EFFECT OF ORIENTATION OF AN ANNULAR CHANNEL ON HEAT EXCHANGE
IN THE BOILING OF NITROGEN UNDER CONDITIONS OF FREE MOTION

Yu. A. Kirichenko, K. V. Rusanov, UDC 536.248,2.001.5
and E. G. Tyurina

Heat transfer and the boiling crisis of nitrogen are studied in an annular channel
given different orientations; the effect of the gap size on heat-transfer charac-
teristics is explained.

The study [1] presented results of an investigation of heat transfer in the boiling of
nitrogen in a vertical annular channel with different gap sizes 8. The present article is a
continuation of [1] and examines the case of free motion of nitrogen in channels oriented in
an arbitrary direction.

The tests were conducted at atmospheric pressure on the unit described in [1}. The 100-
mm-long annular channel was a copper tube with a 7-mm-diam. heated inside surface and gauged
cylindrical inserts: the gap ranged from 0.14 to 3.5 mm (without the insert). The position
of the channel, defined by the angle 0 (Fig. 1), ranged from the vertical to the horizontal
(6 = 0, 45, 60, 80 and 90°); the error of O was no greater than +2°. The slight difference
from [1] in the method of determining the critical heat flux with a smooth transition to
larger temperature heads in the case of small gaps consisted of the fact that, by analogy
with [2], q.r was nominally taken equal to the thermal load, corresponding to AT = 10°K.

The effect of orientation on heat-transfer crises in boiling in plane channels and slits
with free motion was investigated earlier [3-5] (for helium). Empirical formulas describing
the decrease in q., as the channel deviates from the vertical were proposed for plane chan-
nels with one-sided heating. In [4) simple considerations regarding the dependence of the
buoyancy acting on the vapor on 0 (—90° < 0 < 90°) resulted in the expression

Gor = [Cy + C3 (dgq) (1 — Cysin O/cos O], o))

where C, and C: are constants at the given pressure and the coefficient Cs; depends on the geo-
metry of the channel. It is found by selection from the range (0 < C3 << 1). 1In [6], gener-
alization of test data on the boiling of helium led to

Gr = CLV 0y ¥V 08 — py (1906, §°%, (2)

where ©, was reckoned from the vertical to a normal to the heating surface and C, = 0.065.
The range of applicability of Eq. (2) is 0, = 30-150°, § = 0.3-2 mm, 1/deq < 55.

Equations (1) and (2) were obtained for relatively short channels (in our case, Z/deq <
178) and cannot be used to calculate q., in horizontal channels. Also, the boiling process
in annular channels is distinguished from boiling in slit-type channels particularly by the
curvature of the gap. The greater this curvature, the greater the angle 0; in connection
with this, Eqs. (1) and (2) cannot be used to evaluate the relation qer(0) in annular chan-
nels. Evidently, no systematic experimental studies have yet been made of the effect of the
orientation of channels of different geometries, including circular and annular channels, on
the value of q.,.

Figure 1 shows the data from out study on the relation qor(8) in the boiling of nitrogen
in an annular channel with different orientations. It is apparent that an increase in 0 from
0 to 90° leadstozadecreaseingqcrby'a factor of four to five, regardless of §; the character of
the relation qcr(ﬁ) remains the same at intermediate values of 9.
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Fig. 1. Relation q.,.(8) with different channel orientations. Experimental data:
1-5) © = 0; 45; 60; 80; 90°; 1'-5') calculation by (5) with ¢ .p = 0.322 for the
same values of 0. qcp,» W/m®; &, mm.

Fig. 2. Dependence of the heat-transfer on the gap size: a-f) q = 0.5; 1; 3; 6;
10; 20 kW/m*; I) calculation by (7); II) calculation by (6) with A and n taken from
Table 1. Experimental data: 1) mean values of a; 2-6) & = 90; 80; 60; 45; 0°. a,
W/m?-K; 6, mm.

Let us attempt to generalize the test data with a simple modification of the formula

S ————
G = LV gopfieg, (3)

obtained in [2] for the case of free motion of a liquid in an annular vertical channel. Here,
the channel height h determines the dynamic head, which in turns determines the possibility

of evacuation of vapor from the channel. As the channel is inclined, the difference in height
between upper and lower heated points of the channel decreases in accordance with the rela-
tion (see Fig. 1)

h=1lcos® +dsin®. (%)

Inserting (4) into (3) gives us the following for d = 7 mm and 7 = 100 mm

Gor = % LV 200y91(c0s6 + 007 sin 6) . (5)

It is apparent from Fig. 1 that calculation by (5) with %cr = 0.322 agrees satisfactorily with
the experimental results; the standard deviation for ¢ .. is +0.083. The value of ¢, is
close to that obtained in [2, 7] in the boiling of different cryogenic fluids in vertical
channels.

The effect of the angle of inclination of a slit channel on heat transfer during the
boiling of water was studied in [8]; as the angle © increased from 0 to 90°, the heat~trans-
fer coefficient increased by a factor of 2-2.5 in the region of moderate thermal loads. The
literature does not contain any results of direct studies of this kind for annular channels.
Nevertheless, it can be noted that the relations of «(8) obtained in the boiling of water in
vertical [9, 10] and horizontal [11] annular channels are similar in character. At channel
gaps exceeding the bubble separation diameter Dy, the heat-transfer coefficient is only
slightly dependent on 8 and can approximately be assumed constant and equal to a in the case
of boiling in a large volume. A decrease in gap size with 8§ < Dy leads to a substantial in-
crease in the heat-transfer coefficient:

o= A8, (6)

where A is a coefficient; n = 0.57-0.67 [9-11]. The improvement in heat transfer in this case
should be connected with intensive vaporization of the microscopic film of liquid under the
deformed vapor bubble.
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Fig. 3. Position of boundaries between heat-

transfer regimes in boiling in a channel (a —
0 = 0°, b — 90°; the solid lines denote q.,
obtained from (5) with ¢qp = 0.322); I) re-
gime of "mormal" heat transfer; II) regime of
"improved" heat transfer; III) regime of '"de-
teriorated" heat transfer; IV) film boiling.

TABLE 1. Values of A and n in Eq. (6)

q, kW /m® n A.10-3 Sy TOM | A (n=2/3):10=° | K-[0?
0,5 0,822 1,24 0,75 1,47 , 2,44

1,0 0,888 1,69 0,84 2,15 2,83

3,0 0,514 4,33 2,26 3,67 3,35

6,0 0,577 4,89 1,70 4,54 3,28
10,0 0,586 5,31 1,46 5,11 3,13
20,0 . 0,402 5,67 1,15 4,70 2,28
Average 0,631 1,36 2,88

A further decrease in 6 with q = const leads at a certain moment either to the onset of
the crisis (at large q) or to a transition to a region of "deteriorated" heat transfer (at
moderate q), which is characterized by a rapid decrease in o« with an increase in thermal
load [9, 10]. This transition is probably comnected with drying of the liquid film on the
heat-emitting surface and the onset of a disperse regime of flow of a vapor—liquid mixture in
a substantial portion of the channel.

We obtained curves of nitrogen boiling in an annular channel of the above dimensions with
five different orientations and heat fluxes from 100 W/m? to those corresponding to AT =~ 30°K

(with a further increase in AT, the power to the heating element was cut off due to the danger
of burning of the element).

Analysis of the results established that the curves of q(AT) corresponding to different
channel orientations are qualitatively similar to the data in [1], which was obtained only
for a vertical orientation; in connection with this, the primary data is omitted here. It
also turned out that the value of the angle 0 has almost no effect on the heat-transfer co-
efficient in the regimes of '"normal" and "improved" heat transfer and determines only the con-
ditions of the transition to "deteriorated”" heat transfer or crisis omset.

Figure 2 shows test data on the relation a(8) with six values of heat flux; the decrease
in the heat-transfer coefficient with contraction of the gap and q, O = const is noted by ar-
rows or dashed lines. 1In the last case, a dashed horizontal line and boxes conditionally (so
as not to stretch the figure in the vertical direction) correspond to heat-transfer coeffi-
cients of 200-500 W/m®*K. Arithmetic mean values of a are shown for the "normal" and "im-
proved" heat-transfer regimes for all channel orientations, along with maximum deviations
from the mean values.

Despite the considerable (especially at moderate q) scatter of the data, it can be noted
that at 6 2x 1 mm there is similarity for the mean values of the heat-transfer coefficient rel-
ative to §. Meanwhile, with a decrease in q, this region tends to expand in the direction of
smaller gaps. The test data corresponding to the similarity regions (regime of "normal' heat
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transfer) was approximated by the expression
o = 19841/3, (7)

The results corresponding to regions with improved heat transfer were approximated by
Eq. (6). The calculated values of A and n are shown in Table 1; it is apparent that n in-
creases with a decrease in q, i.e., the relation a(é8) becomes stronger.

The study [12] proposed a formula for the heat-transfer coefficient in boiling in a ver-

tical slit channel:
1/3
azK_L( th.> , (8)
v\ pp L&

according to which a ~ 672/%, The mean value of n from the table is 0.631, which corresponds
roughly to the theoretical value from (8). The values of A (n = 2/3) in (6) determined from
the test data are shown in Table 1. Also shown are values of §p, obtained from the intersec-
tion of lines I and II in Fig. 2; the mean value Spy = 1.36 mm. This is somewhat greater

than the value of the Laplace constant at atmospheric pressure (1.06 mm) and is roughtly twice
as great as the value of Dq in the boiling of nitrogen in a large volume [13].

Using the values A(n = 2/3) and the thermophysical properties of nitrogen and having
equated (6) and (8), we can find the coefficient K for the region of "improved" heat trans-
fer. Values of K are shown in Table 1. The mean K = 0.029, as in [1], which obtained data
only for a vertical channel. Thus, Eq. (8), with K = 0.029, can be used here to evaluate «
with any value of ©.

The results obtained can be used to construct a diagram of the heat-transfer regimes;
such a diagram is shown in Fig. 3 for vertical and horizontal channels. The position of the
boundaries between the regimes was drawn approximately (and tentatively, in the regions bord-
ered by film boiling and single-phase convection); all of the main tendencies can be seen
fairly well. The diagram can be used for a prescribed set of regimes and geometric parame-
ters to find which regime will occur, and the corresponding relation can be used to calculate
a; by changing any of the parameters (such as the gap size), we can change over to the region
II, which is more desirable in regard to intensifying heat transfer. It is apparent from Fig.
-3 that this region is considerably smaller when the channel is horizontal, which makes it dif-
ficult to optimize the heat—-transfer process.

NOTATION

A, C, coefficients; d, channel diameter; deq = 45/P, equivalent diameter of channel;

D4g, bubble separation diameter; F, area of heat-emitting surface; g, acceleration; h, chan-
nel height; K, coefficient; 7, channel length; L, heat of vaporization; n, exponent; P, heat-
ed perimeter of channel cross section; q, heat flux; S, cross—sectional area of channelj; AT,
temperature head; a = q/AT, heat-transfer coefficient; §, size of annular gap; ), thermal con-
ductivity of liquid; v, kinematic viscosity of liquid; p, py, density of liquid and vapor; o,
surface tension; O, ©,, angles characterizing the channel orientation; ¢.y, calculated criti-
cal vapor content at channel outlet; 8y, boundary value of gap size; q.,, critical heat flux.
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BOILING OF SUPERHEATED n-PENTANE IN AN ELECTRIC FIELD

A. I. Zanin and E. N. Sinitsyn UDC 536.423:537.212

Results are presented from an experimental study of the effect of a stationary
electric field on the probability of boiling of superheated n-pentane.

The time that a system exists in the metastable state is determined by the probability
of the nucleation of a new phase capable of subsequent growth in the system. The work ex-
pended in the formation of the new phase depends on the properties of the metastable system
and external conditions [1]. 1In particular, according to theoretical estimates [2-4], the
energy of formation of a critical vapor bubble in a superheated liquid increases, which leads
to a decrease in the probability of boiling and an increase in the temperature of maximum su-
perheating.

Relatively few studies [5~7] have experimentally investigated the effect of an electric
field on a superheated liquid and each study has reported the effect opposite to that pre-
dicted by the theory, i.e., an electric field initiated the phase transition. The allowance
made for compressibility of the liqudd in later theoretical works [8, 9] showed that under
certain conditions (restricted free movement of the liquid), an electric field can initiate
boiling.

It should be noted that, according to the theoretical estimates, the effect of an elec—
tric field should appear at field-strengths close to the breakdown value — 10%°-10° W/m.

We studied the effect of a stationary electric field on the boiling of a superheated di-
electric liquid. The mean strength of the field in the liquid was about 10° W/m. We used the
method from [1] to measure the mean lifetime of the liquid in the prescribed metastable state.
The method makes it possible to obtain comparable measurements with and without a field at
relatively low field strengths (thus eliminating the possibility of breakdown of the liquid).

Department of Physicotechnical Problems of Power Engineering, Ural Science Center,
Academy of Sciences of the USSR, Sverdlovsk. Translated from Inzhenerno-Fizicheskii Zhurnal,
Vol. 48, No. 2, pp. 186-189, February, 1985. Original article submitted November 23, 1983.

0022-0841/85/5802-0125%09.50  © 1985 Plenum Publishing Corporation 125



