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Helium bubble growth and detachment are considered in liquid oxygen subject tc 
variations in acceleration and hole diameter. 

The phase interactions for a gas (vapor) bubbling into a liquid are governed by various 
factors. Universal formulas have been proposed [i] for the bubble detachment diameter D d, the 
time of growth to detachment ~d, and the mean growth rate W = Dd/T d for a wide pressure range. 
It is of interest to check those formulas when another factor varies: the acceleration. For 
convenience, it is best to reduce the acceleration g from the terrestrial gravitational ac- 
celeration gn (i.e., load factor N = g/gn S i) because for N > i in a centrifugal system [2, 
3], the pressure at the exit from the bubbler hole is a function of D, and it is fairly dif- 
ficult to define how the latter affects Dd, Td, and W in pure form. 

We have simulated reduced gravity by partial compensation by means of a magnetic force 
acting on a liquid paramagnetic (oxygen) in an inhomogeneous magnetic field [4]. The pole 
tip configuration [5] provides the field in an SP-47 direct-current magnet. Here ~ is re- 
lated to the field strength and susceptibility X of the oxygen by 

= 1 ~ [grad H21 ( 1 ) 
2gn 

or 

= 1--(H/Ho) ~, (2 )  

in which H0 is the field strength corresponding to q = 0. An estimate [4] is that th~ error 
in the simulation is not more than Aq = 0.01. 

Equation (i) can be derived from the expression for the sum of the mss forces (g::avi- 
tational force Pgn and magnetic force), which act in opposite directions on unit vol1~e of 
the liquid oxygen, which has density p and is placed in the magnetic field: 

X [grad HZ[, (3 )  
Pg = T 

in  which  pg i s  t h e  r e s u l t a n t  f o r c e  and X = X/P. 

By integrating (i), (2) is derived. If one assumes that in the pole tip symmetry plane 
(in Fig. i, in the plane corresponding to the middle of gap and perpendicular to the plane 
of the figure), the magnetic field is dependent only on the coordinate x reckoned alor~g the 
vertical axis, i.e., [grad H2! = d/dx (H2), then 

H2 = 2g~ (I - -  0) ~ X ,  ( 4 )  

from which (2) follows. 

Weak mass-force fields have been simulated by means of an inhomogeneous magnetic field 
(in a solenoid) in researching oxygen boiling [6]. The basis for (i) and (2) has bee~ given 
in [4-6]. 

The [4] method of simulating small gravitational accelerations has been used [7] to 
examine vapor bubbles in oxygen at atmospheric pressure; in [8], results were given from 
similar experiments over a wide pressure range. 
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Low gravity is simulated for bubbling (boiling) in the realization not of N for the 
liquid but of ng for gas (vapor) bubbles having density pg [4, 6]: 

~g= ~1 +(1--~)  Pg X - - X ~ .  (5) 
x 

The systematic error in the gravity simulation ~B~ = ~ - ~g (for helium bubbles in oxy- 
gen &N~ = 1.54-10 -2) can be neglected if one defines tbe state of weightlessness (where Aqg 
is maximal) and the corresponding magnetic field H0 from the indifferent position of a vap6r 
bubble and calculates the acceleration from (2). 

The pole tips were designed for a minimum air gap of 65 ram between the poles and for a 
maximum field H 0 = 13 kOe. 

It has been found [9, I0] that increasing the strength of a homogeneous magnetic field 
from zero to 57.2 kOe reduced D d in water boiling, where it was considered that this was due 
to change in the contact angle 8 from 75 ~ at H = 0 to 50 ~ at 57.2 kOe as a result of the 
field, which corresponds to Fritz's formula relating D d and 8: 

De ~ 0,020 [~/g (p - -  pg )l I/~, ( 6 )  

in which o is surface tension. 

The contact angles are small for cryogenic liquids, and in particular O = 0 for oxygen 
on glass and steel, or 1.5 ~ on platinum or about 7 ~ on teflon [ii, 12]. Therefore, vapor 
bubbles detach in the quasistatic state for sufficiently large d (hole diameter) not from 
the wall in accordance with (6) but from the edges of the hole, where the detachment diame- 
ter is described by Krevelen's formula [13] and is independent of @ [12, 14]. Our range in 
H was less by a factor of almost five than that in [9, i0], so the theoretically possible 
variation in 0 in the field does not influence the detachment. 

We examined bubbles entering liquid oxygen for ~ = g/gn = i-0.01. The incoming gas was 
helium, which does not condense at the boiling point of oxygen. The field strength in the 
working zone was recorded with an E 11-3 induction meter. 

Figure 1 shows the apparatus. The main part is the cryostat in the pole gap in the 
electromagnet I. The helium is supplied from the cylinder 2 via the reducing and control 
valve 3 along a pipe having an internal diameter of 8 ram and total length about 3 m in the 
cryostat. The working volume in the cryostat 4 is filled via the bellows 5 with liquid oxy- 
gen (about 5 liters). Helium passes through the liquid along the copper spiral 6 having in- 
ternal diameter 4 ram and length 1950 mm and is cooled to the boiling point of oxygen (90 K). 
At the lower end of the coil opposite the cryogenic optical illuminators 8 there is the bub- 
bler 7; the bubbles are observed without external perturbation because the bubbler is placed 
in the gas cylinder having diameter 35 mm. The bubbler consists of a PTFE cylindrical body 
with interchangeable capillaries placed vertically at the upper end, which has a diameter 
of 20 mm. The upper ends of the capillaries are not especially worked. We used cap~llaries 
having internal diameters d of 0.58, 1.01, and 2.21 mm and outside diameters of 0.83, 1.23, 
and 2.93 mm correspondingly. In the first series, the capillaries projected above the body 

Fig. i. The apparatus. 
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correspondingly by 4.0, 6.0, and I0.0 mm, while in the second series, the upper ends were 
level with the horizontal end of the body. In the working volume, i.e., at the capi:lary 
exits, the pressure was atmospheric. The excess pressure in the injection line was 1:ept con- 
stant at 200 mm of oil and was monitored with the U-tube manometer 10. The low exce~;s pres- 
sure meant that the gas emerged only as bubbles, which grew fairly slowly. The height of 
the liquid column above the upper end of a capillary was 120-150 ram. 

Illumination was provided by a 500 W lamp. Cinematography was provided by an SKS-IM 
camera with Jupiter-6 lens, speed 500 to 2000 frames a second. The films were examired with 
a Mikrofot to determine two bubble dimensions: vertical a and horizontal b, with the scale 
provided by the capillary itself, which had a known outside diameter. The equivalent bubble 
diameter was calculated as D = (a + b)/2. The relative errors in determining a and b were 
30-50% at the start of growth but 3-8% at detachment. The error in determining ~ was gov- 
erned by the recording speed and was (0.25-2) x I0 -a sec. 

The detachment instant was determined from the occurrence of a band of liquid between 
the bubble and the end of the capillary. The time from the start of bubble growth to de- 
tachment was considered as the growth time Td, while the interval between detachment and the 
production of the next bubble was taken as the waiting time ~w- 

As in boiling, gas bubble growth is described by 

R = ~ ,  (7) 
in which R is current radius and ~ the growth modulus [12]; n is very slightly depend~nt on 
q and d. For 0.01 ~ D ! i, series 1 gave 

n----0.492~ ~176 (8) 
This agrees well with the [14] result for bubbling and boiling with q = I: 

n ..~ (~B) ~ 04, (9) 
in which B = [o/g(p - pg]l/2 is the Laplace constant. 

The growth modulus is dependent on the acceleration and diameter more than is n: 

= C~ ~, ( 10 )  

in which C = 12.8; 16.9; 17,0 mm/sec n and k = 0.14; 0.14; 0.094 for d : 0,58; 1.01; 2,21 mm, 
correspondingly. The data for ~ < i implies B ~ d ~ 

We estimated the forces acting on the bubble during growth by the [12] method; there 
was always quasistatic growth and detachment. 

Figure 2 shows the detachment size as a function of acceleration, where each poirt has 
been obtained by averaging from 5 to 30 D d. That diameter decreases as d falls and as D in- 
creases. The lines in Fig. 2 are from the formula [i] 

= I-- (11) 2 ,. d } \ pg / 

in which A = 1.58. Data fitting gave A = 1.023 for series 1 and A = 1.132 for series 2; 
the standard deviations of the measurements from the lines were from I0 to 17%. With a 
projecting capillary, D d on average was somewhat less than in series 2. 

Equation (ii) differs from Krevelen's formula [13] 

G~d l ~/3 

8 

in the factor ~(P--P~/Pg and describes the measurements with about the same accuracy. 
The measured D d fit (12) satisfactorily with C I = 1.10 for series ! and C I = 1.25 for ,~eries 
2. The standard deviation did not exceed 20% for each series. 

A formula proposed for the growth time [i] is 

d i/2 )l/s p2 12/5 2B )2~, ,e=A1Pr-:/~_~( P--Pg) ( P--Pg X[  ( - -  (13) 
P g (o-o d 

in which Pr is the Prandtl number for the liquid, P is pressure, and A I = 0.118. Figu~:e 3 
compares our measurements with (13). For series 2, A I = 0.088, and for series i, A I = 0.118, 
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Fig. 2. Detachment diameter as a func- 
tion of acceleration: 1) d : 0.58; 2) 
1.01; 3) 2.21 mm; 4) from (ii); a) 
series 1 data; ~) series 2. Diameters 
in m. 
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Fig. 3. Bubble growth times in msec as functions of accelera- 
tion: 1-3) see Fig. 2; 4) from (13); a) series 1 data; b) 
series 2. 

which agrees with the [I] conclusion. For d = 0.58; 1.01; 2.21 mm, the standard deviations 
from (13) were Ii, 24, and 12%. 

Equations (ii) and (13) reflect satisfactorily not only how d and P affect the detach- 
ment characteristics but also the effects of g: Dd ~ q-z/3; ~d ~ q-lz/z5 The measurements 
give the exponent in the D d formula as on average 0.32, and that for ~d as 0.79, which are 
very close to the values in (ii) and (13). 

Table 1 also gives some other characteristics. The waiting time shows a spread even in 
the mean values much larger than that for ~d- In some experiments, there was no waiting 
period. However, it is evident that ~w decreases as the acceleration rises, and to a first 
approximation~ Tw(q) is close to that for the growth time; there is no single-valued effect 
from the hole diameter on the waiting time. Figure 3 and the ~w data indicate that the 
growth time is long by comparison with the waiting one, and %w/~d only in three cases out of 
36 exceeded 0.2, so the effects of q and d on the detachment frequency f = i/(~ d + m w) are 
determined in the main by the ~d dependence on the acceleration and hole diameter; on aver- 
age f ~ q 0 . 7 7 ;  f ~ d-O.4O 

The shape on detachment is characterized by the skewness coefficient b/a. For q = 
0.5-1, the bubbles are almost spherical, but as the acceleration decreases, the bubbles 
gradually become elipsoids with axis ratio about 1.5. Here b/a ~ ~-0.065 As small accel- 
erations correspond to strong fields in (2), the deformation is presumably caused by the 
transverse magnetic force acting on the phase boundary perpendicular to the recording di- 
rection. Increased deformation at low q is facilitated by the considerable detachment sizes: 
the surface-tension forces opposing sphericity deviation are inversely proportional to D d. 

If a bubble is an ellipsoid having the long horizontal axis b, the volume is v = 
~a2b/6. Then for b/a = 1.5, the real equivalent diameter D d is about 9% less than (a + b)/2, 
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TABLE i. Waiting Time, Detachment Frequency, and 
Skewness Coefficient with Varying Acceleration 
Varying Acceleration for Various Hole Diameters 

O,Ol 
0,02 
0,03 
0,05 
O,l 
0,2 
0,5 
1,0 

O,O1 
0,02 
0,03 
0,05 
O,l 
0,2 
0,5 
1,0 

d=O, 5811E1 { d ~ l , O l  film 

series I/ series 2 series 1 {series 2 

0,01 
0,02 
0,03 
0,05 
0,I 
0,2 
0,5 
1,0 

31,4 
17,3 
9,5 

13,8 
6,9 
3,6 
1,3 
0,6 

2,11 
2,60 
3,61 
4,76 
8,36 

14,4 
29,6 
47,8 

1,25 
1,44 
1,41 
1,32 
1,26 
1,16 
1,12 
1,04 

T~ �9 10-3,sec 

}~7,5 
67,9 
37, i 
13,o 
2,4 
2,5 
1,7 
1,o 

2,22 
3,31 
4,24 
6,39 

10,9 
18,4 
37,0 
62,3 

1,50 
1,37 
1,37 
1,29 
1,18 
1,15 
1,03 
1,02 

0 
51,1 
17,6 
74,2 
17,8 
11,8 
5,9 
0 

f, sec -I 

1,16 
1,38 
2,16 
2,76 
6,02 

10,5 
23,7 
38,5 

b/a 

1,67 
1,58 
1,57 
1,47 
1,29 
1,18 
1,12 
1,16 

24,4 
26,4 

3,8 
0,8 
0,9 
0 

1,46 
2,49 

7,82 
15,4 
23,4 
47,8 

1,41 
1,48 

1,21 
1,11 
1,07 

d ~ 2  , 21 IIIln 

series I 

7,0 
16,9 
7,7 
3,8 
1,8 
2,2 

1,76 
2,91 
4,94 
9,28 

17,9 
27,0 

1,46 
1,46 
1,38 
1,36 
1,21 
1,18 
1,11 
1,09 

/Dd  f ~ ~ b f~ 
fO a o/ 
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Fig. 4. Mean growth rate as a function of acceleration: 
1-3) see Figs. 2 and 3; 4) from (14); a) series i; b) series 
2 (values in m/sec). 

which is within the usual spread in the repeat measurements on a given film. The distortion 
unimportant in quasistatic growth may however have an appreciable effect on the subsequent 
rise. 

The mean growth rate W = Dd/T d = fD d is [i] given by 

in which A 2 = 13.3.* The value W is thus independent of the hole diameter, and the dependence on the 
acceleration is W ~ q21s. Both these conclusions [i] agree well with out results (Fig. 4). 
On average, the measurements give W ~ ~0.~s, with A 2 = 8.49 for series i and A 2 = 12.2 for 
series 2 with standard deviations of 12 and 21% correspondingly. 

These early measurements on gas bubble growth and detachment from a single hole at D of 
0.01-i show that the formulas proposed by Malenkov et al. reflect satisfactorily the effects 
of the acceleration on the bubble detachment characteristics. 

*In [i] the exponent with the last cofactor was erroneously written as 0.5. 
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DIMINUTION OF THE THERMAL ACTION OF A GAS JET ON 

A PLATFORM BY DELIVERY OF COOLANT IN THE NEIGH- 

BORHOOD OF THE CRITICAL POINT 

l 
N. I. Melik-Pashaev,* E. K. Moroz, 
and A. I. Mel'nikov 

UDC 532.525.6 

Results are presented of an experimental investigation of the thermal action of 
a high-enthalpy jet on a normally disposed platform and the means to diminish 
this effect. 

The thermal action of a gas jet impinging on a normally disposed platform can be dimin- 
ished by supplying coolant in the neighborhood of the critical point [i]. Investigations 
were performed on an experimental installation including an axisymmetric nozzle through 
which a preheated gas escaped onto the platform model (Fig. i). The platform models were 
an asbestos-plastic slab and a steel plate with installed thermocouples to measure the gas 
flow temperature near the platform surface T~ and the platform surface temperature T w. 
The models were moreover equipped with sensors to measure the heat flux density q by the 
auxiliary wall method [2, 3] and by alpha-calorimeters to measure the heat elimination co- 
efficients by the a method of a regular thermal mode [2, 4]. The temperature T~ was mea- 
sured near the surface when using the asbestos-plastic slab, however, because of-the low 
heat conductivity of the slab this quantity is close to the wall temperature T w. Measure- 
ment of the temperature Tcool and the mass flow rate Gcool of sprayed in water or blown-in 
air was provided for in the neighborhood of the critical point in the coolant delivery main- 
lines. 

*Deceased. 
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