usually connected to the value
H of a function at a point. In our discussion we shall use the

e L

term "chordal vapor content" instead.) However, the function of
radial distribution can be calculated according to the known field
of chordal vapor contents. There are a number of methods for

such calculations [1, 2]. The method of K. Schwartz [1] is the
most familiar. The function of radial vapor content distribution
(or mixture density) in a cylindrical channel under axial symmetry
can be represented by the polynomial ‘

P ()= % an (1)
Rl

where r is the relative value of the channel radius (0 < r < 1);

ak is the constant coefficient.
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The value of the constant coefficients a is determined on
t the basis of the boundary conditions (two boundary conditions) and

the results of a radiographic inspection of the channel along
chords. The connection between the number of terms of the poly-
nomial n + 1 and the number of chords m along which the radio~
graphic inspection is made (in the more general case - the number
of node points m for which the values of chordal vapor contents

P

f are known) 1is expressed by the relationship
1 . , n+l=m+ 2.

However, 1n spite of the relative simplicity, the Schwartz
’ method has a substantial disadvantage - 1t does not give an
objective criterion for checking the accuracy of the results
obtained. Because of this it 1s pertinent to examine several
possible cases which can be represented when calculating the
function ¢(r) according to this method.

1. The coefficients of polynomial (1) do not decrease. The
series whose argument varies within 0 < r < 1 does not converge
and it is difficult to expect a satisfactory correspondence between
the calculated vapor content distribution and the actual one.

—— o ——— - 5 an w————

2. The coefficients of polynomial (1) decrease. In this
case, it is not possible to judge the convergence of the serles
and the question of correspondence between the actual distribution
and the calculated distribution remains open.

» The accuracy of the method could be improved by increasing
# the number of nodal points m. At the limit, while increasing

to infinity, we can achieve full correspondence between the
calculated profile of vapor content and the actual one. However
this method involves an enormous amount of calculation and 1s

scarcely advisable.
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In addition, a check was made of the reliability of the
Schwartz method by comparing the distribution curves when function
¢(r) is given by different equations. Such studies were made for
two variants - when ¢(r) is given by a power polynomial (1) and
by a trigonometric polynomial

#(r) = \ a,cos-g—r. (2)

=4

In both cases, the calculation involved the same values for
chordal vapor content obtained in one of the works from ENIN
[(Power Engineering Institute im. G. M. Krzhizhanovskiy] when
m=4, On Fig. 1 curves 1 and 2 in relative form ¢(r) = ¢(r)/¢(d)
(true vapor content per unit volume averaged along the cross
section) represent the distribution curves calculated according
to equation (1) and (2). The correspondence between them is not
satisfactory, another indication of the insufficlent reliability
of the Schwartz method.

Also known are two methods.which make 1t pessible to calcu-
late the true vapor content per unit volume averaged in a certain
range of radlus variation. One of them was used at the MO TsKTI
[Moscow Branch of the Central Scientific Research, Planning and
Design Boiler and Turbine Institute im. I. I. Polzunov] by G. I.
Aleynikov and Ye. K. Golubev, and the other was used at the ENIN
by I. S. Dubrovskiy. However, both these methods make it possible
to only approximately determine the form of the function ¢(r).
Because of this, the author has developed a strict analytical
method for calculating the radial distributicen of vapor content,
which will be presented below.

As we know, radiographlc inspection of a channel by a narrow
beam of y-rays enables us to determine vapor content averaged
along the path of the ray. For a cylindrical channel we can thus
obtain the vapor content averaged along a chord (diameter), i.e.,
the chordal vapor content. This quantity can be represented as
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the average value of the integral of function ¢(r) along the
corresponding chord (Fig. 2):

/e ey, (3)
I.

TR N
1
. _) AN Fig. 1. Curves of radial
1l AV} vapor content distribution:
5‘\\L’. 1T / 1 - Schwartz method (equation
12 =N \ 1); 2 - Schwartz method

1 AL wl/ N (equation 2); 3 - Method used
1 \ QJI in our work (equations 5-7).
08 N\ -
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It 1s assumed that the fleld of vapor contents is axial.
The correctness of this assumption for vertical cylindrical
channels is indicated in a number of works [1, 3, 4].

On the basis of (3) we can calculate the average vapor
content for any chord of the channel. A generalization of this
equation for a chord located at distance x from the axis of the
channel (0 < x < 1) and a change of variables give:

;(r)rdr
VeE=x)'

(%)

1
Jix)= ,—'——— \
X

Function f(x) can be plotted on the basis of the results of
a radiographic inspection of the channel along chords and in the
subsequent analysis is assumed to be given. 1In this case,
relationship (4) can be considered an equation relative to
function ¢(r). This equation is integral. According to the
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graphic inspection of a
. cylindrical channel by a
o - narrow beam of y-quanta.

solution method, it is near an iniegral equation of the Abel type.

Its solution gives an analytical expression for calculating the
distribution ¢(r) according to the known function f(x):

re

. d.
. 7(r) = -2- Y dfd?) ' (,\-:..x,:)‘f“ ' (5)
where
F)=fx) V1T =x%. (6)

Analysis of this expression showed that the necessary con-
dition of boundedness for ¢(r) when r = 0 is the equality
dF (x
LA =0, (7

Lwi)

which, taking into account (6), is transformed to:

df (x)

dx =0. (8)

L=l

Physically, the condition (8) means that the value of chordal
vapor content obtalned by radlographic inspection in a dlametrical

plane must be extremal., With axlisymmetric distribution of vapor
content such a statement is sufficlently rational.
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In deriving equation (5), no limitations connected with the
specifics of vapor content are imposed on functions f£(x) and ¢(r).
Therefore, under conditions of axial symmetry equations (5-7) can
be used for calculating the radial distribution of any parameter
ageording to a given field of chordal values.

Several peculiarities in calculating ¢(r) should be mentioned.
Both graphic and numerizal differentiation of functions f (x) and
F(x) can be rather time-consuming and insufficiently accurate.
Because of this 1t is advisable to Interpolate beforehand the
function F(x) by a polynomial (or several) with the subsequent
analytical differentiation and integration. (Interpolation by a
pol/nomial of function f(x) directly would lead to a considerable
complication in the calculations). ‘It should be kept in mind that
polynomial F(x) must satisfy condition (7).

g2 204 ]
3
10 o
\\ 4
o¢ A\ 3
o \\
g4 N
F(2)=1075-2,5522 10,0533 83, 7:1 2 4-5,6102% \\
02
o . g2 a4 7 g x (0

Fig. 3. Interpolation of test walues for i
chordal vapor contents by a polynomial.

The use of this method can be demonstrated by the following
example. On the graph in Fig. 3 the points indicate the values
of F*(xi) = F(xi)/$ (i-number of chord) calculated according to f
equation (6) on the basis of the test values for f(xi). Here the i
interpolated curve and its equation are presented. The vapor
content field ¢(r) was found according to equation (5) on the
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4 basis of the obtained function F¥#(x). The results of calculation
are presented in Fig. 1 (curve 3). All curves shown on this
graph are calculated for identical values of corresponding chordal
vapor contents. Comparison of curves 1 and 2 with curve 3 shows

that the use, in this case, of the Schwartz method leads to €s
erroneous results.
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L AN EXPERIMENTAL STUDY ON FLOW
STABILITY IN STEAM-GENERATING

PIPES WITH VARIABLE LENGTHS

r OF HEATED AND UNHEATED SECTIONS

V. I. Lezin and O. K. Smirnov

Condltions which allow unsteady regimes of heat carrier

motion in channels connected 1n parallel are related to their
design characteristices [1, 2].

In this work we shall examline the test results obtained on
ﬁ an experimental installation of the MEI [Moscow Power Engineering
Institute] [3], with variations in the length of the heated and
unheated sections by a redistribution of the heat supply and a
lengthening of the working channel.

The central part of the experimental installation consists
of two steam-generating pipes with an internal diameter of 4 mm,
Joined at input and output by common collectors (Fig. 1). Water
F at a given temperature is fed from a connected preheater into the
input collector and then into the working pipes. After the

collector the steam-water flow enters a cooler where it is con~

‘ ¢ densed and the cooled condensate is dralned into a supply tank.
The water is circulated by three ND pumps.
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Fig. 1. Diagram of experimental installation:
1 - Heated section; 2- Collector; 3 = Mounting;
4 - Throttle washer; 5 - Throttle valve;

6 - Measuring disk; 7 - Removable vessels;

8 - Stimulating disk.

The working pipes are heated by passing low-voltage ac

current through them. On one of the pipes heat supply is effected

on three sections with the independent control of thermal locad;
on the shunting pipe this is done on two sections. The lengéh
of the heated sections varies during the displacement of the
sliding current supply.

The overall length of each working pipe is 7.26 m. On the
beginning and end sections of the pipes there are removable
flange Joints to which additional mountings of pipes with an
internal diameter of 4 mm are connected.

At the input into each plpe are flow-rate measuring disks
and throttles in the form of removable calibration washers or a
needle valve. At the output from the pipes there are also
chrottle washers. '

Studies were made in the pressure range 30-100 atm (tech.);

mass velocity varied from 200 to 750 kg/mz-s, and thermal loading
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on separate sections from 100,000 to 60G,000 kcal/mz'h.

The first group of tests was made with variation in the heat
supply along the length of the working pipes. 1In the second group,
tests were conducted with a change in the length of the working
plipes because of thg connection of the unheated mountings. In the
third group of tests throttle washers were used on the working
pipes in front of the collector. '

The effect of thermal load distribution along the.length of
the channels was studied in tests with a redistribution of the
heat supply and disconnection of the heating on part of the
evaporative channel during constant, as well as variable, total
heat supply. The position of the bolling point was kept constant
in all the regimes by the corresponding control of heating power
on the economizer channel. Each'test involved work with several
regimes. In one serles of tests the regimes were distinguished
by the value of thermal load on the beginning section of the
evaporative channel with a constant value of total heat supply,
in the other series, by the value of vapor content at output from
the pipe during a constant value. for thermal load on the initial
section of the evaporative channel.

The length of the heated section of the evaporative channel
in the various tests was 3.4, 2.55, and 1.7 m. Loss in motion
stability was fixed by the appearance of interpipe flow-rate
oscillations. Regimes in the immediate vicinity of the motion
stability boundary recurred by passage from the stable region to
the pulsation region and vice versa.

The effect of the length of the steam-generating pipes was
studied with the use of mountings on the unheated sections of the
economizer and evaporative channels (see Fig. 1). Mountings 1, 3,
and 6 m long with throttle valves were 1installed at input to the
pipes. The same pressure drop was ensured on all mountings by
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regulating the valve. The steam-generating pipes were heated

uniformly along the length. By gradually increasing the thermal

load they passed from stable regimes to pulsation regimes and thus

the stabllity boundary of the heat carrier's motion was determined.

Unlike the others, these tests were made with a different tem- ke
perature at input to the distributing collector.

The same methodology as used in the first group of tests was
used in the tests with mountings and throttle washers on the
output ends of the pipes, i.e., the length of the economizer
channel was kept constant and the uniformity of heating and the
total heat supply on the evaporative channel was varied. Mountings
3 and 6 m long covered with thermal insulation were used.

From the test material obtained a clear relationship is
apparent between the motion stabillty boundary and the heat supply
distribution along the evaporative channel: An increase in
thermal loading on the initlal section of the evaporative channels,
as with an increase in the overall heating level, leads to the
appearance of intercoil pulsations.

An increase in channel length because of the unheated section
on the economizer channel improves flow stability. On the other
hand, the lengthening of channels due to the unheated section on
the evaporative channel reduces flow stability.

Data from all tests were processed with respect tc the value
of the relative flow throttling, effective vapor content, passage
time, and the specific weight of the medium. As a generallzing -
function we obtained the function in coordinates Sox * £(Y) where
Cox 1s the reduced coefficlent of resistance on the economizer
section (includes local resistances of the input throttle and -
measuring disks and the linear resistance of friction of the
econcmizer section), and y is the average integral value of the
specific weight of the medium in the vapor-containing channel.
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Figure 2 presents the generalizing function according to
tests at a pressure of 70 atm (tech.) where the most complete data
were avallable,

w
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» Fig. 2. Boundary value of the reduced coefficlent of
reslistance versus specific welght of the medium in the
steam-containing sections when p = 70 atm (tech.):

0 - with redistribution of the thermal load along the
length of the evaporatlive channel; A - with discon-
nection of heating on part of the evaporative channel;
X ~ with unheated mountings on the economizer channel;
0 - with unheated mountings on the evaporative channel;
O - with a variable quantity of heated economizer
sectlion.
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The experimental points correspond to stable regimes near
the boundary of intercoll pulsations. Similar functions were
obtained in tests at other pressures.

As 1s apparent from Flg. 2, the data from tests with a
different character of heat supply distribution, including the
reduction in the length of the heated section on the evaporative
channel, are described by one curve. The relationship obtained
also indicates a shifting of the motlion stability boundary with
a change in the total heat supply on the evaporative channel.

Experimental points corresponding to regimes with mountings
on the economizer channel are indicated on the curve in Fig. 2.
This means that an increase in channel length because of the
heated sections of the economizer channel affects motion stability
just as the installation of an additional throttle washer with a
resistance equal to the pressure drop on this section. In tests
with variable temperature at input to the distributing collector,
the length of the economizer channel was changed by a factor of
almost two. Experimental points obtained in these tests, for all
practical purposes, fall within the general relationship. The
effect of increasing the length of the steam-containing channel,
as 1s apparent from Fig. 2, is taken into account, with sufficient
accuracy, by changing the specific weight Y.

A serles of tests with ldentical pressure drops on the
mountings of the evaporative channel was made in this work. A

- valve covered the shortest mounting and thus the total pressure

drop on this mounting and valve was varied up to a value equal to
the pressure drop on the longest mounting. Then by redistributing
the heat supply on the evaporative channel, we determined the
motion stabllity boundary of the heat carrier. The processing of
tests showed that when the total pressure drops are equal, loss

of motion stability occurs under identical conditions. This made
it possible to plan a way to evaluate quantitatively the effect on
the installations at channel output of the throttle washers used
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} as stimulating washers during studies on pulsation phenomena.
Obviously, in order to determine the boundary of stable regimes

we should arbitrarily replace the washer with an equivalent

element - an unheated mounting with the same pressure drop; then

* " calculation reduces to the computation of the average specific

} weight of the medium in the evaporative channel and a determination,

: according to the curve in Fig. 2, of the necessary reduced re-

' sistance for the economizer channel.
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Fig. 3. Comparison of tests and calculated values of

# M ; on the stability boundary of the heat carrier's

motion at pressures 30-100 atm (tech.) and mass velocity
of flow 376-565 kg/s with throttle washers at output
from the channels:

o - washers with an opening of 1.5 mm; 0 - washers with
an opening of 2 mmy; A - washers with an opening of 2.5
mm; X - washers with an opening of 3.5 mm; + - washers
with an opening of 3 mm.
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This method of evaluating the washer effect was checked
(Fig. 3) during a comparison of the values of ¢ based on the data

of this work, and also presented in [3], with the calculated
values for g

pacu’
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STRUCTURE OF FLOW OF A STEAM-WATER
MIXTURE IN A VERTICAL UNHEATED
PIPE AT HIGH PRESSURES

S. M., Lukomskiy, P. I. Povarnin,
and R. I. Shneyerova

* In order to observe the structure of flow, a visual section
was used on an ascending pipe of a circulation loop and high-speed
movie photography was applied.

The loop was made of steel pipes with a vertical section
diameter 22.5/36 mm, horizontal section diameter 30/42 mm, total
height of loop approximately 6 m. The loop was equipped with a
separator for separating the vapor-liquid mixture and a condenser.
A throttle gate is located on the descending section of the loop
to regulate the flow rate of the working fluid. Visual obser-
vation and motion pictures of the cell structure in the pipe
were made through a glass viewing section located on the ascending
branch of the loop 4 m above the heaters.

The visual section (Fig. 1) consisted of a steel frame in
which a pyrex tube is set whose internal diameter (22.5 mm) is
equal to the internal diameter of the ascending pipe in order to
ensure the constancy of the hydrodynamic conditions in both pipes.
There are two holes in the frame for the adjusting screws which
have cylindrical glass 14 mm thick installed in them. The main
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glass is duplicated by a second safety glass identical in shape
and size. The entire device is further provided with protective
flanges which are connected by pins passing through from the
outside of the section. This adaptation was extremely effective
since during heating and the increase in dimensions of the whole
section, the tie pins remained cool and provided additional
tightening. This construction made it possible to photograph at
pressure above 100 atm in the installation.
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Fig. 1. Overall diagram of installation:

1 - Safety bolt; 2 - Safety glass; 3 - Working glans;
b -~ Inserty 5 - Tie bolts; € - Protective flanges;

7 - Pyrex tube.

Tests were made on distilled deaerated water. Preheatine
and partial evaporation of the working fluld was accomplished by
the electric heaters, During the tests the following parameters
were measured: pressure, temperature In the experimental and
descending section, circulation velocity, the capacity on the
electric heaters, and exposure speed.
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To determine the pressure in the installations a precision
diagram [1] was used, consisting of a series-connected differential
manometer, filied with mercury, and a compensating standard
balance press, which provided measurement sensitivity of +5 mm Hg.

Movie photography was performed in the transmitted light of
an SKS-1 high-~speed camera. The light source was a two-kilowatt
lamp with a reflector.

In order to set up an overall representation of the character
of the hydrodynamic regimes, film was examined through a 16~NP-6
movie projector with a film advancement speed of 16-24 frames per
second which, with an exposure speed of 1000 frames per second,
slowed the motion by a factor of fifty. Through marks applied to
the film every one hundredth of a second by a neon lamp, we could
more precisely define the exposure speed for a given sectlon of
film; the quantity of vapor bubbles and vapor locks was measured
and the speed of their motion along the axls of the pipe was
calculated,

To provide a visual representation of flow structure, we
made photoillustrations, conditionally called "pictures of stopped
regime," which were compiled as follows: the leading edge of the
head of a vapor lock, which was usually clearly outlined, passed
through the space of the viewing window during a time corresponding
to the passage of ny frames. Then on the ny frame we had an
image of the entire segment of the lock whose length equalled the
diameter of the viewing window; after counting off the following
n, frames, we obtained on the 2n1 frames a full image of the next
segment of the vapor lock whose length also equalled the diameter
of the viewing window.

This operation was performed for the entire segment of fllm

studied - from one lock to another. The frames thus chosen were
combined, forming an image or an illustraticn of this regime.
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It should be noted that the picture presented on these frames
is, in essence, the unfolding of the process over time on a
section 1 = 22.5 mm on which the photography was accomplished.
Therefore, when we shall subsequently speak of the "length" of a
lock, we shall mean the calculated length obtained as the product

of the lock passage time through the viewing window times the
speed of its motion.

Serles of visual observations and motion picturz photography
were made at pressures of 10, 30, and 50 atm and single shots were
taken at higher pressures - 60, 70, and 80 atm. Generally the
photographs were made during a stationary operating mode when, for
a long period of time, on the order of 1-2 hours, constant pressure,
circulation rate, and vapor content were maintained.

Part of the photography was made at slowly increasing
pressure,

However, pressure increased sufficiently slowly, for example,
8-10 atm in one hour; exposure time for one cassette (30 m of
film) was approximately 5 s. Thus, we can assume that during the
photography pressure was constant. It should be noted that a
comparison of the photographic results at identical medium
parameters but during statlonary regimes and under conditions of
slcwly 3dncreasing pressure indicated complete identity of flow
structure.

Table 1 gives the characteristics of some of the films taken,
which then were used for subsequent processing and conclusions.

Before describing the results of the motion picture photo-~
giaphy, we should pause on the observations made during the tests
directly through the viewing window. At low pressures below
3 atm an alternation could be seen in the wlndow between long
vapor locks and sections of pure water; in several cases the
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Table 1.

M ‘x’.ﬁluuu P N2 CM® | w, mcex | w”, Mcex
20 9,92 0,515 1,21
18 9,94 1.1 1,81
19 9,94 1,1 0,95
45 10,34 1,06 -—
48 10,55 1,1 -
47 10,62 0,49 . -
38 20,92 1,1 -
4 29,44 0,52 - 058 -
2 29,77 0,55 0,49
%, 2,1 0,5 0,5
a 26,90 0,56 0,9
28 29,95 0,56 0,9
29 29,95 1,16 0,85
3 48,08 0,58 0,726
40 48,59 1,09 0,596
49 48,82 0,76 R
50 59,38 08 | ="
52 62,85 0,895 -
54 76,4 0,54 -

KEY: (1) Film No. >
DESIGNATIONS: Xs/cu
m/cek = m/s.

= kg/cma;

passage time for such a lock could be measured with a stop watch.
However, beginning at.5-6 &tm and above, a single line of vapor
bubbles could be seen in the window, which leads us to speak of
the establishment of an emulsion flow regime, i.e., a flow struc-
ture where the vapor moves in a liquid mass in the form of more
or less uniformly distributed bubbles. However, an examination
of the photographic material revealed considerable complexity

and variety of structure in the flow which, as mentioned above,
during observation by the naked eye appeared to be identical,
consisting of a group of "visually emulsion" vregimes. The
vapor bubbles in the liquid mass have a variety of forms and sizes
and a significant portion of the vapor moves in the form of a
vapor lock filling almost the entire cross section of the pipe.
The presence of such locks of any size can be observed in a
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considerable range: of pressures and thelr final disappearance
noted only when approximately 80 atm is achieved.

It can be»seén that at constant pressure the clrculation rate
LA only slightly affects the character of the flow structure, #
whlle a change in the reduced vapor rate wg frequently leads to

a considerable change in the observed pattern.

[ .
s 18 e o o 3

Fig. 2. Flow structure at
30 atm:

No. 24: p = 29.44 kg/cma,
oo Wg = 0.59 m/s; No. 28: |
T p = 29.85 kg/en®, w, = 0.55

m/s, wg = 0.9 m/s; No. 29:
A ' ~ p = 29.85 kg/em®, w, = 1.15,
| , o wg.= 0.85 m/s.

KEY: (1) Period of vapor
lock passage.
DESIGNATION: cex = seconds.

0

-
- - ettmm e

I * Q28 cox

e e ————ania. S

flrpund spaowdomum sy (1)

~,
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The difference in flow structure as a function of vapor
content is quite sharply manifested at a pressure of 30 atm. With ?
a circulation rate of Wy = 0.5 m/s and a reduced vapor rate on the
order of 0.5 m/s long, sharply outlined vapor locks with foam
formation in the stern were observed (Fig. 2); such a structure
was seen at a pressure of p = 10 atm (abs.) (Fig. 3). When
wo = 0.5-1 m/s and wg = 1 m/s (films 24, 28, 29) short locks
(50-60 mm) were fixed; such vapor locks frequently do not fill the
pipe cross section (see Fig. 2).

—
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O r T ,
! i3 e # bussstoio® . ;
v o . o : !
i; (1)
i 000
i e
. L
- ' o Q085 Fig. 3. Flow structure at g!
’ 10 atm: 7
‘ a2, No. 18; No. 19, No. 20: 3
: A © p=9.94 kg/em®, p = 9.92
- ehe 2 to kg/cma, Wy = 1.10 m/s,
13 © oWy = 1.10 m/s, Wy = 0.515
lezs - : m/s, wg = 1.51 m/s, wg = 0.95
. g m/s, wg = 1,21 m/s.
" " KEY: (1) Time (in seconds)
LixA of picture change in viewing
i window. ;
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Extremely intensive foaming occurs at the same time. Large
sections of film, hundreds of frames in length, are apparently
filled with foam and scarcely let any light through.

At higher pressures the effect of the reduced vapor rate
decreases; for example, when p = 50 atm (abs.), wg = 0.73 m/s and
wg = 0.54 n/s, identical structure with very small vapor locks
was observed (see Table 1).

A comparison of the structure of flow at various pressures,
i.e., a photographic picture of the "stopped regime" for pressures
of 3 to 80 atm, is given in Pig. 4.

Here, first of all, we can see two different structural
groups. The first group, for pressures from 3 to 20 atm, can be
characterized as the region of "vapor lock regimes with emulsion."
This region 1s distinguished by fully formed locks 100-200 mm
long, occupying almost the entire cross section of the pipe with
foam formations in the stern usually reaching dimensions of
approximately one third the length of the lock itself.

The liquid intervals between locks are filled with vapor
bubbles of various shapes and sizes. With an increase in the
amount of vapor the size of the liquid intervals decreases and
vapor locks come closer together. Within the described region
the vapor lock sizes remain approximately constant with a certain
tendency toward reducling as pressure grows. The second region
(from 30 to 80-90 atm) can be called the region of "emulsion
regimes with passing locks." In this region we can observe a
sharp reduction in the size of the vapor locks, which reach
40 and even 20 mm in length; vapor locks 60 mm long are an ex-
ception. Behind the locks there 1s virtually no foaming; many
locks occupy less than the cross section of the pipe, partially
preserve their axial position, and frequently are deflected

" toward one of the walls. In this region there 1s also a tendency
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Fig. 4. Variation in structure with pressure.
DESIGNATIONS: ama = atm (abs.); m/cex = m/s.

Reproduced from
best available copy.
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toward a decrease in the size of the locks as pressure grows; at
a pressure above 60 atm the locks were observed to degenerate and
transform into groups of bubbles.

In the liquid intervals we can see numerous bubbles of very
different shapes and sizes; however, fine bubbles up to 4 mm in

diameter with the proper outlines of a flattened sphere pre-
dominate (Fig. 4).

Finally, at p = 100 atm (abs.), which was observed during a
showing of films on a screen, vapor locks completely disappear
and only groups of separate bubbles remain. Thus, 1t can be
stated that at a pressure of approximately 100 atm (ébs.),

Wa = 1 m/s and wg * 1 m/s, a transition to a purely emulsion flow

regime occurs, where all the vapor is uniformly distributed in
the liquld mass.

Regimes at p = 30 atm (abs.), undoubtedly of particular
interest, can be called transient. As mentioned above, regimes
with low reduced vapor rate ("0" approximately 0.5 m/s) belong to
the first region of "vapor lock regimes with emulsion" (see Fig.
2). Regimes with high reduced vapor rate (wo" approximately
1 m/s) belong to the second region "emulsion regimes with passing
vapor locks." The main characteristic of regimes with wg = Ll m/s
is the earlier inentioned extremely intensive foaming. Thus, we
can assume that at 30 atm it was possible to feel the transition
point from structures of one type to another; this transition
depends, in the first place, on the quantity of mixture vaper
content. Such a conclusion agrees well with the uvbservation of
Doctor of the Technical Sclences S. I. Kosterin [2], that with
an increase in mixture velocity the dispersion of the structure
also 1ncreases,

In adéition to qualitative observations of the variation of
flow structure in a pipe, the methcd of high-speed motion picture

330




e At
- ot
Pt st os morroan.

photography enabled us to find a way of computing the true
velocity of vapor bubbles and vapor locks.

We examined locks and bubbles on a section of film corre-
sponding to the stationary regime of motion plcture photography,
and thelr velocity was calculated according to the formula:

wy = ol“':'?:"" (1)

where W is the true component of the veloclty of a vapor lock or
a vapor bubble along the axis of the pipe, m/s; do“ is the
diameter of the viewing window, in m; n, 1s the exposure speed in
frames per second; n_ i1s the number of frames during which the
head of the lock or vapor bubble passed from the lower to the
upper edge of the viewing window. .

According to the values of L obtained for a serles of vapor
locks or bubbles, we took their average arithmetic value, which
was used as the average absolute veloclity of a lock or bubble of
a glven size.

The total error in determining L varied from 3% with a low
lock velocity and high exposure rate up to 15 and even 20% with
a low exposure rate.

Computations made by the method described above have a
provisional character; they are necessary for developing a method
of processing the photographic material.

The resulis of calculating L for vapor locks according to
some photographs are given in Table 2, from which it is clearly
established that as yet there is too little data to establish any

regularities.
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Table 2.
N ) Cxopoc;s Apdnesesian Cxopocre ;L%‘:Hﬁ:;ocsﬁ.;
o Taeaeure p, WHpRYINWH €| PP cuech Wy, [1PO0OK En. O
naenk K¢jea? . napa w,', s | Cumtannas oo
. . Micex Mcex” NACHKAM 0y, .
) J o ek . écex-
(1) (2). (3) {4) __(5) )
” 10,283 - 0,56 1,52 2,08 2,13-2,83
8 10,371 |. 1,2 . . 1,63 2.8 3,0 3,3
79 27,598 1,03 0,59 1,62 1,75-1,9
80 27,504 0,98 0,40 ‘138 1,58—1,78

KEY: (1) Film number; (2) Pressure, p, kg/cma;
(3) Circulation rate Wy m/s; (4) Reduced velocity of

vapor wo", m/s; (5) Mixture velocity w_,, m/s;
(6) True velocity of vapor locks LA computed from films
W, m/s. )

The work performed made it possible to develop a method of
observing and fixing, with the aid of a high-speed movie camera,
the structure of the flow of a steam-water mixture in a vertical

unheated pipe at high pressures.

The complexity of the flow structure was clarified and the
relationship between changes in the character of the flow regime
and pressure, circulation rate, and the vapor content in the pipes
was 1llustrated.

We could establish that with values of circulation velocity
L) and reduced vapor velocity wo" near 1 m/s and a pipe diameter
of 22.5 mm there are two equal regions of hydrodynamic regimes
as a function of pressure:

a) the vapor lock regime with emulsion was observed up to

30 atm;

) the emulsion regime with the passage of flne vapor locks
and large bubbles was observed from 30 to 80 atm.
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The transition from the first regime to the second was noted
at 30 atm during a variation in wo" from 0.5 to 1 m/s.

The method of high-spe