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The distribution of ¢ along the tube, and the distribution of
friction and acceleration losses, are evaluated from the known
distribution of « values in the boiling of liquids in tubes under
conditions where the process of vapor generation has no effect on
the intensity of heat transfer,

It is known that the intensity of heat transfer during
boiling under conditions of directed motion of a liquid
depends on the ratio between the rate of vaporization
g/ry" and the velocity of forced motion of the liquid
w[1]. The influence of mass transfer due to the process
of vaporization on the intensity of heat transfer to the
boiling liquid is evaluated by the parameter Kw =
= (@/ty")/ w.

For each liquid there exists a minimum value of
Kw = Kwpip at which the influence of vaporization
on the intensity of heat transfer cases. For stream
volume vapor content values close to zero, the value
of KWy, i is found from the condition

q } v x.45< ro\0.3
—_— — = 0.4.10-5, 1
( ry’w kK min< 'YI ) Cst ( )

Kw < KWmim (2)

If

then, for vapor content close to zero, o = Qoony [2].
The same also applies to surface boiling [3]. In this
region of the regime parameters the increase in
heat transfer coefficient in boiling over its value in
convective heat transfer in a single-phase medium
may possibly be due only to the vapor content result-
ing from increase of the true velocity of motion of
both phases.

If we adopt this point of view, it is then possible
to construct a curve of distribution of true vapor
content from the known distribution of local values
of the heat transfer coefficient along the vapor-gen-
erating tube. In fact, in single-phase flow under tur-
bulent conditions the heat transfer coefficient is
proportional to fluid velocity to the power 0.8. There-
fore, from the value of the heat transfer coefficient
Qoonv o &t Some true volume vapor content ¢, we
can determine the mean true velocity of motion of
the liquid phase w':

Zeonve / dconv= (w'/we)* . 3)

The mean true velocity of the liquid ' is deter-
mined in terms of its reduced velocity wy,

o =w/(l — @), @)

while the circulation velocity is connected with the
reduced phase velocities w, and wj, by the relation

wo = wy + @ (Y/Y'): ®)
Thus
o = Wo — W,y /Y ' (6)
I—¢
Substituting the value of »’ into (3), we obtain
%onve I: @o — WYV’ }0.8 7)
%cony (1 —q)w
whence
Wo— WYY’ 1.25
o=1— o o Y /Y ( ”conL) . )
Wy dconve

For low values, when y"/y << 1, (8) may be trans-
formed to

g=1— (“conv/“conw)us- (9)

The acceleration resistance in the flow of a two-~
phase stream is determined from the formula [4]

2
YW,
APacc=[ 2
g

2 " .2 v, 02
__[on o+ (- ¥u/ve }
g —9° *

s, RQ I ’2
¢+(I—(P)Y’wu/v wo ]_
9—¢q° 2

(10)

For zero initial vapor content and conditions of
surface boiling, when unheated liquid enters the tube,
w; and ¢ are equal to zero in the initial section. Then
(10) reduces to the form

Y@
AFace= 0[
g

In boiling under low pressure conditions, the losses
in accelerating the vapor phase do not exceed 10%
of the losses in accelerating the liquid, even with an
appreciable true vapor content at the exit, owing to
the small mass of the vapor phase. If the losses in
accelerating the vapor phase are neglected, then from
(11) we obtain

us "2 ’ ’2
q>+(1"(f>)'\’wo/? @,
o—¢

_1}, (11)

Y w%’, @
g -9

(12)

AP::\(:c=

In adiabatic flow of a two-phase stream, the fric-
tion losses in the case of a turbulent regime of mo-
tion of the liquid film may be calculated from the
following formula [4]:
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G, kj/m?.
csec | M/5eCiPin, KN/mAITin, K| APj,, kN/m®|APoy, KN/m?APg, KN/m?|APyce, KN/mMP|APyqor KN/mY|APexp, kN/m?
236.1 1.2 160.25 | 376.87 0.127 1.425 2,493 2.383 6.080 6.139
236. 1 1.2 167.3 | 379.6 0.127 1.444 3.175 3.089 7.836 7.404
15235 1.5 151.9 | 37915 0.127 0.588 2.050 1.667 4.491 4.325
148.86 1.5 167.5 | 383.65 0.127 2.609 4.992 4.707 12.671 12.671
15235 1.2 150.4 | 375.95 0.127 0.352 - 0.675 0.956 2.650 2687
15235 1.2 151.6 | 378.55 0.127 0.613 1.525 1.373 3.913 3.844
233.76 1.5 147.3 | 374.85 0.186 0.686 1.407 1.520 4,148 4,492
1519 1.5 148.8 | 377.45 0.177 0.417 1.020 - 0.961 3.227 2.687
23376 1.5 149.6 | 374.95 0.186 0.637 1618 1,844 4,786 4.796
238 4 1.2 148.6 | 369.75 0.127 0.819 0.736 0.726 2.985 2.452
1454 1.5 244.2 | 39265 0.182 0.314 0.628 0.628 2.452 2.207
151.9 1.91 155.9 | 371.55 0.132 0.265 2.452 1.618 1,467 4.923
AP /APy = 1/(1 —g)*?, (13) The tests were conducted on a rig (Fig. 1) in the

It was shown in [4] that this function is not very
sensitive to the regime of motion of the liquid film.
On the basis of (8), (11), and (13), we may estab-
lish directly the connection between the intensity of
heat transfer and the hydraulic resistance due to
friction and acceleration of the stream, if conditio
(2) is fulfilled. '

Fig. 1. Layout of the experimental rig.

An especially simple relation is obtained at low
pressure. Then (9), (12), and (13) are valid, from
which we obtain, by simple transformations

2

A Py /A Py = (aconv: /2cony) ®, (14)
APy = A Py (seonve/ocony )™, (15)
w? 125’
APyee= v 0[(19&) —]]. (16)
g %conv }

From (8), (11), and (13), for conditions satisfying
(2), we may derive the distribution of ¢, A Psyp, and
APgcc, if local values of the ratio ogyny .,/ Yeconv
are known, At low pressure, for condition (2), the
distribution of ¢ and of pressures along the tube
are obtained from (9), (14), and (16).

We carried out an investigation of hydraulic re-
sistance under conditions of surface and developed
boiling of water at pressures of 147 and 245 kN/m?.

form of a closed circuit consisting of an experimental
test section 1, a separator 2 with condenser 3, cir-
culating pump 4, cooler 5, and heater 6. The cooler
and the heater were used to control the water tem-~
perature at the inlet to the test section. The pressure
in the system was created with the aid of a supple~-
mentary vapor generator 9 with an electric heater.

The rate of circulation of the liquid was control-
led by a valve on the pump bypass line. The mass
flow rate was measured with a twin standard orifice
7, which was previously calibrated. The pressure
drop over the orifice was measured by a differential
manometer 8, filled with dichloroethane.

The separator had a blow-off valve for discharge
of air in degassing of the liquid. The experimental
section took the form of a horizontal brass tube,
heated by a low-voltage ac current. The inner dia-
meter of the tube was 0.00897 m, the wall thickness
0.0005 m, and the length of the heated section 0.522
m. The distance between pressure taps was 0.670 m.

-The length of the inlet and exit unheated sections

was about 0.070 m. The hydrodynamic stabilizing
section ahead of the heated section of the tube had a
length of roughly 100 diameters.

The pressure drop in the experimental section
was measured on a differential manometer filled
with tetrabromoethane (y = 2.96 g/cm?), and the ab-
solute pressure at the tube entrance was measured
with a standard manometer. To pick off pressure
at the entrance and exit of the tube, holes of diameter
0.0009 m (for around the section) were drilled, and
interconnected by a ring-shaped manifold.

Copper-constantan thermocouples were used to
measure the stream temperature at the entrance and
exit, and also the temperatures of the tube wall in the
heated section (at thirty points). Prior calibration
tests with isothermal flow showed that the experimen-
tal tube may be regarded as absolutely smooth,

Test values of the resistance coefficient over the
whole range of Re numbers (Re up to 10°) showed good
agreement with values calculated according to the
Blasius formula, the deviation not exceeding + 3%.

Calibration tests were also run to establish the
influence of heat flux on hydraulic resistance in a
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Fig. 2. Distribution of aconvcp/ac'onv’ pressure, and hydraulic losses Y
due to friction and acceleration along the vapor-generating tube: 1) pres-
sure losses in isothermal flow; 2) friction pressure losses in boiling; 3)
pressure losses due to flow acceleration in boiling; 4) pressure distri-
bution; 5) distribution of agonve/®cony (according to test data),
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single-phase medium. The results showed good
agreement with the known relation

& = Eo e /pg )0'14- (17}

A series of principal tests was carried out. In
each series the specific heat flux, and the velocity
and pressure at the tube entrance, were kept con-
stant, while the liquid temperature at the tube en-
trance was varied. The series began with tests
without boiling, and ended with tests in which the
liquid was in a saturated state at the enirance.

The distribution of pressure loss along the tube
due to friction and acceleration was checked against
the distribution of - / %yonye For this purpose,
the total length of the tube was divided into sections
of length 0.05 m, and the friction resistance of each
section was calculated according to (15) from the
mean local value of O‘corw(p/a‘conv' The acceleration
losses were determined from (16). The resistance
in the unheated entrance section was determined
from the usual formula for single-phase flow. In all
of the tests, the liquid temperature at the exit of the
heated section was equal to the saturation tempera-
ture, and vapor condensation was not observed.
Therefore, at the exit section the acceleration resis-
tance was taken to be zero, while the friction resis-
tance was determined from (15) with the value of
Ceonvep/Ycony at the tube exit,i.e., from the value
of ¢ at the exit of the heated section of the tube.

The test results are shown graphically in Fig. 2
for the following conditions: a) q = 233.76 kJ/m? -

" sec, w = 1.5 m/sec, Pj, = 147.3 kN/m?, Tj,=

= 374.85° K (Fig. 2a); b) g = 236.1, w= 1.2, Pjp =
= 167.3, Tj, = 379° K (Fig. 2b); ¢) q = 152.35, w =
= 1.5, Pin= 151.9, Tjp = 379.15° K (Fig. 2c).

The locations of the thermocouples measuring the
tube wall temperature in the heated section are in-
dicated in Fig. 2 by the numbers 1—13.

The curves are drawn to begin at point A, which
corresponds to the start of increased heat transfer.

The horizontally shaded area corresponds toincreased

pressure losses from friction due to vaporization.

The vertically shaded area indicates the growth of

pressure losses due to flow acceleration. The total
pressure drop in the tube (curve 4) was determined
by summing the friction and acceleration losses.
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The results of the calculations for a number of
tests are shown in the table.

It may be seen from the table that the calculated
pressure drop values differ from those measured by
ac more than 10%.

NOTATION

g—specific heat flux; » —velocity of forced motion
of liquid; w, —circulation velocity; w' —mean true
velocity of motion of liquid phase; w, and »; —reduced
velocities of motion of liquid and vapor phases, re-
spectively; Tg—saturation temperature; T;,~—inlet
temperature; P;,—inlet pressure; APy—pressure drop
for isothermal liquid flow; AP;,—pressure drop over
unheated section at tube entrance; AP,,i—pressure
drop over outlet unheated section; AP, ,.—Dpressure
drop due to flow acceleration; APp.—pressure drop
due to friction with ¢ # 0; APy calculated pres-
sure drop in test section; APeXp—experimental pres—
sure in test section; £, and Eh—resistance coefficients
for isothermal flow and flow with heating; p—true
volume vapor content; a-heat transfer coefficient
with boiling; ocqpy a0d @y ,—heat transfer co-
efficients in flow without boiling at ¢ = 0 and at ¢ #
# 0; Re—Reynolds number; r, Cp, ¥, y"—latent heat
of vaporization, heat capacity, and density of liquid
and vapor phases corresponding to the saturated
state; uy and p7—dynamic viscosities at wall and
liguid temperatures averaged over the length; [ —
length. Subscripts: 1—initial, 2 —final sections.
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