INTERNAL CHARACTERISTICS OF HYDROGEN BOILING

Yu, A, Kirichenko and N, M, Levchenko - UDC 536.423.1

Study of the internal characteristics of boiling is of great importance in understanding the physics
of this complex process; data on internal characteristics may be used for derivation of formulas
for integral boiling characteristics (heat-liberation coefficients, critical thermal flux densities).
Only a limited number of works have been dedicated to study of boiling of cryogenic liquids over
a wide saturation pressure range. In [1] the internal characteristics of nitrogen boiling were
studied at pressures from 0.1 to 8 bar, while oxygen was studied from 0,22 to 2 bar, In [2] de~
tachment radius and bubble-detachment frequency were determined for hydrogen boiling over

the pressure range 1-11 bar, The present study is dedicated to an examination of internal char-
acteristics of hydrogen boiling over the saturation pressure range from triple point pressure
(0.072 bar) to 2.0 bar,

The experimental method and apparatus used were described in [3]. The hydrogen boiling experiments
were performed with horizontal tubular German silver heaters 3.1 and 5 mm in diameter, 80 and 88 mm long,
respectively., Heater surfaces were finished to class 7-8 of GOST (All-Union State Standard) 2789-73,

The temperature of the heat-liberating surface, with appropriate consideration of wall thermal resistance,
was determined by a low inertia platinum resistance thermometer located inside the helium filled tubular
heater.

Cine photography of the boiling process was performed with an SKS-1M high-speed camera and " Jupiter-
6" telephoto lens, using 04-180 cine reversal film at an average frame rate of about 3500 frames/sec, The
cine frames were processed with 15-20-fold magnification projection, Bubbles growing in isolation on the
upper edge of the heater were selected for processing,

TABLE 1
Heater .
diam- | Exp. R
eter, |No. |PrPaT|AT, K wq/m2
min
1 10,072] 4,35 | 3000
2 10,426 3,35 | 2380
a1 3 10,342 1,85 585
4 10,62 1 1,20 | 325
5 10,72 | 1,06 | 330
6 {100 | 1,45 | 400
7 10,072] 3,80 | 4500
8 0,08 | 2,60 { 1150
9 10,1341 3,90 | 2500
10 {0,438 1,20 | 500
5,0 11 10,20 | 3,20 | 2260
12 10,535 0,90 290
13 10,69 | 0,80 1 260
14 0,82 | 0,26 180
15 1,0 0,60 200
16 11,3 0,40 120
17 [ 1.5 0,75 260
18 |}2,0 0,40 310
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TABLE 2

EXp. g%aglfre— n s, 6. % |B05) | 5, Td Orgr
No. | onts «cm/sec B cm/sec | B psec « psec

1 9 0,65 3,50 +23 1,55 +15 9,5 2,2
2 1 0,51 0,75 +14 0,73 +13 10,1 2,7
3 24 0,46 0,34 +3 0,43 +11 10,9 1,1
4 27 0,43 0,25 +3 0,24 +12 13,8 2,4
5 16 0,4 0,12 +4 0,19 +15 13,9 1,9
7 10 0,5 1,24 +12 1,31 |. +142 9,3 2,4
8 10 0,46 0,93 +8 1,12 +10 9,5 1,7
10 15 0,35 0,20 + 0,38 +16 16,5 1,9
12 23 0,39 0,15 +4 0,23 © 412 201 3,0
15 12 0,39 0,2 +6 0,21 +13 14,2 2,5

Vapor Bubble Growth on Heater Surface

Parameters at which the study of internal boiling characteristics was performed are presented in Table
10

The mean bubble diameter was calculated as the arithmetic mean of its vertical hy and horizontal hy
dimensions, <D> = 0.5(y + hy). The bubble form remained practically spherical over the pressure interval
0,072-0.6 bar, while at pressures above 0,6 bar, at the moment of detachment the bubbles elongate and the
vertical dimension increases, sometimes reaching a value of 2h,.

The experimentally determined dependence of bubble radius on time may be represented by the form
R = p(n)r=. 1)

Values of 3(n) and n were determined by the method of least squares for each of the experiments from the en-
tire set of experimental data on bubble growth, The relative error in measurement of 3 ; is presented in
Table 2 where a general tendency to an increase in exponent n with increase in pressure is evident (with the

exception of the point p = 0.138 bar).,

The differing values of n indicate different values of the growth modulus g(n), cm/sec, In order to com-
pare the experimental data on bubble growth at various pressures the experimental growth curves were approx~
imated by the theoretical function [4]

= B(0.5)1%%. (2)

Over the time interval from bubble generation to detachment such bubhle growth curves differ from the experi-~
mental ones by no more than 25% because of the small difference of the experimental n values from the theoret-
ical n= 0.5, The mean values of 3(0.5) obtained in this manner for each of the experiments are presented in

Table 2,
The well-known theoretical relationships for the bubble-growth modulus g(0.5) may be written in the form [4]

B(0.5) = Cgla"fa'’®, (3)

where ng = 0.5-1; C, is aconstant (in some studies, a function of the physical properties of the liquid and
heater material [5]); Ja= AAT/Lp"q is the Jacobs number;A, ¢ are the coefficients of thermal conductivity
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and diffusivity of the liquid; L is the latent heat of vaporization; p" is the vapor density; and AT is the temper-
ature head,

To determine the experimental value of ng in Eq. (3) for the case of hydrogen boiling the dependence of
B{0.5) /v on the Jacobs number was determined, Processing of all experimental data on g(0,5) presented in
Table 2 by the method of least squares gives the following expression for the vapor bubble-growth modulus in hydro-
gen boiling:

B(0.5) = 5.27a%1a%5, (4)

To approximately the same accuracy the experimental data are described by an expression close to the theo-
retical one of [4],

B(0.5) = 4.2Ja%5q0.5, (5)

Equation (4) practically coincides with Labuntsov's formula [4], in which n, + 0.5; Cp = V12 —20.
B B

Figure 1 presents Eqs. (4), (5) in the form of the function 3(0.5)/Va =f (Ja), together with mean corrected
experimental values of the growth modulus 3(0.5), obtained in two series of experiments [1) with 3.1 mm diam-
eter heaters; 2) with 5 mm diameter heaters]. The large scattering of the experimental data at low Jacobs
" number (Ja = 1) is explained primarily by the low accuracy in determination of bubble diameters and tempera~
ture heads in the relatively high saturation pressure range. It is evident from Fig, 1 that for Ja > 1.6, Eqg. (4)
describes the experimental data better than Eq. (3).

Characteristics of Vapor Bubble Detachment

Experimentally determined values of vapor bubble-detachment radius Rq for hydrogen boiling in the satu-
ration pressure range studied, obtained with heaters (1 — 3,1 mm diameter; 2 — 5 mm diamter; 3 — averaged
results of [2]), are presented in Fig, 2. It is evident that just as in nitrogen, oxygen, water, and organic liquid
boiling [1, 6], bubble-detachment radius increases with increase in pressure, and this dependence becomes
especially great at sufficiently low pressures (p < 0.5 bar),

The method of estimating Rj values proposed by one of the authors of {1, 7] was used for quantitative
interpretation of the experimental data, The calculated dependence of Ry on p presented in Fig. 2 is of the
same character as the experimental one and agrees with the latter satisfactorily,

The value of Ry for boiling at sufficiently low pressures (for example, p < 0.,005px, where px is the criti-
cal pressure) and at sufficiently high pressures (for example p > 0.05px) may be described by the simple func-
tions of [7]:

a) for low pressure (dynamic bubble-detachment regime)

Ry = Cp g/ (6)
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b) for high pressure (quasistatic bubble~detachment regime)
. .
Ry = V(BI2)Rolglp — 0”), M

where Cp is a constant coefficient of the order of unity (Cr ~ 1.34 [7]); g is the acceleration of gravity; and
o is the surface tension,

- Equation (7) is an analog of the well~known Fritz formula [8] for the case of boiling of liquids with very
small boundary angles (including eryogenic liquids), where the Fritz formula is inapplicable {7, 9}, and bubble
detachment must take place not from a smooth heater surface, but from the edge of a microcavity of radius
Rq in which the vapor bubble is generated. The value of R is defined according to [10] as the diameter of a
critical vapor nucleus under the given experimental conditions, The growth modulus g for construction of the
theoretical function is calculated from Eq, (5) for Ja > 1.6 and from Eq, {4) for Ja < 1.6.

Calculation of the forces acting on the hydrogen vapor bubble upon detachment, using the method of [7],
reveals that dynamic forces (inertial forces of liquid reaction and frontal resistance) exceed static forces (sur-
face tension) at p < 0.4 bar or p =< 0.,03ps. This pressure is close to the value at which an inflection occurs
in the function Rgq = (p) for both hydrogen (Fig. 2) and a number of liquids of widely differing thermodynamic
properties (nitrogen, oxygen, water, Freon-12), for which the corresponding pressure boundary is about 0.02px
[1]. It can be seen that bubble dimensions in the dynamic detachment regime deseribed by Eq, (8) must hange
more rapidly with pressure than in the static regime where dimensions are described by Eq, (7) or the Fritz
equation [Eq, (8)].

We note that there exists not only qualitative analogy, but quantitative agreement of the generalized re-
sults on internal boiling characteristics of high~boiling-point liquids (water, ethanol) with those for cryogenic
liquids (hydrogen) at sufficiently low saturation pressures. In [8] results were presented of water, ethanol,
and benzene boiling in the form of dimensionless diameter Dyvg(p—p")/c 2as a function of Froude number Fr =
(D% 'rég)v’ g(p —p")/0. This empirical relationship may be written with satisfactory accuracy in the form

Dy =4/3. (8)

It can be shown that Eq, (8) may be obtained by substitution of Egs, (1), (2) at T = 7g in Eq. (5) with the value
Cr =~ 1.15, which differs from the theoretical value of [7] by only 14%.

Values of bubble-growth time on the heater 4 as a function of pressure are presented in Table 2, where
07q is the mean square error of the measurement, Expectancy time 7y, (from moment of bubble detachment
until moment of appearance of new bubble) was absent at all pressure values (1w =~ 0). At the very lowest
pressure, corresponding to the triple point, boiling was unstable, Bubbles detached in series within which 7y ~
0, while time intervals between series were irregular,

Figure 3 presents vapor bubble-detachment frequency 5 = T&i as a function of pressure from experimental
results obtained with two heaters: 1) heater diameter 3.1 mm; 2) 5 mm; 3) averaged results of [2].

Despite the conditional nature of this function and the high scattering of experimental points, one can
reliably distinguish two pressure regions with different rules for bubble~detachment frequency: 1) a region
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wheref is practically independent of p (p = 0.072-0.8 bar); 2) a region where y decreases sharply with increase
inp (p> 0.8 bar or p > 0.05ps). The latter region corresponds to the quasistatic detachment regime, and its
limit is the same as in other liquids [1].

Figure 4 shows mean bubble-growth rate D df for hydrogen boiling (1 — 3.1-mm-diameter heater; 2—

5~mm-~diameter heater; 3 — dataof [2]) as a functmn of the parameter I = ps+/p. The crosshatched region of
Fig. 4 corresponds to data for organic liquids [11]. Thus, the tendency for change in value of Dyy with change
in pressure in a cryogenic liquid (hydrogen) is the same as in organic liquids, while the numerical values of
Dyf in these two different classes of liquid coincide within the limits of experimental error,
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