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gas embryo, of given radius and pressure equal to the tank pressure, 

became entrained into the stream. This entrained embryo was then 

assumed to become a spherical bubble nucleus. By using Boylets law 

and combining this with a relationship between pressure, radius 

of the embryo and surface tension of the liquid, he calculated the 

radius of the bubble nucleus and its inside pressure for a given 

size of embryo and tank pressure. If the pressure in the bubble 

nucleus was above the saturation pressure, the nucleus was unstable 

nd dissolved in the liquid. The results of calculations showed 

that (a) at low oxygen-saturation (11)2  = 0.05), the bubble nucleus 

from an entrained gas embryo was unstable, (b) at intermediate 

saturation (P02 = 0.10) the nucleus was stable only at a tank 

pressure close to 10 mm Hg and with an embryo greater than 0.05 cm 

radius, (c) at high saturation the nucleus from an embryo greater 

than 0.05 cm radius was always stable but not stable for the 

smaller embryo of radius 0.01 cm at lower tank pressures. Warner 

went on to consider the growth of the bubble nucleus. Based on the 

assumption that there was no sudden change in the stream pressure 

and that the pressure in the bubble remained constant at the pressure 

in the nucleus, he applied Scriven's parabolic growth law and 

calculated the diameter of bubbles after growth when the stream 

reached the field of view. The results of his calculations showed 

the maximum growth at a tank pressure of about 10 mm Hg. Although 

Warner's analysis depended on an arbitrary choice of the size of 

the entrained embryo, it could be used to interpret all his 

observations qualitatively. 

Baxter  (5)  followed Warner's study with the same basic 

apparatus for the silver-oxygen system but made a modificalion 

enabling him to see the stream behaviour just outside of the nozzle 

exit. Baxter used three parallel-sided nozzles (dia.;IT", 3/16", 3/52" 
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and 1/d ratios 2.3, 3.0, 6.0 respectively). He investigated the 

effects of oxygen concentration in silver and the tank pressure on 

the stream behaviour by taking high-speed films. Then, he classified 

the type of stream behaviour as follows: 

(1) contracted, single-phase flow (with degassed silver) 

(2) intermittent bubble growth on the stream as (1) (with air-

saturated silver at a tank pressure of less than 1 mm,  Hg) 

(3) bloated, foamy flow 

(with oxygen-saturated silver at a tank pressure of 100 mm. Hg) 

(4) violently disintegrated flow 

(with oxygen-saturated silver at a tank pressure of l nm Hg) 

Baxter, however, did not confirm Warner's observation that the 

maximum break-up occurred at an intermediate tank pressure. Another 

interesting finding by. Baxter was that the stream from the smaller 

nozzle (3/32" dia.) was broken up more violently than from the larger 

nozzle (3/16" dia.) with air-saturated silver. 

In industrial practice Hornak and Orehoski
(24) 

reported 

that the molten steel emerged from the nozzle as a two-phase flow 

and commented on the substantial splashing of the stream during 

(23) 
vacuum casting. Chedaille at al. 	also noted the same splashing 

problem during vacuum casting and designed a refractory convergent-

divergent nozzle based on the theory of two-phase flow given by 

Tangren et al
(22)

. (These two references will be discussed later in 

Chapters 7 and 3 respectively). 

Apart from stream degassing in metallurgical engineering, 

many investigations have been made of single or two-phase flow in 

other fields such as chemical and mechanical engineering. 

• 



Eisenklam and Hooper (7) carried out an extensive study 

on a simple liquid flow through a tube in the absence of any gas 

evolution by using a water jet issuing from glass capillary tubes 

of different 1/d ratios. They observed the stream behaviour with 

high-speed flash photographs and films and classified the behaviour 

according to the Reynolds number as follows: 

(1) At low Reynolds number (Re< 3000) whether the velocity 

profile was fully established (1/d = 400) or not (va < 10), a 

glassy section of jet was followed by axisymmetric break-up. 

(2) At high Reynolds number (3000 <Re ( 10,000) for a long tube 

(l/d = 400) the flow either remained laminar or changed to turbulent. 

In the laminar case a glassy section was followed by atomization of 

the jet, while in the turbulent case a ruffled jet emerged and no 

atomization followed. Oscillation of the jet between the two types 

of behaviour occurred due to tiny spontaneous disturbances upstream 

of the tube. For a short tube (lia < 10), on the other hand, the 

flow was considered to be semi-turbulent because of the flat velocity 

profile and the break-up of the jet was antisymmetric and due to 

air friction. 

(3) At very high Reynolds number (Re >> 12,000) the flow in a 

short or long tube was turbulent and the disintegration of the jet 

was by total disruption at the tube exit. 

According to the above argument some of the observations 

by Warner(4) may be explained. Warner showed some pictures of 

axisymmetric break-up far downstream of the nozzle exit with streams 

of low oxygen saturation (P0
2 
 < 0.2 atm.). Since the Reynolds 

number in his streams was about 3000 and l/d was 3, the stream could 

be broken up axisymmetrically (no air friction) without any gas 



evolution. 

Min et al
(6) 

studied the effect of different nozzles 

on the critical flowrate and the flow regime. with the "Freon-11" 

liquid-vapor system. They discharged the liquid "Freon", nearly 

saturated by its vapor at room temperature and atmospheric pressure, 

through nozzles of various shape. They lowered the downstream 

pressure at constant upstream pressure and measured the rate of 

discharge. The stream behaviour was also observed. The results 

showed that two-phase choked flow took place at the lower 

downstream pressures and also showed that the higher the 1/d ratio, 

the lower the flowrate. It was then found that the flow regime 

could be identified by using a "modified cavitation number", 

2 
Cae = (4Vd) (P -13 WOG IT), as below. 

	

Cae ( 9 	Metastable single-phase flow 

	

9 4:C;.e.<15 	Unstable flow 

15 4:C/ae 	Two-phase choked flow 

Charan(ii)  used "Freon-12" to investigate the flow characteristics 

through a round-entry nozzle. "Freon 12" was circulated in a 

closed system and its flowrate through the nozzle was measured at 

a given pressure difference and upstream temperature. Maximum 

upstream pressure and maximum pressure difference were 7,8 atm. and 

3.5 atm. respectively. Inlet temperature was changed from 20°C 

below the saturation temperature to near the saturation temperature. 

He found that the flow was very sensitive to the shape of the 

nozzle entry but that if the entry was well rounded the radius 

itself did not make any difference to the flowrate. With lagged 

nozzles (thermally insulated nozzles), the mass flmn-ate reached a 

maximum and remained constant with increasing pressure difference. 

With unlagged nozzles, however, the mass flowrate always increased. 

• 
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It was found that annular flow occurred with a liquid core surrounded 

by a vapor envelope. On the basis of his findings Charan proposed 

theories which fitted his results for flowrate measurements reasonably 

well. However, particularly at high prdssure difference, the theoretical 

flowrate showed a decrease with increasing pressure difference while 

the experimental flowrate remained constant.(Qualititatively the 

results could be explained in that with increasing pressure difference 

the liquid velocity increased while the cross-sectional area of the 

liquid core decreased thus allowing the mass flowrate to remain 

constant). It is extremely interesting that the flow of the 

flashing refrigerant is annular while the oxygen-silver two-phase 

flow is homogeneous(5) This difference may be explained by the 

fact that in the former case the process is controlled by heat 

transfer through the vapor envelope while in the latter case by mass 

transfer in the liquid. 

Silver and Mitchell(8) investigated the flow of super-

heated water. Their experimental system consisted of a storage 

tank of saturated water with a nozzle underneath. The upstream 

pressure (saturation pressure) was varied from 35 to 5 Psig, while 

the downstream pressure remained atmospheric, and the mass flowrate 

was measured. The theory developed by using the heat transfer 

equation across the vapor envelope and the momentum equation fitted 

their experimental results for mass flowrate fairly well but at low 

upstream pressures the theoretical values were too low while at 

high upstream pressure too high. With shorter nozzles agreement 

between theory and experiment occurred at higher upstream pressures. 

They argued that at lower upstream pressures and with shorter 

nozzles the metastable state was fairly well preserved due to the 

surface resistance to evaporation causing the mass flowrate to be 
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greater than that calculated. At higher upstream nressures and with 

longer nozzles the metastable state became disturbed more than 

enough to compensate for the increase of flowrate due to the surface 

resistance and hence causing the flowrate to be smaller than 

that calculated. Charan
(ii) also showed that Silver and Mitchell's 

theory agreed with his results only at smaller pressure differences 

and with shorter nozzles. 

Silver and Mitchell(8) also considered the critical 

condition of the gas-liquid two-phase flow (choking) where the 

downstream pressure did not propagate upstream. However, they did 

not obtain an analytical expression for this and therefore they 

had to carry out many calculations by trial and error to obtain 

the performance curve and the critical pressure for a given nozzle. 

They carried out experiments where the downstream pressure was varied 

from 25 to 0 psig. at a constant upstream pressure of 30 psig. The 

static pressure of the flow at the nozzle exit was measured with 

the pressure tapping nozzle, as well as the flowrate, It was found 

that the measured critical pressure agreed with the calculated value 

and was well above the downstream pressure as well as almost 

independent of it. Although they argued that the pressure tapping in 

the nozzle caused some disturbancesto the flow and decreased the 

mass flowrate about 17%, it seemed to be certain that a critical 

condition did exist, when the downstream pressure was lowered at a 

constant upstream pressure. 

Later however, Simpson and Silver(9) reconsidered their 

earlier theory which used contradictory physical models, i.e. an 

annular flow model to evaluate the heat transfer and a. homogeneous 

flow model to evaluate the momentum. This time they used only the 

• 
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homogeneous model and assumed that the vapour bubbles formed at 

a rate determined by nucleation theory and grew at a rate determined 

by the heat conduction in the liquid. They used Reiss and Frenkel's 

theory of heterogeneous nucleation of vapour in superheated liquids 

and they derived the parabolic growth equation. In combining these 

equations with the momentum equation, they obtained a very complicated 

solution. According to their theory, a sudden, large pressure drop 

would occur in the nozzle but very close to the exit and the mass 

flowrate showed very little increase at high pressure differences. 

They explained the earlier results of exit pressure measurements 

by using their new theory. Since the tapping was not situated exactly 

at the exit they suggested that it was measuring the pressure in the 

nozzle prior to the sudden large pressure drop which their theory 

predicted would occur very close to the exit. They also suggested 

that near constancy of mass flow with increasing pressure difference 

could be achiwged without the occurrence of a genuine critical 

condition at the exit. 

Fauske
(26) 

investigated the critical two-phase flow in 

the steam-water system over an extremely wide range of quality 

(0.01 - 1.0). Critical mass flow and pressure were measured. 

developed a theory using an annular flow model and predicted a 

relationship between critical mass flow and critical pressure. The 

comparison of the prediction and his experiments together with the 

experiments of others was excellent. He also comnared the homogeneous 

theory with experimental data and showed that it did not fit the 

results. 

It is clear that the flow of a super-heated liquid in 

tubes becomes choked but the flow is annular while the flow of 

super-saturated oxygen-silver is homogeneous. 

• 
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CHAPMR 3 	THEORETICAL BACKGROUND 

	

3.1. 	Bubble growth 

	

3.2. 	The propagation speed of a small pressure 

wave in a gas-liquid two-phase flow 
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CHAPTER 3 THEORETICAL BACKGROUND 

In this chapter the theoretical background to bubble 

growth under diffusion control and the propagation speed of a 

small pressure wave in a homogeneous bubbly flow will be dealt 

with since they will be seen later to be useful in the analysis of 

the results. 

3.1. BUBBLE GROWTH 

Scriven(12) analysed the dynamics of bubble growth in 

either pure materials or binary mixtures. He considered the growth 

h  
of an isolated single bubble of spprical symmetry but with many 

assumptions and restrictions for simplicity. By using the equations 

of continuity, motion, and the energy and mass balances he formulated 

the problem in a general way. This general formulation was further 

simplified to consider the case where viscosity, liquid inertia and 

surface tension terms could be neglected. Then this simplified 

formulation was applied to heat-transfer controlled growth, mass-

transfer controlled growth or mixed controlled growth. The final 

solution for mass-transfer controlled growth was as below: 

r = 2p (D t)2 
	

(3.1) 

where the growth constantp is a function of dimensionless driving 

force 0 and dimensionless density E which were given as below. 

C
b 
- C

sat = yc7 • 
1 - C

sat 

E = 	1 - SV,S)L  g  
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p was plotted against 0 with & as a parameter in Scrivenis paper, 

which showed that in the case of E.  = 1 (Sg 	L) p was 

approximately equal to 0. Then equation (3.1) became 

r = 2 S1L 

	

c
b 	.sat 	1 

(Dt)2  
sY
Ft- 
g 	1 	C

sat 

Gale
(13) investigated the growth of 

(3.3) 

single bubbles 

of CO
2 
or N

2 
nucleated artificially in viscous liquids of Dimethyl 

Siloxane (Silicone Fluid). He observed the bubble growth with a 

high-speed camera and measured the bubble diameters as a function 

of time. It was found that there were three stages in bubble 

growth as follows: 

(1) first stage where the growth was very slow at the beginning 

and gradually increased. Due to the surface tension and viscous 

effects the internal bubble pressure was not constant. 

(2) second stage where the bubble radius increased proportionally 

to a square root of time and basically agreed with Scrivents theory. 

Spherical symmetry was preserved and bubble pressure was steady. 

(3) third stage where the bubble growth departed from the parabolic 

law and was accelerated due to the variation in bubble geometry 

inherent in his experimental system. 

Departures from the parabolic growth law at the early 

stage of growth attract great interest because they play a significant 

role in such cases as growth of very small bubbles in licuids of 

high surface tension or viscosity, growth against considerable 

liquid inertia and growth controlled by a chemical reaction step 

at the phase boundary (kinetically controlled grow-th) which are often 

encountered in practice. Figure 3.1 illustrates the actual growth of a 

spherical bubble and the departure from the parabolic law at the 

beginning..  



Parabolic law of diffusion controlled growth 
r  = ag D t 

Actual growth with 
unsteady bubble pressure 

Hypothetical growth with 
steady bubble pressure 

r
o  

od min 

I 
I 
1 

TIME (t) 

FIG.3.1 BUBBLE GROWTH , EARLY RETARDATION (15) 

• 
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Rosner and Epstein(14) recently published a theoretical 

study on the effects of surface tension and initial bubble size on 

the growth dynamics with kinetic control or diffusion control. 

They considered the transient growth of an isolated spherical 

bubble of pure gas in a supersaturated liquid on the basis of the 

following assumptions: 

(1) reversible n
th

- order exsolution kinetics, (2) appropriate 

mean values for the physical properties of the liquids, (3) the 

absence of liquid inertia and viscous effects. They then derived 

a relationship between the dimensionless bubble radius (r/r0) and 

the dimensionless growth time ( t  ) for given dimensionless 

surface tension ( ): ) under (a) kinetically-controlled growth or 

(b) diffusion-controlled growth. In the case of large super-saturation, 

simplified solutions were obtained and these are given as below: 

(a) kinetically-controlled growth (second order) 

r/ro - 1 + 	o ln o) 
	

(3.1k) 

where 	= ( .1.16
L
/S4

g
) K c2b t/ro 
	(3.3) 

Z = 2 0"/PLro 	 (3.6) 

(b) diffusion-controlled growth 

et = 	)2  — 	13 - L• 	-1) -2 (1 +Z )(1- "f°  ) 
0 	 0 

, r 	 ro2 + 	z, .1n 	- 

	

; Z 	+ 2: 	- 172)(3.7) 1. 

where 	T = 4D( ‘?1,/g)2  B2  t/r2  (1 + B) 	(3.8) 

• 
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The relationships between dimensionless radius and time are 

depicted in Figure 3.2 from their paper 
X14) 

 andthe graphs show 

the extent by which the rate of growth is suppressed by surface 

tension and how it approaches Scriven's parabolic law later in 

the life time of a bubble. 

• 



( a ) kinetically controlled growth ( b ) diffusion controlled growth 

( equation ( 3.4 ) ) 
	

( equation ( 3.7 ) ) 
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3.2. THE PROPAGATION SPEED OF A SMALL PRESSURE WAVE IN A GAS- 

LIQUID TWO-PHASE FLOW. 

An increase of the pressure difference between the 

entry and the exit of a converging or parallel duct by lowering the 

downstream pressure increases the mass flowrate of a compressible 

fluid until a critical pressure ratio is reached where further 

lowering of the downstream pressure causes no increase of the mass 

flowrate. This critical state of flow is well known as choking 

and is explained as the state where a small pressure wave at the 

throat or exit propagates upstream at the same velocity as that of 

the fluid. Hence the propagation of a small pressure wave becomes 

stationary relative to the nozzle so that further reduction in 

downstream pressure can have no effect on the flow upstream of 

the throat or exit. Since a gas-liquid two-phase mixture has a 

much greater compressibility than that of a liquid and a much 

greater density than that of a gas, the propagation speed (sound 

velocity), given by (density X compressibility) ', tends to be very 

low compared with those of the liquid or gas alone. Thus, choking 

of a gas-liquid two-phase flow may occur at very low velocity 

(of Figure 7.1 in Chapter 7). 

• 
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P 

dG 
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We now consider the propagation speed of a small pressure 

wave in the gas-liquid two-phase flow. The flow model is set up 

with several assumptions as below: 

FLOW MODEL 

(propagation speed of pressure change) 

(1) No overall change of mass and energy 

Frictionless, steady and one-dimensional flow 

Uniform distribution and size of gas bubbles 

Uniform temperature 

No slip between two phases 

Ideal gas 

Inviscid liquid 

• 



-34- 

The total mass flux is 

G = Gg  + GL  = 	+ ,S4L'U. (1-(x) 	 (3.10) 

=u. 6 	+ 4  u. 
g 1+S L. 1+ S  

By using a relationship of 

IL a 
9  X = _a  . Sz' LL (1-0 	

= 
L 

(3.11) 

(3.12) 

we obtain in terms of the liquid properties 

G = 
IL  

1 + 	(1 + X) (3.13) 

or in terms of the gas properties 

a 
1 

IL  6  
G = 	(1+X) + 	

1+ 
X )  (3.14) 

The continuity equation for the changes occurring within the 

small pressure wave is dG = 0. Hence using either equation (3.13) 

or (3.14) and neglecting a relatively small term dit, we obtain 

d6 	 dX 
1+8 - ti. 	 1 + X 

and by using equation (3.10) we obtain:- 

2 
U.a dS') + (,fa +35  - fa) dik+ 	 Si')- 

9 	L L 	g ?)WU= 0 L 

(3.15) 

(3.16) 

The conservation of momentum across the small pressure wave is 

P + g Lea A-S' UN1-a) = P + dP + CS) + (1.51 )tit+ dt02(a + da) 
9 	 9 

L 
(U.+ c111)2(1-a-da) (3.17) 

• 
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By neglecting second order terms, equation (3.17) becomes 

dP 	a 'IF df°  + tr. ( n 	.5-  - 	)da + 2(a 

	

g 	L 	,Y 	 + f) udu = 0 	(3.18) 

Multiplying equation (3.16) by Mand sub tracting the resultant 

equation from equation (3.18) gives 

dP + (a + (1 - a)V uau 

6' By using the relationship a = 16
4- 	

we obtain.  

dp(1 6) + ca g  g,  ) WU- = 0  L 

Substituting (111.from equation (3.15) into equation (5.20) gives 

(3.19 ) 

(3.20) 

dP(1 + 6) + (6g + 	) ( d6  g L 1 6 - 
dX  e 

I + X ) 
	=0 (3.21) 

Hence we obtain the propagation velocity of a small pressure wave. 

2 C2 = 11 = 
(1 6)2  

 

(3.22) 1 + 6 dX 
(6Y PT. )  ( 	dP 	dP )  

By using equation (3.12) to eliminate d6/dP we obtains  

,, = 2 = 

( 1 4.  6)2 

 

!A 	
1 - Sji/Sn dx  

	

(6P 	) ( 	dP 
	

d P 

	

J 	dg (3.23) 

When the mass transfer rate between two phases within a small 

pressure wave is negligibleldX/dP=0 and equation (3.23) may be 

simplified by using the following relationships: 



2 
C 

r=  • (Ct.? + (1 -C)T 	WSJ
9 

C
2 
9 + (1-a)/`L C

2
L) 

1 
(3.28) 

6fg  + SL  
Smix = 	+ (I d) 9 L = + (3.26) 

Substituting these equations into equation (3.23) gives 

P 	 P 
C2 

   

(3.27) (a S171  + 	- a)St)a 

 

a 

This equation may be confirmed by using the equation originally 

given by Wood
(10d) which is 

Substituting the relationship for the isothermal sound velocity 

of gas (C
2 	RT = P45')g) and neglecting the small term a-04V,,  

in equation (3.28) gives the same equation as equation (3.27). 

Furthermore, equation (3.27) may be written as 

, 
C
2 

= 	P U. + 6) 	+  6 2 P (1 	) 	= 

Smix 5 	YL 8 
mix 

(3.29) 

since by neglecting the small term 6.% in equation (3.26) S' 	= mix 

+ 8). Equation (3.29) gives the isothermal sound velocity 

in bubbly mixtures and the Mach number is, therefore, 

13.2 	(,_2/  2 
9 	mix 	2mix  M-  = 

C
2 

PS)L/ 6,5> mix 

G- 
0 

(3.30) 

This relationship between the Mach number and the prop1-2rties of 

( the bubbly mixture is exactly the same as that shown by Wallis.10e)  

However, the above equations were derived using many 

simplifying assumptions. Baum and Horn(15a)(15b) have analysed the 

propagation velocity of a small rarefaction wave in a gas-liquid two- 

• 
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phase flow more generally and rigorously by taking into account 

such effects as the slip and the relative acceleration between 

the two phases, the effect of the gas expansion index (which 

indicates the extent of deviation from isothermal to adiabatic 

behaviour in the gas) and the effect of the mass transfer rate 

between the two phases within a small rarefaction wave. It is 

quite clear from their work that all these effects may cause a 

decrease in the propagation velocity of a small rarefaction wave 

with 

(1) increasing the slip between the two phases 

(2) decreasing the relative acceleration between the two phases 

(3) decreasing the deviation from the isothermal to adiabatic 

expansion of gas 

(4) increasing the mass transfer rate between the two phases. 

However, Baum and Horn
(15a) 

went on to argue that the mass transfer 

rate within a small rarefaction wave would be negligible for a 

two-phase fluid containing small bubbles in an almost incompressible 

liquid, because of the very short time for the pressure wave to 

pass bubbles. They also argued that the slip and the relative 

acceleration between the two phases would be negligible for a 

two-phase fluid containing of small bubbles since the drag force 

on the bubbles would. be large relative to the pressure force, so 

as to minimize the deviation from velocity equilibrium between the 

two phases. On neglecting these effects and assuming isothermal 

behaviour in the gas phase, it may be verified that our equations 

(3.23) and (3.29) can be obtained from their et-mations. (eq. 8(15b)  

and eq. 6(15a) respectively, by substituting for lig_UL  = U'  

dU
g
/dU

L=1, L = 1/6 and X= S'LAss,g  and neglecting the very small 
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term dj//dP in their equations). 

Marchal(16)  considered another effect, that of the surface 

tension on the compressibility of small bubbles. He was able to 

derive a modified value of the critical velocity in the gas and 

defined a modification factor k as 

C (bubbles) = kC (bulk gas) 

and showed that:- 

k = (1 + 	 
31)  17 + 4 cs• 

-Va 2 (5%  (3.31) 

where r is the bubble radius and P is the ambient pressure. The 

value of k for very small bubbles and low pressure approaches the 

limit 0.82. Hence the somnd velocity C and the Hach number M for 

bubbly flow are now given as below. 

C
2 

= k
2
PV8 e

mix  = k
2 
(PA? )- (1 + 5)2/5 

M
2 

= G
2 6/k9 P 

For the choked two-phase flow, M = 1 

*2  * 2 * 
1 = G b

»
/ k SLP 

(3.32) 

(3.33) 

(3.34) 

Tangren et ai.
(22) 

(see also Ref. (10f)) analysed 

gas-liquid two-phase flow through a de Laval nozzle in the absence 

of mass transfer between the two phases and showed that the two-

phase flow behaved as a compressible fluid. They considered a 

homogeneous bubbly mixture and defined the stagnation conditions 

at the nozzle entry where the gas-liquid volume ratio per unit 

• 
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volume of the mixture was ,50 	 0 
and the static pressure was P . 

First they showed the following relationship between pressure 

and gas-liquid volume ratio by using the equations of energy 

conservation and the ideal gas law. 

P6 = constant 
	 (3.35) 

where Pwas the dimensionless specific heat and a function of 

Gg/GL  but in the case of Gg GL y  // became very close to 

unity. Hence equation (3.35) was written as 

Polio  = P6 
	 (3.36) 

Secondly they derived an equation of motion as below, 

uF 	(1 - P -  6 	P , 

	

So  In — 
Po

/ 
	(3.37) 

Thirdly they obtained an equation for the sound velocity in 

the bubbly mixture 

c2 	dP _ P06,,  0. .1. 	) . 
= 	

o o 

P 	 (3.38)*  

Therefore the local Mach number was given as 

M2 

	

2 	 -2 2 ( P 	P 
l - .7 o In — )(1 + 

°  

	

C2 	6 	
P

o 	 o 
(3.39) 

When the Mach number was unity, P = P and the ratio P /Po  

could be calculated from equation (3.39). Tangren et al. then 

* 	* 
* correlated the parameters such as M/M P/P 	V9 S 	and VAL 

with the geometry of the nozzle A/A using a continuity equation, 
* * * 

A s911.. = A 81L and showed the results of calculations in graphs 

with various values of So as the parameters. 

(*) The equation (3.38) may be shown to be basically the same as 

equation (3.29) by substituting equation (3.36) into equation (3.38). 
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CHAPTER 4 : EXPERIMENTAL METHOD 

The experiments were carried out with the same basic apparatus as 

that reported by Warner(4), although a number of further modifications 

were made in order to obtain quantitative results as described in more 

detail below. 

4.1 Apparatus 

A general sketch of the apparatus is shown in Figure 4.1. Pure 

silver (99.9%) was melted in a tundish whose top was open to the atmosphe-

re. The tundish needed to be movable so that it could be held inside 

the high-frequency coil for melting and lowered below the coil for 

photography. This was done by mounting the tundish on bellows with verti-

cal movement controlled by four pneumatic cylinders. The rate of 

temperature drop in the liquid silver when the tundish was lowered below 

the coil was 0.5 °C/sec, which was not significant since most of the 

runs were ended within 10 sec. The vacuum tank was evacuated by a rotary 

pump. Silver was discharged into the vacuum chamber through a nozzle 

-placed on the bottom of the tundish. The majority of the discharged 

silver was collected in a graphite-clay crucible (Top I.D. = 18 cm., 

wall thickness = 2 cm.) surrounded by a steel vessel (Dia. = 40 cm., 

Height = 30 cm.). Figure 4.2 shows the design of the tundish which 

could be made either from "Nimonic 75 " or "Inconel 600 ", both of 

which proved to be very resistant to the highly oxidizing environment. 

"Nimonic 75 11  was also used for the nozzle and lasted up to 5 heats. 

The nozzle designs, shown in Figures 4.3 and 4.4, each had a round entry 
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oxygen free silver where nitrogen was bubbled through the 

molten silver, the absorption of nitrogen was ignored because 

of the very low solubility of nitrogen(19) 

4.3 	Flowrate measurement of the molten silver 

Accurate measurement of the discharge rate was very 

important in order to analyse the phenomena occurring in the 

nozzle. In this present work the flowrate was calculated by 

measuring the surface velocity of the molten silver within 

the tundish of known cross-sectional area. Three independent 

methods were developed to measure the surface velocity. They 

were the measurement of the total time required for the 

surface to move a measured vertical distance ( " surface probe " ), 

the measurement of the time required for the surface to move 

through a fixed vertical distance ( " depth probe " ), and 

the measurement of change in the buoyancy force on an immersed 

probe against time ( " buoyancy probe " ). These three methods 

are described in detail below. 
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4.3.1 	Surface probe 

A mean velocity of the surface of the molten silver 

was obtained to calculate a mean flowrate by measuring a 

vertical distance of movement and the time of discharge. The 

arrangement is shown in Figure 4.8 where a vertical distance 

was measured by a micrometer attached to a rod which was 

lowered before and after each run until a light bulb came on 

when the tip of the rod touched the silver surface. The duration 

of a run was measured by a timer ( Venner Electronics' type 

TSA 3436/2 ) controlled automatically by a microswitch which 

was sited on the top lid and operated automatically by an arm 

attached to the stopper rod. Thus the timer started and stopped 

automatically when the stopper rod was raised and replaced. 

An electric circuit was developed for this arrangement as shown 

in Figure 4.9.(b) whose instructions were as below. 

(1) 	Run procedure 

Once the microswitch was set, Relay 3 was energised 

4 
but Relay/was not. Therefore START and RESET were connected 

to EARTH. Thus no stray input signal could start the timer 

but as soon as the stopper rod was raised, the microswitch 

released Relay 3 and energised Relay 4, thus allowing START 

to be connected to 9V of a power battery, STOP connected to 

EARTH and RESET to be isolated and hence the timer started. 

Once Relay 4 was energised it remained in -position until released 
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by a manual push button, so that RESET remained isolated. When the 

stopper rod was replaced, the microswitch energised Relay 3 again 

allowing START to be connected to EARTH and STOP to 9V, hence 

the timer stopped. Red and green bulbs indicated when Relay 3 and 4 

were energised respectively. 

(2) Test procedure 

Instead of the microswitch operation, one "push to changeover" 

switch simulated the run procedure. By pushing the switch, Relay 3 was 

opened and Relay 4 was energised to start the timer. On releasing the 

switch Relay 3 was energised again to stop the timer while Relay 4 

remained energised until released by pushing the reset button to reset 

the timer. Red and green bulbs again indicated the functioning of the 

two relays. 

4.3.2 Depth probe 

A mean velocity of the silver surface was obtained to calculate 

a mean flowrate by measuring a time required for surface to move through 

a fixed vertical distance. The time was measured by a timer (Advance 

Component's type T.C. 10) operated by a probe which consisted of two 

'Nimonic' rods immersed into the silver bath as shown in Figure 4.10 where 

the vertical distance of the tips of two rods was measured accurately at 

room temperature. A mean velocity was calculated according to equation, 

AhAt = 	(1 +a6,T)/Lt 	 (4.2) 
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where 

vertical distance of the tips at room temperature (cm) 

= linear thermal expansion coefficient of "Nimonic 75" 

(18.8 x 10-6  / °C) 

AT = temperature difference between liquid silver and 

room temperature (°C). 

An electric circuit for this system was developed as shown in figure 4.9(a) 

whose instructions were as below. 

(1) Run procedure 

When the depth probe was immersed in the silver bath, both Relay 1 

and 2 were energised allowing START, STOP and RESET to be connected 

to EARTH, thus preventing any stray signal from operating the timer. 

The timer started automatically when the silver surface cut off the 

contact with the upper rod which opened Relay 1 so that START was 

connected to 9V of a power battery and simultaneously RESET was isola-

ted. Relay 2 remained engaged. When the silver surface cut off the 

contact with the lower rod Relay 2 was opened to connect STOP to 9V 

and the timer stopped automatically. Red and green bulbs extinguished 

when Relay 1 and 2 were opened respectively. 

(2) Test procedure 

Two "push-to-break" switches simulated the operation of the depth 

probe. The timer started and stopped when the first and the second 

switches were pushed in respectively. Red and green bulbs again indicated 

the functioning of the two relays. 



Water 
cooling 

-58- 

To recorder 

Load cell 

Depth probe TJ 
Buoyancy probe 

Timer 

Silica 
tube 

•••••••■■••■ 

ION 

Sinker 

Stainless steel 
rod 

Silica tube 

Fig. 4. 10. 	DEPTH PROBE AND BUOYANCY PROBE. 



-59- 

4.3.3 Buoyancy Probe 

The probe consisted of a cylindrical sinker which was hung from 

a load cell on the top lid and immersed in the silver bath as shown in 

figure 4.10. According to Archimedes' principle the buoyancy force 

to the sinker equalled the weight of the silver displaced by the sinker. 

Any change of the surface level could be detected as a change in the net 

weight, WN  (dead weight WD  - buoyancy force WB) since the position 

of the sinker remained unchanged. The net weight, WN was measured by 

a load cell (Ether Controls' type UF.1) of which the output was amplified 

(Southern Instruments' DC amplifier M1266) and recorded on a UV recorder 

(Southern Instruments' series 10-500). At high rates of discharge the 

UV recorder was directly connected to the load cell through the ampli-

fier while at low rate of discharge a higher gain was used and the load 

cell output was backed off with a "Vibron'T  (Electronic Instruments' model 

33B2) before the signal was amplified and recorded. The load cell and 

electric circuit were calibrated regularly by adding known weights to the 

sinker and measuring its output on the chart. The output was also checked 

by the potentiometer before each run. The instantaneous velocity of the 

silver surface was calculated from the chart reading by using the known 

cross-sectional area of the sinker and the density of the silver according 

to the equationsbelow; 

L
s 	"B P  Lgas 

(W - WN) 	ga D 	N 	. o  Ls (4.3) 

dh = 
dt 

dL
s 1 	

dWN 
dt 	p

L 
gas 	dt (4.4) 

The design of the sinker shown in Figure 4.11 was based on the analysis 

in Appendix A.4.1. 

6 
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4.4 Pressure measurement in the nozzle 

The measurement of the static pressure of the stream in the nozzle 

was carried out as shown in Figure 4.12 with the special nozzle des-

cribed in Section 4.1. The pressure tapping in the nozzle was connected 

with a pressure transducer (Bell and Howell's type 4-366-004-03M5) on 

the top lid via a long stainless steel tube. Since it was desirable to 

avoid the ingress of molten silver into the line connected to the pressu-

re transducer, it was necessary to fill the line with nitrogen which was 

supplied from a gas cylinder through an automatic valve placed upstream 

of the transducer. The automatic valve remained open until the start of 

each run and the flowrate of nitrogen was adjusted so as to give a defini-

te pressure reading to the transducer, 20-50 mm Hg higher than the 

expected static pressure in the nozzle. On lifting the stopper rod the 

automatic valve was closed via a microswitch and the line pressure fell 

quickly until it approached the static pressure in the nozzle. On stopping 

the flow, the line pressure fell rapidly to the tank pressure provided 

that the tap line had not been blocked, since the automatic valve remained 

closed until reset by a manual switch. Although this method of operation 

generally prevented the blocking of the tap line, it had the drawback 

that small quantities of nitrogen were injected into the stream. The 

dimensions of the tapping and its connection to the transducer were based 

on the analysis in Appendix A.4.2 and the electric circuit is shown in 

Appendix A.4.3. 

The output of the transducer during pressure measurement was recor-

ded on the UV recorder via the amplifier simultaneously with the output 

of the load cell. 

• 
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4.5 High speed cinematography 

In order to observe the steam behaviour in the vacuum tank a 

"Fastax" high speed movie camera (Category V Type WF4ST, lens 25, 

50 mm) was used with a framing rate of up to 3000 pictures per second. 

The view seen by the camera included the nozzle exit and the 3-6 inches 

downstream depending upon the lens. Because of the very low emissivity 

of liquid silver at 1100 °C (approximately 0.05), it was necessary to 

photograph the silhouette of the stream in front of a white "Fibrefrae 

screen illuminated by four light bulbs (240 V, 500 W) as shown in 

Figure 4.13. The tundish was lowered to the bottom position just before 

a run so that the nozzle exit came below the coil and into the field of 

the view of the camera and the lights were switched on. The camera was 

operated automatically via the microswitch on raising the stopper rod. 

4.6 Remote control of operation 

Although most of the operations of this experiment were automated, 

it was desirable to check the various circuits using a remote control 

unit on top of the vacuum tank where the stopper rod was operated manually. 

The functions of the remote control system included 

(1) Test and operation of the depth probe system 

(2) Test and operation of the surface probe system 

(3) Test and operation of the automatic valve 

(4) Operation of the UV recorder 

(5) Operation of the high-speed camera 

A circuit diagram is shown in Appendix A.4.3. 

• 
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4.7 Preparation of silver 

Silver discharged from a previous run was remelted in a graphite 

clay crucible in a furnace fired with towns-gas. Dust or refractory 

powder was removed from the molten silver by using a borax flux before 

casting into pure graphite moulds. The cast ingots were polished with 

wire brushes driven by an electric motor. They were then remelted in a 

pure graphite crucible in an induction furnace where the liquid silver 

was carefully cleaned once more before it was finally cast into the 

special graphite mould, with a central core as shown in Figure 4.14 

to provide space in the tundish for the location of the stopper rod. The 

ingots were finally repolished with power driven brushes. 

4.8 Summary of procedures for each run 

(1) All devices were tested. 

(2) The reading of the surface level and the buoyancy probe was taken. 

(3) In the case of pressure measurement, the initial line pressure 

was carefully adjusted. 

(4) The tundish was lowered to the bottom position by the pneumatic 

cylinders. 

(5) In the case of taking a tine film the lights and the control switch 

of the camera were switched on 

(6) UV recorder was started by the remote control switch. 
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(7) The discharge was started and stopped by raising and replacing the 

stopper rod. 

(8) The UV recorder was stopped. 

(9) The tundish was raised and the lights were switched off. 

(10) All the reading on timers etc. was noted. 

• 



-67- 

4" 

7 " 2 /8 

6" 5" 4" 

A 

. N4---Graphite 

Stainless steel 
Split tube 
(Tapered) 

NNN, 
	Steel tube 

Steel bung 

Fig. 4. 14. MOULD 



-68- 

CHAPTER 5 : RESULTS 

	

5.1 	Results of Flowrate Measurements 

1. Experiments with nozzles of 3/16" dia. 

2. Experiments with nozzles of 3/32" dia. 

	

5.2 	Results of Pressure Measurements 

1. Experiments with nozzles of 3/16" dia. 

2. Experiments with nozzles of 3/32" dia. 

	

5.3 	Observations of the Stream by the High-Speed Cine 

Camera 

	

5.4 	General Review of Results 



-69- 

CHAPTER 5 : RESULTS 

The results are presented in three main sections. The first section 

deals with the results of the flowrate measurements with the plain 

cylindrical nozzles and the second with the results using the nozzles 

with the pressure tapping and the third with the photographs of the flow 

at the nozzle exit which were taken from the high speed cine film. 

The discharge coefficient and the mass flux were calculated by the 

approximate equations which are shown to be accurate enough for practical 

purposes in Appendix A.5.1. The error in the microswitch operation was 

also investigated and is shown to be negligible in Appendix A.5.2. 

Mean discharge coefficient is: 

1 
Am 	Ah .( 2(Pa  - 	

2 

C 	
PT ) 	

- 

" 	 +2ghi) D 	
a 

▪ 

At PL 
(5.1) 

Mean mass flux is: 

I 
2 

PL% 	Ah 	(
2(P - P ) 
a T  

G = 	 +2 
At 	

ghm) 	(5.2 
- a 	

) 
' 	= L D 

5.1 Results of Flowrate Measurements 

5.1.1 Experiments with nozzles of 3L16" dia.  

The results of the mass flux as a function of the total pressure 

drop or the tank pressure are shown in Tables 5.1 to 5.3 and Figures 

5.1 to 5.3 for silver saturated at three different oxygen partial 

1 
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pressures P 	< 1073 , P
02 = 1, P02 = 0.205 atm respectively. 02  

Other data showing the actual measurements obtained in these experiments 

are given in Tables A.5.1 to A.5.3 in the Appendix. 

Experiments with nozzles of 3/32" dia. 

The results of the mass flux as a function of total pressure drop 

or the tank pressure for the smaller nozzles are shown in Tables 5.4, 

5.5 Figures 5.4,5.5 for silver saturated at two oxygen partial 

pressures P 	< 1C3 	and P02 = 1 atm, and the actual measurements 02 

are given in Tables A.5.4 and A.5.5 in the Appendix. 



TABLE 	5.1 

MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP 

Nozzle dia 3/16 ", length 1/2"  

DEGASSED SILVER (P
02 
< 10-3) 

Exp. 

No. 

Tank 

Pressure 

(mm Hg) 

Total 	Pressure 

Drop (mm Hg) 

Mass Flux in the 

Nozzle (g/cm2,sec) 

D I 	S D S .  

64 0.9 847 846 4180 4140 

50 10.5 815 813 4110 4000 

65 45 759 760 3950 4000 

44 101 - 768 - 3930 

43 99 - 703 - 3760 

54 200 650 - 3710 - 

55 305 499 - 3220 - 

41 400 486 488 3200 	3180 

42 404 438 411 3090 	2930 

D : Depth Probe 

S : Surface Probe 
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MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP.  
Nozzle dia 3/16",length 1/2" 

OXYGEN-SATURATED (P02  = 1 ) 

EXP. 

NO. 

Tank 
Press. 

(mm Hg) 

Total Pressure Drop 

(mm Hg) 

Mass Flux in the Nozzle 

(g/cm2. sec) 

D S B D S B 

29 2.5 834 839 - 3430 347o - 
66 3.1 834 - - 3410 _ _ 
32 2.0 - 821 - - 3330  - 
3o 2.0 812 815 - 3440 3490  - 
36  5.5 809 811 - 3440 3400 _ 
33 1.0 - 807 _ - 3370  _ 
34 0.8 - 798 - _ 323o 
35 1.o - 793 - - 3220 
59 23 790  790 - 3260 3240 - 

37 102 776 - - 3620 _ _ 
38 96 - 751 - - 3470 - 

47 207 667 664 - 354o 350o _ 
58 204 653 652 - 347o 347o - 
48 206 - 622 - - 326o - 
208 207 62o 617 617 3350 3340 3300 
49 206 - 595 - - 324o - 

207 305 552 546 546 3310 323o 326o 
57 303 532 532 - 3420 333o - 
209 302 502 496 496 3120 3070 3230 

206 400 - 480 480 - 3180 3180 
45 394 - 437 - - 3010 - 
39 403 - 418 - - 2990 - 
46 392 - 412 - - 288o - 

_ 	. 

D: Depth Probe S: Surface Probe B: Buoyancy Probe 

0 
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TABLE 	5.3 

MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP  

Nozzle dia. 3/16", length 1/2"  

AIR - SATURATED (P
02 

= 0.205) 

EXP. 

NO. 

Tank 

pressure 

(mm Hg) 

Total 	Pressure 
Drop 	(mm Hg) 

, 

Mass Flux in the 
Nozzle (g/cm2.sec) 

D S D S 

62 .2.4 830 831 4020 4050 

61 8.0 801 801 3990 3980 

63 1.9 783 785 4040 3930 

60 102 748 748 3960 3890 

D : Depth Probe 	S : Surface Probe 

• 
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TABLE 	5.4 

MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP  

Nozzle dia. 3/32", length 1/2"  

DEGASSED SILVER (P
02
< 10-3 ) 

Tank 
Pressu-
re 

(mm Hg ) 

Total Pressures 

Drop (mm Hg) 

S 
	

B 

Mass Flux in the 

Nozzle (g/cm24.sec) 

S 
	

B 

EXP. 

NO. 

4110 

3830 

866 

816 

9.0 

11.0 

116 

162 855 

795 

3930 

3760 

117 

118 

127 

129 

123 

120 

124 

121 

125 

122 

126 

9.5 

9.8 

10.0 

2.0 

111 

211 

210 

308 

308 

404 

405 

853 

856 

774 

773 

696 

623 

590 

517 

488 

411 

385 

4010 

3930 

3750 

3840 

3690 

3310 

3240 

2984 

2970 

2670 

2730 

S : Surface Probe B : Buoyancy Probe 

• 
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TABLE 5.5 

MASS FLUX AT DIHIERENT TOTAL PRESSURE DROP 
Nozzle dia. 5/32", length 1/2 "  
OXYGEN-SATURATED (PO = 1) 

EXP. 

NO. 

Tank 

Press. 
(mm Hg) 

Total Pressure 

Drop 	(mm Hg) 

Mass Flux in the 

Nozzle (g/cm2sec) 

S  B S B 

151 10.9 868 868 3280 3290 

152 13.1 810 84o 3160 3350 

803 3330 

153 14.5 829 - 3170 - 

154 11.9 787 - 3230 - 

155 11.7 775 - 3130 - 

163 11.0 821 821 3160 3090 

134 100 754 - 3330 - 

164 107 704 704 3330 3190 

132 206 663 - 3370 - 

165 206 583 583 3220 3190 

131 303 575 - 3230 - 

130 399 
(489) 
487 - 

(3030) 
3050 

_ 

137 402 (418) - (2720) - 

S : Surface Probe 	B : Buoyancy Probe 

( ) : Depth Probe 

• 
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5.2 	Results of Pressure Measurements 

5.2.1 

 

eriments with nozzles of 3L16" dia. 

 

Exit tapping 

The position of the pressure tapping has already been shown in 

Figure 4.* and the results for the experiments on the flow of the oxygen-

saturated silver and the degassed silver are shown in Figure 5.6 at a tank 

pressure of about 12 mm Hg. Figures 5.7 and 5.8 show other results 

at the different tank pressures indicated on the graphs. Table 5.9 and 

Figure 5.9 show the results of the mass flux measurements obtained from 

the above experiments. The actual measurements taken are given in Table A.5.9 

in the Appendix. 

Mid-tapping 

The position of the pressure tapping was shown in Figure 4J+ and the 

results for the experiments on the flow of degassediair-saturated and oxygen 

saturated silver are shown in Figure 5.10and 5.11 at tank pressures, 10-100 

mm Hg. The results of the mass flux obtained from all the above experiments 

are shown in Tables 5.12, 5.13 and Figures5.12, 5.13 and the actual 

measurements are given in Tables A.5.12 and A.5.13 in the Appendix. 

.2.2.1 	Experiments with nozzles of 3L32" dia. 

The results for the experiments of the pressure measurements at the 

exit of the small nozzle are shown in Figure 5.14 and 5.15 at the diffe-

rent tank pressures indicated in the graphs, where the results for the 

flow of oxygen saturated and the degassed silver are compared. Tables 5.16, 

5.17 and Figures 5.16, 5.17 show the results of the mass flux obtained 

from the above experiments and the actual measurements are given in 

Tables A.5.16 and A.5.17 in the Appendix. 
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TABLE 5.9 

MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP 

(Nozzle dia. 3/16", length 1/2")  

EXIT TAPPING 

a OXYGEN-SATURATED P° = 1) 

EXP. 

NO. 

Tank 
Press. 

Total Pressure Drop 

(mm 	Hg ) 
Mass Flux in the Nozzle 

(g/cm2. sec.) 
(mm Hg) D S B D S B 

168 11 857 852 852 3400 3250 3260 
170 12 - 851 851 - 3500 3460 
87 13 856 854 - 3670 3560 - 
84 3 846 845 - 3540 3600 - 
88 13 838 837 - 3670 3700 - 
82 5 828 822 - 3500 3530 - 
169 11 829 812 812 3400 3140 3140 
171 12 822 813 813 3470 3530 3390 
89 12 823 822 - 3480 3510 - 
85 3 820 819 - 3470 3600 _ 
90 12 807 806 - 3470 3420 - 
172 11 787 781 781 3280 3360 3430 

86 52 747 - - 3300 - - 

177 102 778 768 768 3300 3500 3390 
178 99 - 745 - - 3340 - 
91 95 707 706 - 3560 3520 - 
92 - 694 - - - 3490 - 

174 201 - 650 650 - 2980 2890 

173 301 573 571 571 2710 2840 2890 
180 303 572 570 570 2790 2730 2850 
181 301 553 552 552 2850 2750 2850 
182 305 - 501 501 - 2820 2710 

(b) DEGASSED SILVER (P
0 < 10 3) 
2 
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FIG. 5.9 MASS FLUX vs TOTAL PRESSURE DROP ( Oxygen-saturated, 3/16 Nozzle, Exit-tap ) 
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TABLE 	_5.12 

MASS FLUX AND DISCHARGE COEFFICIENT 

Nozzle dia 3/16", 	length 1/2"  
MID-TAPPING 

(a) AIR-STURATED (P02  = 0.205 ) 

EXP. 

NO 

Tank 

Pressure 
(mmHg) Hg) 

Total 	Pressure 
Drop (mm Hg) 

Mass Flux in the 
Nozzle (g/cm2.sec) 

D S D S 

100 11 865 861 4080 4020 

101 11 844 841 4100 4040 

102 106 - 730 - 3850 

103 108 - 709 - 3820 

104 110 - 686 - 3770 

(b) DEGASSED (P6 	07  < 1 3) 2  

97 11 - 795 - 3930 

98 11 - 779 - 4060 

D : Depth Probe S : Surface Probe 

• 
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TABLE 5.13 

MASS FLUX AND DISCHARGE COEFFICIENT 

Nozzle dia 3/16", length 1/2"  

MID-TAPPING 

OXYGEN-SATURATED 	(P 	= 1) 

EXP. 

NO. 

Tank 

Press. 

(mm Hg) 

Total Pressure 
Drop (mm Hg) 

Mass Flux in 
Nozzle 
(g/cm2•sec) 

Discharge 
Coefficient (-) 

D S D S D S 

111 2 872 87o 2980 3130 0.644 0.677 

106 13 852 336o 0.736 

93 13 839 354o 0.780 

112 12 836 836 3200 3130 0.706 0.692 

107 13 82o 3610 0.804 

113 11 815 3090 0.691 

94 13 	 810 330o 0.740 

108 12 	803 3330 0.749 

il4 11 	794 	793 	322o 3370 0.730 0.764 

log 12 	788 	790 	3040 3080 0.691 0.699 

95 12 	789 3400 0.772 

110 11 	786 	 3130 0.717 

115 11 	769 	772 	3470 3410 0.799 0.785 

96 12 	769 3400 0.787 

D : Depth Probe 	S : Surface Probe 
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TABLE 	5.16 

MASS FLUX AT DikTERENT TOTAL PRESSURE DROP  
DROP. 

Nozzle dia. 3/3211 	length 1/2"  

aEXIT TAPPING 
Degassed ( Pb < 10 3) 

EXP. 

NO. 

Tank 
Press. 

(mm Hg) 

Total Pressure 

Drop 	(mm Hg) 

Mass Flux in the 

Nozzle (g/cm2-sec) 

(mm Hg) S B S* B 

192 10 866 866 3750 4020 

193 106 754 754 3390  3870 

194 205 644 - 3280 - 

195 299 540 540 2920 3130 

197 296 527 527 2730 3130 

196 398 433 433 2500 2880 

S : Surface Probe 	B : Buoyancy Probe 

All results were too low because of interference at 
the beginning due to gas injection. 

(s * ) 
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TABLE 5.17 

MASS FLUX AT DIFFERENT TOTAL PRESSURE DROP  

Nozzle dia. 3/32", length 1/2"  

EXIT TAPPING  
OXYGEN-SATURATED ( x'02  = 1)  

EXP. 

NO. 

Tank 	Total Pressure 

Press. 	Drop (mm Hg) 

Mass Flux in the 

Nozzle (g/cm2•sec) 

(mm Hg) S B S B 

183 10 - 881 - 364o 

184 11 - 868 - 347o 

185 11 858 858 317o 3190 

186 98 763 763 3080 3030 

187 loo 753 753 3030 293o 

188 102 743 743 2870 276o 

189 207 631 631 3000 288o 

190 302 - 529 - 2790 

191 koo - 396 - 246o 

1 
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FIG. 5,17 	FLUX vs TOTAL PRESSURE DROP ( Oxygen-saturated, 3/32 Nozzle, Exit-tap ) 
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5.3 Observations of the Stream by the High-Speed Cine Camera 

The stream behaviour in the vacuum chamber was observed with a high-

speed movie camera under different conditions of discharge and consequently 

a cine film has been made covering these experiments. Since the appea-

rance of the stream was constant, one frame typical of a whole film 

(100 feet long) was printed as shown in Photographs 1 to 14 for each condi-

tion given later in the list. No significant difference was observed 

between experiments with and without tapping in the nozzle except at higher 

tank pressure (this will be discussed later in Chapter 6). 

Photograph Exp. 
No. 	No. 

Nozzle dia. 
(in) 

Tank Press. 
(mm Hg) PO 

(atm) 

Description of 
the 	silver 

1 8 3/16 10 <io-3  Degassed 

2 60 3/16 100 0.205 Air-saturated 

3 61 lo 

4 39 3/16 400 

5 207 300 

6 58 200 1.0 Oxygen-saturated 

7 37 loo 

8 66 lo 

9 116 3/32 10 <103 Degassed 

10 130 3/32 400 

11 131 300 

12 132 200 1.0 Oxygen-saturated 

13 133 loo 

14 153 lo 



-102- 

88 mm 

* 

1 	 9 
3/16" Nozzle 	3/32" Nozzle 

-3 
STREAMS OF DEGASSED SILVER P02< 10 ) 

2 	 3 
Tank 100 mmHg 	Tank 10 mmHg 

STREAMS OF AIR-SATURATED SILVER ( P02 = 0.205 ) 

3/16" Nozzle 
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4 
	

5 
400 mmHg 	 300 mmHg 

6 	 7 
200 mmHg 	 100 mmHg 

STREAMS OF 

OXYGEN-SATURATED 

SILVER ( P02m1  ) 
3/16" Nozzle 

8 
10 mmHg 
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5.4 General Review of Results 

Degassed silver flow 

As shown in Figure 5.1, the mass flux of the degassed silver 

(P10 < 10 3  atm) continuously increased when the total pressure diffe-

rence was increased by lowering the tank pressure at almost constant 

upstream pressure (atmospheric pressure + silver head). The mass flux at 

any total pressure drop was found to be about 91.5% of that given by 

Bernou',11is equation (see the line in Figure 5.1). The observation of 

the stream in the vacuum tank showed that the flow was single-phase as 

seen in Photograph 1. The static pressure at the nozzle exit was very 

close to the tank pressure (see the bottom part of Figure 5.6) while the 

static pressure at the mid-point of the nozzle was about 40 mm Hg higher 

than the tank pressure (see the lower part of Figure 5.10) which indica-

ted the frictional pressure drop downstream of the mid-tapping. The resul-

ts were similar with the small nozzle as shown in Figure 5.4, 5.14 and 

5.15 and Photograph 9. 

Oxygen-saturated silver flow 

When the oxygen-saturated silver was discharged through the nozzle 

(3/16" dia.) into the vacuum chamber at various tank pressures, it dis-

played either single-phase behaviour or homogeneous bubbly flow behaviour 

as shown in Photographs 4 to 7. In the single-phase regime at tank pressu-

res greater than 300 mmHg the relationship between mass flux and total 

pressure drop was the same as for the degassed silver. This is shown on 

the left-hand part of Figure 5.2(a). In the homogeneous bubbly flow regi-

me at tank pressures of 200 mm Hg and below, the mass flux was independent 



of tank pressure but increased with increasing upstream pressure as shown 

in Figure 5.2(b). The stream was completely disintegrated at tank 

pressures of 10 mm Hg and below as seen in Photograph 8. These results 

indicated that at high tank pressures the nucleation did not start and 

the flow emerged from the nozzle as a single-phase metastable flow and 

that when a tank pressure of 200 mm Hg was reached the flow became a 

choked two-phase flow. Furthermore, the static pressure at the nozzle 

exit was found to be about 180 mm Hg at tank pressures of 10 and 100 mm Hg 

as shown in Figures 5.6 and 5.7, in other words the exit pressure was well 

above the tank pressure and independent of it. This important result 

confirmed that the flow was choked. 

Although the pressure measurement technique was satisfactory under 

the conditions mentioned above, since the mass flux values measured were 

similar to those of the no-tapping experiments, it was found that the 

pressure measurement technique was unsatisfactory in the investigation of 

the transition region between the single-phase metastable flow and the 

two-phase choked flow. The mass fluxes measured with the pressure tapping 

nozzles were much lower than those of the experiments without the pressure 

tapping (see the low total pressure drop region in Figure 5.9). It was 

thought that the gas injection, as well as the additional turbulence at 

the nozzle entry due to the pressure tapping line, caused some interferen-

ce with the metastable flow at higher tank pressures. This will be discu-

ssed in Appendix A.6.2. Similarly, the measurement of the static pressure 

at the mid-point of the nozzle was made invalid by the interference problem. 

As shown in Figures 5.11 and 5.13 the measurements of static pressure 

at the mid-tapping and mass flux showed a wide scatter. In this case the 

gas injection at the mid-tapping caused rather unpredictable, additional 
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bubble nucleation and growth downstream of the tapping. 

The results with the small nozzle (3/32" dia.) were similar as shown 

in Figures 5.5(a), (b) and 5.17 for the mass flux and Figures 5.14 

and 5.15 for the exit pressure. 

Air-saturated silver flow 

When the air-saturated silver was discharged through the nozzle 

(3/16" dia.), the mass flux was the same as that of the degassed silver 

at the tank pressure of 100 mm Hg but slightly less at 2 - 8 mm Hg 

as shown in Figure 5.3 together with Table 5.3. The stream behaviour 

was single-phase at 100 mm Hg but showed intermittent bubble growth 

downstream of the nozzle exit at 2 - 8 mm Hg as shown in Photographs 

2 and 3. These results suggested that the rate of bubble nucleation 

for the air-saturated silver flow was much less than for the oxygen-

saturated. The measurements of the static pressure at the mid-nozzle and 

the mass flux were made without any interference of gas injection as 

shown in Figures 5.10 and 5.12. 
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CHAPTER 6 : ANALYSIS OF RESULTS 

	

6.1 	Pressure Drop of the Flow 

1. Pressure drop in the straight tube 

2. Pressure drop in the nozzle 

	

6.2 	Relationship between P, G and 8 under the 

Critical Condition 

	

6.3 	Analysis of the Results of Oxygen-saturated 

Silver Stream 

	

6.4 	Analysis of the Results of Air-saturated 

Silver Stream 
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CHAPTER 6 : ANALYSIS OF RESULTS 

In this chapter the techniques of analysis are developed first, 

followed by the interpretation of the results. 

6.1 Pressure Drop of the Flow 

6.1.1 Pressure drop in the straight tube  

The analytical technique for the homogeneous bubbly flow described 

by Wallis (10a) may be used here to analyse our problem since firstly, 

the experimental observation allows us to use homogeneous bubly flow 

model and secondly the homogeneous assumption is valid for small bubbles 

with a density much lower than the liquid, as in our case. 

From the momentum equation, the pressure gradient within the straight 

tube is given by the equation, 

dP 	( dip\ 	f dP\ 	fdP\  
dz = `dzIF 	'dz'A (6.1) 

where 
dP 
(c-TE)F 

acf  aj  (Frictional pressure gradient) 
d 

dP ( 	= - G 
dz
) 
 A 	dz 

(Accelerational pressure gradient) 

dP 
(--) = - p 	g cos 6 (Gravitational pressure gradient) 
'dzG 	mix 

(10b) 
Equation (6.1) by Wallis 	has been further developed by using the 

equation, 

jg 	= jL (1 	5) 
	

(6.2) 
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where 8 = jg  / jL  (ratio of volumetric fluxes). By substituting for 

j from equation (6.2) into equation (6.1) and ignoring gravity, we 

obtain 

dP 	
2C 

dz 
= d

f 

	

	d8 G jL  (1 4. 8)+ G jL (6.3) 

Since the friction coefficient, Cf  will be influenced by the properties 

of the stream as well as the velocity profile, it is probable that it will 

be a function of 8. Since S is an unknown function of Z, equation 

(6.3) can only be integrated by defining a mean friction coefficient as 

below, 

Cfm 
1 

C
f 
(1 + 6) dz (6.4) 

 

Integration of equation (6.3) using the boundary conditions z = 0, P = Pl, 

8 = 0 (*) and z 4, P = P, 8 = 6  gives 

P 	
( 	

8 
2G ji.,  4  

- S 	d 
dP - 	 j C

f 	
+ 8 )dz + G ji  S dis  

P1 	0 	0 

or 

pl - P 	= G 	(2Cfm  . .e/d -1- 8 ) 

= ( G2 	2p L  )( kcfni  e/d + 28 ) 	(6.5)  

(*) 
	

It is assumed that bubble nucleation does not start until the flow 
enters the straight duct. This assumption is generally accepted 
by other workers 	(4, 6,8,941). 



Equation (6.5) gives the pressure drops due to friction and bubble growth 

in the straight tube. 

6.1.2 Pressure drop in the nozzle 

The pressure drop between the nozzle entry where the flow velocity 

is negligible and any point in the straight duct following the throat 

may be expressed as below, 

Pa + L gh - P = (A P) v 
 + (A P) + (A P) N 	(6.6) 

where (A 13)  V = pressure drop due to the acceleration of the 

flow. at the entry 

(AF)E  = pressure drop due to the formation of the 

boundary layer at the entry 

(A  13)N 	pressure drop in the straight tube described 

in the previous section. 

These components are given by the equations 

(AN = G2  /2 PL 

( .6P)E = KL  G2  /2 p L  

(AP)N  = 	(G2/2 pL)(4 Cfm  9./d + 2 8) 	(From eq. 6.5) 

Hence we obtain 

Pa  + 	gh - P= (G2/ 2p ip + KL  + 4 C fm  l/d + 28 ) (6.7) 
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Equation (6.7) gives a relationship between pressure drop, mass flux 

and volumetric flowrate ratio 	8  at any point in the nozzle. 

When we consider the total pressure drop in the nozzle, equation 

(6.7) becomes 

P
a 

+ p
L
gh - P3  = (G2/2P L)( 1 + 	 13/d + 26 3 ) 

(6.8) 

where the subscript 3 means the exit position. Moreover, we substitute 

for the mass flux G from the equation of discharge coefficient which 

is 

G p
L  CD  12(Pa  + PL  gh 	L - P 	} T  (5.2) 

Hence we obtain 

P
a 
 + p

L 
 gh - P3 	 CIia(Pa  + pLgh- PT)(1+KL  + 4Cfm.I5/d 283) 

(6.9.a) 

or 

1/CD2  - 1 
	= 	KL  + 4Cfm  .-e3/d + 25 3  + ONPVCD2(NP)t  

(6.9.b) 

where 

( 	
P3 - P 

6̀1j)  e 	T (Exit pressure drop) 

(AP)t  = Pa  PLO1  - Pm  (Total pressure drop) 

This equation (6.9), therefore, gives the relationship between CD, 6 3  

and (AP)e 
at certain (AP)t 

and is found to be quite useful since the 

volumetric flowrate ratio at exit 5 3  can be evaluated when C
D 

and P 3  

are obtained. 
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6.2 Relationship between P, G and 5 under the Critical Condition 

As described previously, a compressible two-phase flow behaves in 

a similar manner to a compressible single-phase flow, in so far as a 

critical condition exists. This condition corresponds to flow at the 

sonic velocity at the throat of a converging - diverging nozzle or at the 

exit of a straight pipe. Further reduction in the downstream pressure 

at a constant upstream pressure has no effect upon the upstream flow 

characteristics. In this section the relationship between P, G and S 

given in the previous section is considered under the critical condition. 

As given in Chapter 3, the local Mach number at the exit for a 

homogeneous bubbly flow is 

M32 
	G2 6 3 	k2  PL  P3 
	(6.10) 

since at the critical condition M3  = 1, equation (6.10) becomes 

G*2 8*3  / k2  pi,  P* 3 	= 	1 	(6.11) 

and equation (6.8) becomes, 

Pa  + pL  gh - P*3  = (G*2/2pL) (1 + KL  + 4Cfm4/d + 28*3 ) 

(6.12 ) 

substituting for S3  from equation (6.11) into equation (6.12) gives 

P* 3  = (1 + k 2) -1  [(Pa  + Pligh) - (G*2/2PL)(1 + KL  + 4Cf1/3/d)] 

and 
	 (6.13) 

* 
6 3*= k 2  P* 3  pL 	G 2 

	 (6.14) 
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Equations (6.12) and (6.13) show the relationships between P3, 63 

and G under the critical condition. Since G is given by equation 

(5.2) using the discharge coefficient CD, equations (6.13) and 

(6.14) may be expressed as below. 

P3*  = (1 + k2)-1  [(Pa  + gh) 1 - CD20. + 	+ 4C fm  flild 

+ C
D2 PT] 

	
(6.15) 

6 3* = (k2/2) P3*  /CE  (Pa  + p gh - PT) 	(6.16) 

The static pressure P3*  and the volumetric flowrate ratio 6 3* of the 

choked two-phase flow at the nozzle exit may be calculated by equations 

(6.15) and (6.16) using the discharge coefficient obtained at various 

tank pressures. 

6.3 Analysis of the Results of Oxygen-saturated Silver Stream 

As described in Section 5.4 oxygen-saturated silver flow was choked 

showing no further increase of mass flux when the tank pressure was 

decreased below 200 mm Hg as shown again in Figures 6.1 and 6.2. However, 

the mass flux of the choked flow was slightly dependent upon the upstream 

pressure (nozzle entry pressure) which decreased continuously during a 

run due to the reduction in silver head. When the discharge coeffi-

cient was plotted against the tank pressure, as in Figures 6.3 and 6.4 

the variation in mass flux in Figures 6.1 and 6.2 (+ 3-5 %) was reduced 

10 
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to ± 2-3% (approximately the experimental scatter). Therefore, it 

appeared that the small differences in upstream pressure, which caused 

the variation in mass flux, could be taken into account by assuming 

that at any given tank pressure the discharge coefficient was constant. 

For the two-phase homogeneous flow qualitative confirmation of the 

choking was obtained by showing that the exit pressure was well above the 

tank pressure. We now wish to confirm choking quantitatively (a) by 

comparing the measured exit pressure with the calculated value and (b) 

by substituting the measured values into equation (6.10) to show that 

the Mach number is unity. 

(a) Comparison of the exit pressures 

In order to calculate the exit pressure by equation (6.15) and com- 

pare it with the actual measurement, the values of the entry loss coeffici- 

ent KL and the mean friction coefficient C
fm were obtained as 0.064 

and 0.0154 respectively in Appendix A.6.1. By assuming that the nuclea- 

tion did not start within the nozzle entry, KL  = 0.064 was used for 

the choked flow but C
fm 0.0154 might not be applicable for the bubbly 

flow. Therefore, the choked exit pressure was calculated by equation 

(6.15) using both Cfm  = 0.0154 and 0.005 and compared with the 

measured pressure. The latter value of the mean friction coefficient has 

been suggested by Wallis( 10c ) for bubbly turbulent flow. Figure 6.5 

to 6.7 show the comparison at tank pressures of 12 and 100 mm Hg. The 

data for the pressure measurements were taken from Figures 5.6, 5.7 

and 5.14 but some of the data had to be eliminated since there were errors 

in the measurements (see Appendix A.6.3). Excellent agreement between 

measured and calculated values is obtained for C
fm = 0.005 and confirms 

choking at the nozzle exit. 



4000 

653250 

I 	I 	I 

• • 

400 	300 	200 	100 

lozzle Entry 
Press.(mthHg) 

A 	830 - 860 
o 	857 - 837 
A 	836 - 816 
0 	815 - 795 

A 
A 
CD 

A 

A 
0 
GO 

0 
111 

4000 

EA
SE

  F
L

U
X

 IN
 

8 4 0 
3000 3000 - A 0 

0 

400 	300 	200 . 	 100 
TANK PRESSURE 	( in Hg ) 

FIG. 6.1 MASS FLUX vs TANK PRESSURE ( Oxygen-saturated, 3/16 Nozzle ) 



f 

400 	300 	200 	100 	0 

Nozzle Entry 
Press.(mmHg) 

X 889 -.869 

868 - 848 

847 - 827 

A 826 - 806 

o 805 - 785 

X 

X 

00 
O 

4000 

N • 

3500 

3000 

4000 

3500 

3000 

A 

2600 

FIG. 6.2 

2600 
400 	300 	200 	100 	0 

TANK PRESSURE (. mm Hg )  _., 
-.1 ti 	1 

EASS FLUX vs TANK PRESSURE ( Oxygen-saturated, 3/32 Nozzle ) 



FIG. 6.3 
11 

DI3CHARGE COEFFICIENT vs TANK PRESSURE ( Oxygen-saturated, 3/16 Nozzle ) 

200 	100 
TANK PRESSURE ( mm Hg ) 

0.90 

0.80 
099 

A 
0 A 
o os  o 

0.75 
A 

CD 

0.71 
6 4 2 0 
( mm Hg ) 

D
IS

CH
A R

G
E  

C
O

EF
FI

C
IE

N
T
 ( 

Nozzle Entry 
Press. mmHg) 

300 

200 	100 	0  
1.00 

300 

0.80 

0.70 	 
400 

Degassed, 0.91, 

A 

7 
A - 3'50 

0 857 - 837 
836 - 816 

o 815 - 795 



N%.  

■% 	61'■ 

AA 
\% 	N% 

% 
A 

N% 

■ 

0.80 

0.70 
0 

.%%%■ 
0 
0 *S4b  
X 

• 

400 300 200 100 0 

0.90 
11.10IMPOP •SEN111 =MEM •■•• •■••■■■• """•%%... 

Degassed, 0.868 

_ 	•••••••• 	 *mamas - .1=11•0• 

X 

Nozzle Entry 
Press.   (mmHg) 
889-- 869 

A 863 - 848 
0 847 - 827 
A 826 - 806 
o 805 - 785 

0.90 

  

 

0.80 

0. 70 

  

1  
400 	300 	200 

	
100 
	 0 

TANK PRESSURE ( mm Hg ) 

FIG. 6.4 DISCHARGE COEFFICIENT vs TANK PRESSURE ( Oxygen-saturated, 3/32 Nozzle ) 



-12o- 

TABLE 6.1 

DISCHARGE COEFFICIENT AT VARIOUS TANK PRESSURES 

Nozzle dia. 3/16", length 1/2"  

OXYGEN - SATURATED (P
6 	

1 ) , 
2 

 

EXP. 

NO. 

Tank 

Press. 

(mm Hg) 

Nozzle Entry 

Pressure 	(mm Hg) 

Discharge Coefficient 

(-) 

D S B D S B 

29 2.5 837 841 -- 0.757 0.762 - 
66 3.1 837 - - 0.754 - - 
32 2.0 823 - - 0.742 - 
3o 2.0 814 817 - 0.770 0.780 _- 
36 5.5 815 817 - 0.772 0.762 - 
33 1.0 - 808 - - 0.758 
34 0.8 - 799 - - 0.730 - 
35 1.0 - 794 - - 0.731 - 
59 23 813 813 - 0.738 0.734 - 

37 102 878 - - 0.830 - - 
38 96 - 847 - - 0.808 - 

47 207 875 872 - 0.875 0.867 - 
58 204 857 856 - 0.866 0.866 - 
48 206 - 828 - - 0.835 - 

208 207 827 824 824 0.859 0.858 0.848 
49 206 - 801 - - 0.848 - 

207 305 857 851 851 0.899 0.883 0.892 

57 303 835 835 _ 0.944 0.919 - 
209 302 804 798 798 0.890 0.879 0.922 

206 400 - 880 880 - 0.925 0.925 
45 394 - 841 - - 0.910 - 
39 403 - 821 - - 0.933 - 
46 392 - 804 - - 0.905 - 

D : Depth Probe 
	S : Surface Probe 	B : Buoyancy Probe 

• 
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TABLE 	6.2  

DISCHARGE COEFFICIENT AT VARIOUS TANK PRESSURES 

Nozzle dia. 3/32",length 1/2"  
OXYGEN-SATURATED (Po 	= 1 ) 

EXP. 

NO. 

Tank 

Press. 

Nozzle 	Entry 

Press. 	(mm Hg) 

Discharge 

Coefficient 	(-) 

(mm Hg) S B S B 

151 10.9 879 879 0.711 0.715 

152 13.1 823 853 0.710 0.736 

816 0.750 

153 14.5 844 - 0.702 - 

154 11.9 799 - 0.734 - 

155 11.7 787 - 0.719 

163 11.0 832 832 0.705 0.687 

134 loo 854 - 0.776 - 

164 107 811 811 0.802 0.775 

132 206 869 - 0.835 - 

165 206 789 789 0.853 0.847 

131 303 878 - 0.862 - 

(889) (0.873) 
130 399 887 

- 0.881 
- 

137 402 (820) - (0.850) - 

S : Surface Probe 

(): Depth Probe 

B : Buoyancy Probe 

• 
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(b) Calculation of the Mach number at the exit 

The lines A and B inthe previous Figures 6.5 to 6.7 were 

calculated using the mean C
D values appropriate to each tank pressure, 

shown in Figures 6.3 and 6.4 for no-tapping nozzles. Not all the 

runs in which pressure measurements were made had exactly this value of 

CD. Choking could be confirmed for each individual run in which pressure 

tapping nozzles were used by using the pressure drop equation (6.9) to 

calculate 8 3, substituting this value of 6 3  with measured values of 

G and P3  into the Mach number equation (6.10) and showing that the 

Mach number at the exit was then close to unity. This has been done in 

Table 6.3 and the Table shows that choking occurred. 

Now that the choking of the two-phase flow has been established, we 

next consider a model in order to interpret the behaviour of the oxygen-

saturated silver stream, including the tank pressure range where reliable 

exit pressure data were not obtained. The model uses only the data for 

no-tapping nozzles plus assumptions which have been shown to be valid at 

low tank pressures where the results for nozzles with and without pressure 

tappings were in good agreement. By using the model we will be able to 

build up a picture of the flow in the no-tapping nozzles over the full 

range of tank pressures. 

Model within the choking region (M3  ._21 
The static pressure P3*  and the volumetric flowrate ratio 6 3* at 

the exit are giyen by equations (6.15) and (6.16) where the discharge 

coefficient at a given tank pressure is taken from Figures 6.3 and 6.4 

(the central line within a band is used). The calculations of P3*  and 

8 3*  are stopped when P3*  becomes below P
T 

since this cannot occur. 
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TABLE 6.3 

OXYGEN-SILVER VOLUME RATIO AND MACH NUMBER 

OXYGEN-SATURATED SILVER 

EXIT TAPPING 
(a) Nozzle dia. 3/16" length 1/2"  

EXP. 

NO. 

Tank 
! 

G2/  

PL 

Entry 
Press. 

Po  

Exit 
Press. 

P3  

Press. 
Drop 

Po  - P3  

Vol. 
Ratio 

6  3 

Mach No. 

M3 

(mm Hg) (mm Hg ) (mm Hg) (mm Hg) (mm Hg) ( - 	) ( 	_ 	) 

87 13 S 	1030 867 (205) (662) (0.09) (0.82) 

f D 	988 835 185 650 0.11 0.92 

89 12 1 S 	1006 834 185 649 0.09 0.87 

j B 	979 863 (210) (653) (0.11) (0.89) 

170 12 1 S 	1000 863 (210) (653) (0.11) (0.84) 

B 	939 825 182 643 0.13 1.01 

171 12 {D 984 834 182 652 0.11 0.93 

S 	1016 825 182 643 0.08 0.82 

90 12 s 	955 818 (180) (638) (0.11) (0.95) 

f D 	945 868 220 648 0.13 0.93 

168 11 1 s 	862 863 220 643 0.19 1.06 

86 52 D 	88o 799 160 639 0.17 1.18 

D 	880 875 195 68o 0.22 1.21 

177 102 B 	939 87o 195 675 0.17 1.09 

S 	1000 87o 195 675 0.12 0.96 

178 99 s 	910 844 185 659 0.17 1.12 

91 95 S 	1010 801 180 621 0.06 0.72* 

92 93 s 	995 787 170 617 	, 0.07 0.76* 

(*) mass flux measurement was probably erroneously high.) 

" 1 n,..,  th 1/2" 
,..,, ...", .. - 

184 11 B 	983 879 200 679 0.12 0.92 

185 11 s 	820 869 215 654 0.22 1.11 

D : Depth Probe, S : Surface Probe, B: Buoyancy Probe 

( ) Silver penetrated into the tapping, C
fm 	

0.005. 

M 
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The mean friction coefficient Cfm 
is taken as 0.005. 

Model within the non-choking region (M3  < 1)  

The volumetric flowrate ratio 8 3  and the local Mach number M3  

are given by equations (6.9) and (6.10) with the discharge coefficient 

as given in Figures 6.3 and 6.4. The exit pressure required for calcula-

tion is assumed to be equal to the tank pressureNalues of the mean, 

friction coefficient of Cfm 
 = 0.005 and 0.0154 are both considered. 
 • 

The results of the calculation of P3, 5 3  and M3  are shown in 

Figures 6.8 to 6.10 for 3/16" nozzle and in Figures 6.11 to 6.13 

for 3/32" nozzle. The stream behaviour is clearly explained by these 

figures. At lower tank pressures, the flow is choked showing a constant 

exit pressure and a constant volumetric flowrate ratio. In other words 

the downstream pressure does not influence the upstream properties. At 

higher tank pressures the flow becomes unchoked showing the dependence of 

the stream properties uponthe downstream pressure. However, within this 

unchoked region 6 3  and M3  cannot be predicted unless the relationship 

between C
fm 

and 5 3  is known. Therefore purely arbitrary lines are 

drawn in this region to illustrate the transition from one curve (Cfm 
 

0.005) to another (Cfm  = 0.0154) when the flow changes from choked 

two-phase to metastable single-phase at tank pressures between 200 and na 

300 mm Hg. All these phenomena are common in both the large and the 

small nozzle but as shown in Figure 6.14, both P3* and 8 3* are higher 

in the small nozzle than in the large nozzle indicating that the nuclea-

tion of bubbles occurs at a higher rate in the small nozzle. 
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The static pressure measurement at the mid-point of the nozzle 

The volumetric flowrate ratio 8 2  and the local Mach number M2 

at the mid-point of the nozzle were calculated by using similar equations, 

(6.8) and (6.10) together with the actual measurement of G and P2 

from Table 5.13 and Figures 5.11. The results are shown in Table 6.4. 

It is interesting that the nucleation and growth in the upper half 

seems to be small since 8 2  is small. As mentioned previously, there was 

a large scatter in the measurements of P2 and G but this scatter 

was found to be due to the random interference, downstream of the 

tapping, by gas injection from the tapping. As one would expect, the 

higher the mass flux, the lower the pressure (see Table 6.4). So the 

scatter was consistent and not the experimental error in measurements. 
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TABLE 6.4 

OXYGEN-SILVER VOLUME RATIO AND MACH NUMBER 

OXYGEN-SATURATED, 	Nozzle dia. 3/16",length j-" 

MID-TAPPING  

(Tank Pressure about 	12 mm Hg. ) 

EXP. 

NO. 

G2/ 
PL 

Entry R 

PO 

Mid. P. 

P2 

P.Drop 

PO - P2 

Volume Ratio 

6  2 

Mach Number 

M2 

(mm Hg) (mm Hg) (mm Hg) (mm Hg) (1) (2) (1) (2) 

107 D 1065 834 (300) (534) (-0.03) (-0.06) - - 

115 S 	948 783 (230) (553) ( 0.04) ( 0.03) (0.51) (0.40) 

96 S 	945 781 (220) (561) ( 0.05) ( 0.04) (0.59) (0.49) 

95 S 	945 801 260 541 0.03 0.02 0.42 0.30 

114 S 	925 804 270 534 0.04 0.02 0.44 0.33 

108 S 	905 815 355 460 -0.03 -0.05 - - 

94 S 	890 823 340 483 0.00 -0.01 0.09 - 

110 D 	800 788 (320) (468) ( 0.04) ( 0.03) (0.41) (0.32) 

113 s 	780 826 370 456 0.05 0.03 0.38 0.30 

109 S 	775 801 360 441 0.03 0.01 0.31 0.20 

112 S 	774 848 382 466 0.06 0.05 0.44 0.37 

	

D : Depth Probe 	S : Surface Probe 

( ): Silver penetrated into the line. 

	

(1): Cfm  = 0.005 	(2): Cfm  = 0.0154 



.137— 

6.4 Analysis of the Results of Air-Saturated Silver Stream 

As shown previously in Figures 5.3 and 5.12 the mass flux of 

the air-saturated stream was close to the degassed stream. Figure 6.15 

and Table 6.5 show the discharge coefficient at the different tank 

pressure. The stream was single-phase at the tank pressure 100 mm Hg 

as shown in Photograph 2 in Chapter 5. At 10 mm Hg it showed 

intermittent bubble growth (In Photograph 3). The volumetric flowrate 

ratio 6 2  and the local Mach number M2 at the mid-point were calcula-

ted by using equations (6.8) and (6.10) together with the actual 

measurements of P2 and G from Figure 5.10 and Table 5.12. The 

results are shown in Table 6.6. It is interesting that the nucleation 

and growth of bubbles upstream of the tapping seems to be small at the 

tank pressure of 2-11 mm Hg. 
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TABLE 	6.5 

DISCHARGE COEFFICIENT AT VARIOUS TANK PRESSURES  

Nozzle dia. 3/16", length 1/2"  

AIR - SATURATED (F02  = 0.205 ) 

(a.) MID-TAPPING  

EXP. 

Tank 
Press. 

PT 

Nozzle Entry Press. 

P 	(mm H g) 
0 

Discharge 
Coefficient 
CD 	( - ) 

NO. (mm  Hg) D S D S 

100 11 876 872 0.887 0.875 

101 11 855 852 0.901 0.890 

102 106 - 836 - 0.909 

103 108 -- 817 - 0.913 

104 110 - 796 - 0.918 

(b) NO TAPPING 

62 2 830 831 0.892 0.898 

63 2 785 787 0.921 0.896 

61 8 809 809 0.900 0.899 

6o 102 850 850 0.926 0.908 
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TABLE 6.6 

OXYGEN-SILVER VOLUME RATIO AND MACH NUMBER 

Nozzle dia. 3/16", length i"  

AIR-SATURATED  (P0 =  0.205)  
2 

 

MID-TAPPING 

EXP. 

Tank 

Press 

G2 

/p L 

Entry 
Press. 

PO 

Mid 
Press. 

P2 

Press. 
Drop 

PO-P2 

Vol. 
Ratio 

S 2 

Mach 
No. 

M 2 

NO. 
(mm Hg) (mm 	Hg) (mm Hg) (mm Hg) (mm Hg) ( 	- 	) ( - 	) 

0.03C1)  0.75(1) 

100 11 1320 872 115 757 0.02(2) 0.52(2) 

0 ) (1) 

101 11 1334 852 109 743 
0.02 
0 0.00 

0.56
(2) 0.00 

102 106 1210 836 160 676 0.000 0.00(2) 

103 108 1190 817 152 665 0.00
0 0.00(2) 

104 110 1160 796 148 648 0.00
(2)  0.00

(2)  

(1) Cfm = 0.
005 

(2) Cfm 
= 0.0154 
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CHAPTER 7 	DISCUSSION 

This chapter discusses the question of choking of the gas-

liquid two-phase flow further and goes on to describe some industrial 

processes where choking is believed to occur; subsequently nucleation 

and growth of bubbles are discussed in detail. 

7.1. CHOKING OF GAS-LIQUID TWO-PHASE FLOW 

As has been mentioned in Chapter 2, when a liquid, saturated 

at upstream conditions, is discharged through a nozzle into a tank at 

lower pressures, the static pressure of the stream decreases and this 

can give rise to nucleation and growth of the vapor phase. The resulting 

two-phase flow can become choked. Similar conditions can occur when a 

metal containing dissolved gas is discharged through a nozzle into a 

vacuum(4,5,23) The present work has shown that a stream of oxygen-

saturated silver became choked at tank pressures of less than 200 mm Hg 

and the mass flow rate became constant and the static pressure of the 

stream at the nozzle exit was observed to be about 200 mm. Hg and was 

independent of the tank pressure. 

This choking is not surprising, since the maximum flow 

velocity is related to the sonic velocity in gas-liquid two-phase 

mixtures and this sonic velocity is low because both the mean density 

and compressibility of the mixture are large. Using equation. (3.29) 

in Chapter 3, the sonic velocity in the oxygen-silver mixture at a 

pressure of 200 mm Hg and a temperature of 1080 8 has been plotted 

against the void fraction as shown in Figure 7.1. From this figure it 

is evident that a substantial reduction in the sonic velocity will occur 

with a small increase in the void fraction within the liquid-rich 

region and hence choking can occur quite readily. A modified equation 

for the sonic velocity developed by Marchal (equation (3.32) in Chapter 3) 
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has also been plotted in Figure 7.1, and this shows an even greater 

reduction in sonic velocity with void fraction. The flow velocity 

and the void fraction based on the experimental results are also shown 

in Figure 7.1, the void fraction being calculated from measurements of 

static pressure and mass flowrate as described in Chapter 6. It is 

seen that the experiments agree closely with the theory. 

7.2. APPLICATIONS OF CHOKED TWO-PHASE FLOW IN INDUSTRIAL PRACTICE  

Two interesting examples of industrial practice in which 

choking of a stream of molten steel is believed to occur are discussed 

below. 

( Chedaille et al.23)  reported a violent expansion and splakilling 

of the stream during vacuum casting of steel, which gave rise to defects 

on the ingot surface. In order to guide the stream into the mould a 

refractory-lined cylinder was placed below the nozzle but inclusions 

were found in the ingot as a result of refractory particles falling 

from the lining. The authors.interpreted their observations on the basis 

of the analysis by Tangren et al., which has been reviewed in Chapter 3. 

Chedaille et al. thought that splashing was due to choking of the two- 

phase flow at the end of a convergent nozzle and that the gas bubbles 

at a relatively high pressure in the nozzle exit expanded rapidly on 

flowing into the tank. In order to overcome this, a convergent-divergent 

nozzle was designed as it was hoped that in the divergent section there 

would be a smooth decrease in pressure and, thatl in a correctly designed 

nozzle, the exit pressure would be close to or equal. to the tank pressure. 

They assumed that the hydrogen was all released at the nozzle entry and 

that no mass transfer followed. They then used the equations, developed 

by Tangren et al., for an isothermal bubbly mixture without mass transfer 

to calculate the shape of the convergent-divergent nozzle. Although 

their design of nozzle appeared to work satisfactorily, the assumptions 
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made by them were purely arbitrary and are not borne out by the work 

presented in this thesis, where the quantity of gas released in the 

nozzle was very small despite the high driving forces for nucleation 

and growth. It is obviously not valid to assume that all the gas will 

suddenly be released at the nozzle entry and that no mass transfer 

occurs subsequently. We assume in our model that 61 is zero at the 

nozzle entry and that it increases in the nozzle as mass transfer 

proceeds. Because of continuing mass transfer the design of a convergent-

divergent nozzle is more, complex than assumed by Chedaille et al. For 

example, as the flow expands in the divergent section pressure decreases 

and also El continues to increase, hence even in a convergent-divergent 

nozzle the flow may be choked at the exit. However the pressure would 

be lower than for choking in a convergent nozzle so that the pressure 

discrepancy at the exit would be less. 

A second example of gas-metal two-phase flow was presented by 

Meadowcroft and Milbourne
(25)

. They injected argon into a stream of 

molten steel through porous nozzle walls in order to break away the 

ping deoxidation products which were blocking the nozzle during prng into 

a continuous casting mould. This technique was successfully applied and 

the authors found there was an optimum argon flowrate for a given nozzle. 

Above this flow rate splashing of the stream took place and below this 

flow rate blocking of the nozzle by deoxidation products still occurred. 

Since data for the liquid and the argon flow rates have been given for 

water model experiments and the pilot plant in their paper, we now consider 

the optimum conditions according to our theory. It is obvious that the 

argon flow rate must be limited to an optimum where the static pressure 

of the stream at the nozzle exit reaches the ambient pressure (here the 

atmospheric pressure). On exceeding this optimum flow rate of argon 

injection, the stream becomes choked and the static pressure of the 

stream exceeds atmospheric pressure causing splashing of the stream at 

• 
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the exit. Therefore we apply the choking condition to the evaluation 

of the optimum flow rate of argon. According to their results the 

mass flow rate of steel through a 5/8 inch dia. nozzle was 350 lb/min. 

Hence the mass flux of steel is 
	G = 1340 g/cm2  sec.  

and the volumetric flux is 
. 	G  = 

n.
= 192 cm3/cm2. sec. 

From equation (3.33) in Chapter 3, the volumetric flux ratio of gas to 
2 

metal for choking (M=1) is 	
k P6

L  = 2.62. 

 

G2 

Since 6 = ja/jL, we obtain the optimum volumetric flux of argon at 

1600°C as js  = 500 cm3/cm2. sec. 

Therefore the optimum flowrate of argon for a 5/8 inck dia. nozzle at 

the standard condition may be 144 Ncm3/sec or 18 scf/hr. 

Since the range of argon flowrates tested in the water experiments was 

5-25 scf/hr and this was presumably used as a guide in the test work 

with molten steel (no argon flow rate was reported in their paper), 

our estimation of the optimum value (18 scf/hr) seems to be reasonable. 

7.3. NUCLEATION AND GROWTH OF BUBBLES  

It has been shown in this work as well as by others (425)  

that bubbles are nucleated in the nozzle and that gas-liquid two-phase 

flow emerges from the nozzle when the gas-saturated liquid is discharged 

under certain conditions. We now list the important results on bubble 

nucleation and growth obtained in this work before considering the 

mechanisms in detail. 

(1) Oxygen-saturated silver streams were single phase at tank 

pressures greater than 300 mm Hg but two-phase at tank pressures 300 

mm Hg and below. 

(2) oxygen-saturated silver streams were choked at tank pressures 

less than 200 mm Hg. 
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(3) 	Air-saturated silver streams were single-phase at a tank 

pressure of 100 mm Hg but showed intermittent bubble growth outside the 

nozzle at tank pressures of 10 mm Hg and below with 3/16" nozzle. 

Baxter(5) found that with smaller nozzles (3/32") the break-up 

of the air-saturated silver stream was more violent than with larger 

nozzles (5/16"). 

(5) 	Warner () observed that molten steel streams bubbled by 

CO/c0
2 gas mixtures were single-phase after 2 min. bubbling time but 

showed intermittent bubble growth after 6 min. and explosive break-up 

after 10 min. bubbling. 

Nucleation of gas bubbles  

The following possible mechanisms of bubble nucleation are 

considered. 

(1) homogeneous nucleation 

(2) gas entrainment in the nozzle as proposed by Warner(4) 

(3) heterogeneous nucleation on the solid surface of the nozzle wall. 

First, homogeneous nucleation may be ruled out. Bradshaw(28) 

applied homogeneous nucleation theory to hydrogen bubble formation in 

molten steel and calculated that the degree of supersaturation 

4 required for a considerable rate of nucleation was of the order of 10 

atm. He also considered the homogeneous nucleation of hydrogen, nitrogen 

and CO gas in molten steel exposed to a vacuum and concluded that 

homogeneous nucleation was extremely improbable. 

Warner's entrainment theory may be ruled out next by the 

following arguments. 

(a) Warner's theory was based on his observation that the most violent 

break-up did not necessarily occur at the lowest tank pressure. However 

this observation was not confirmed by Baxter(5) and could not be borne 

out by the present work either. According to our new findings, that the 

• 



exit pressure of the stream is well above the tank pressure and 

independent of it for choked flow, the extent of the break-up must be 

greater at lower tank pressures but the difference in break-up between-

5 and 0.5 mm Hg. tank pressures may not be great. Warner observed 

the streams only in a field of view 9-22 cm. downstream of the nozzle 

exit, thus making it difficult to draw absolute conclusions on the 

degree of stream break-up. In addition to this, the very rapid gas 

evolution in the vacuum tank makes it impossible to maintain a constant 

tank pressure at a level of 0.5 mm Hg)as Warner himself admitted. 

(b) The assumptions made by Warner in his entrainment theory are also 

made invalid by the present work.. Warner assumed first that the 

pressure of the gas embryo entrained in the nozzle was equal to the tank 

pressure: However the static pressure of the stream in the nozzle was 

independent of and higher than the tank pressure when the flow was 

choked. Secondly he assumed that the internal bubble pressure remained 

constant at the initial value (P
L 

2(rr
o
) during the subsequent 

growth. However this cannot be true since the actual bubble pressure 

should decrease quickly towards the surrounding liquid pressure (P
L) 

because the surface tension term becomes insignificant with increasing 

bubble radius. 

Therefore heterogeneous nucleation on the solid wall of 

the nozzle may be the most likely mechanism. 

Bradshaw
(28) 

considered the rate of heterogeneous nucleation 

on a flat surface in the supersaturated liquid and obtained a relationship 

involving the supersaturation pressure and the contact angle. He then 

calculated the degree of supersaturation rqquired for heterogeneous 

nucleation on a flat surface in the molten steel-hydrogen system and 

showed that the degree of supersaturation became realistic only far large 
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, 
contact angle ( e 	1750) which representetialmost complete non-wetting. 

Since the contact angle of molten steel in real systems was likely to be 

1000 1500 he concluded that the presence of a flat substrate would 

only allow comparatively trivial reductions in the degree of super-

saturation required for homogeneous nucleation. In the silver-oxygen 

system the contact angle with "Nimonic" is at least as low as 900* and 

so heterogeneous nucleation on a flat surface will not be significant. 

The contact angle with an alumina substrate is close to 900  even at 

P02 = 15 
mm

.11g
(50) 

However, Bradshaw(28) further considered the effect of the 

presence of a tiny cavity on the solid surface and suggested that a 

cavity of 10 3 cm radius would serve as a nucleation site in the molten 

steel system at a degree of supersaturation as low as 1 - 2 atm. above 

the surroundings even if the contact angle were less than 900. Of course 

a higher contact angle would be advantageous for nucleation since it 

would reduce the supersaturation pressureeta the possibility of the 

liquid filling the cavity completely. Furthermore this nucleation 

mechanism would work endlessly as long as the bottom of the cavitywds 

sharp so that a small gas embryo could always be left in the cavity after 

releasing each bubble nucleus. 

We now consider our stream degassing system assuming that 

heterogeneous nucleation takes place in cavities on the nozzle wall. 

The sequence of nucleation in a conical cavity (radius R
c 
and depth 1c) 

is postulated as shown in Figure 7.2 where the contact angle 9 is taken 

as 900  for simplicity. The relationship between the sizes of cavity, 

embryo and bubble nucleus and pressures will be obtained as below. 

According to Bradshaw
(28) 

the radius of curvature of an embryo decreases 

on 
monO),ically with an increase in volume and hence the internal pressure 

also decreases, until the embryo reaches the lip of a cavity 

• 
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(Figure 7.2 (a) and (b).). Further growth is accompanied by a decrease 

in the radius of curvature to a minimum (Figure 7.2 (c)). This 

minimum value corresponds to a maximum internal pressure which must be 

smaller than the saturation pressure with the surrounding stream to be 

stable. Therefore this size of embryo may be called the critical emrbyo. 

It is then assumed that this critical embryo may be swept away into the 

main stream to form a sperical bubble nucleus (radius r
o
) before growing 

further as shown in Figure 7.2 (d). From the figure it is obvious that 

the radius of the critical embryo is equal to the radius of the active 

cavity and so r
c 

= R
c
. From a consideration of the stability of 

both embryo and nucleus we obtain: 

g02 	(Pemb) crit 	= P + 2 glrc 	 (7.1) 

Pb2 	bo 	
= P + 20Yro 	(7.2) 

Therefore there can be a spectrum of various sizes of embryos depending 

on the radius of the active cavity. However it may be reasonable to 

assume that on a well-machined metal surface their will be few wide 

cavities and hence the size of the critical embryo will be close to 

the minimum value given by equation (7.1). Therefore the internal 

pressure of the critical embryo will be close to the maximum, the 

saturation pressure. The size of bubble nucleus is next considered 

by assuming no mass transfer during the transition from embryo to 

bubble nucleus and also no change in the surrounding pressure. The 

important criterion for formation of a stable nucleus from a critical 

embryo is that the embryo volume must be large enough to form a bubble 

of radius equal to or greater than r
c
, otherwise the internal pressure 

of the nucleus becomes greater than that of the critical embryo 

according to equations (7.1) and (7.2). It can be shown that for this 

condition to be satisfied the depth of the active cavity (is ) must be 

greater than its diameter (2R c). Therefore if 1c 4( 2R (shallow cavity), 
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the bubble nucleus will have a smaller radius of curvature than r
e 
and 

higher internal pressure and will be unstable. If c>2% (deep 

cavity), the bubble nucleus will have a larger radius of curvature than 

r
c 
and lower internal pressure and hence be stable. Also it is obvious 

that the shallower the cavity, the more likely is the penetration of 

liquid and that the phenomenon approaches heterogeneous nucleation on 

a flat surface. Hence, there can also be a spectrum of various sizes 

of bubble nuclei depending on the cavity depths as well as the cavity 

radii. However here again it may be reasonable to assume that there 

cannot be many deep cavities on the metal surface and hence the 

depth and radius of the most numerous active cavities may be close to 

the minimum and the size of bubble nucleus also will be close to the 

minimum ; 

R
e 	

le/2 gi 2 Cr/ (Pa2  - PL) 
	

(7.3) 

and 1.0  7,41.rc 	20/(P02  -PL) 
	

(7 4 ) 

We now estimate the possible sizes of the active cavity, 

the critical eubryo and the bubble nucleus in the stream of the oxygen-

saturated silver (P02  = 760 mmllg). Substituting for PL  = 300 mm. Hg 

and 11r= 700 dyne/cm into equation (7..4) gives rc  ( = Rc)=2.3 X 10-3  cm. 

(*) PL is the local stream pressure where the nucleation occurs. For the 

choked flow the exit pressure is about 200 mm Hg and hence PL  for 

nucleation is assumed to be higher than the exit pressure by the amount 

of friction loss in the nozzle + bubble growth loss. 

(**) The surface tension of pure silver is 900 dyne/cm at 1080°C (cf. 

Appendix A.?). It has been shown that the surface tension decreases 

rapidly with a small addition of oxygen down to 800 at PO = lmm Hg and 

decreases further but slowly to 700 at PO = 15 mm Hg 
(307

. Since no 2 
measurements are available at higher oxygen concentration, 6`. 700 dyne/cm 
is taken. 

Therefore the possible size of active cavities will be R
c
Ae. 2.3 X 10-3cm. 
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and lc  r,r, 4.6 X 10-3cm. for oxygen-saturated silver. For the air-

saturated silver stream (11)
2 

= 156 mm Hg), PL  = 50 mm Hg is used 

as the local stream pressure for nucleation based on the results of 

the pressure measurements (100 mmHg) at mid-nozzle where only few 

bubbles were calculated to exist. Substitution of the values into 

equation (7.4) gives 

r
c 

( =R 	1X 10
2 
cm. 

Therefore the possible size of active cavities will be R
c 

10
2 
cm. 

and 110  Al 2 X 10
-2 

cm. for the air-saturated silver. It is, however, 

reasonable to postulate that there will be only a few of these 

rather large cavities on the nozzle wall, thus the rate of nucleation 

must be very slow. This explains the results that the air-saturated 

silver stream showed an intermittent bubble growth outside the nozzle 

only at tank pressures of 10 mm Hg and below. 

SUBSEQUENT GROWTH 

As has been mentioned in Chapter 3 the rate of bubble 

growth at the early stage is very small due to the effects such 

as surface tension, inertia and viscosity of the surrounding liquid 

and hence the bubble growth departs significantly from the parabolic, 

law. We now examine our case where the bubbles are nucleated in the 

nozzle and this two-phase flow expands outside the nozzle due to the 

subsequent bubble growth. However, the situation is very complex 

when the flow is choked at lower tank pressures because there is a 

significant pressure discrepancy at the exit between the stream and 

the ambient atmosphere, causing violent disruption of the stream. 

Therefore we consider only the simpler cases where the two-phase flow 

a 
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emerges from the nozzle into the vacuum tank at 200 and 300 mm. Hg 

so that no sudden expansion of the stream takes place at the exit. 

A physical model of bubble growth is set up as shown in 

Figure 7.3 (a) and (b). Bubbles are nucleated somewhere in the nozzle 

and grow subsequently as shown in (b) while the expansion of the 

stream corresponding to the bubble growth is seen in (a). By makirig 

the following assumptions we will correlate the various parameters of 

growth with the shape of the stream and assess the values of the 

rate of nucleation and the bubble radius experimentally. 

Assumptions: 

(1) Nucleation of bubbles occurs only in the nozzle and at a 

constant rate N. 

(2) After nucleation there is no change in the number of bubbles 

so that N is the total number of bubbles crossing any section'of 

the stream per second. 

(3) All spherical bubbles behave as if they were isolated from 

each other. 

(4) At the later stages of growth (far outside the nozzle) the 

bubble growth obeys the parabolic law.* 

(5) There is no entrainment by the stream in the vacuum tank. 

(6) Mass transfer from the outer surface of the stream into the 

vacuum and bubble bursting are negligible. 

(7) Gravitational acceleration is neglected. 

From the overall mass balance of the jet, 

(7//4) D2 u P 	= constant 
a a omix 

(*) The term "parabolic law" used in this chapter referes to Scrivents 

equation (3.1) in Chapter 3 for diffusion limited growth of a single 

bubble in an thfinite medium. 

• 
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and by a momentum balance 

(n/4) D .  u2a.  .5) • Mix 
= constant 

Therefore the velocity of the jet is constant (ma ) and hence, 

D
2 

mix = constant. a  

2 
• De 	= D2a 1 + Sa  

The volumetric flow rate ratio of gas to liquid is given by using 

the assumptions (1) to (3) as below. 

• 
o 	= 	It r3. N . 11":"  d2  G L 4 

f r3 
• 

where f = 16 Si 
3 G d2 

rat 
 

= or oa 	re 

(7.6) 

(7.7) 

(7.8) 

According to the assumption (4), the bubble radius is given as 

below: (c.f. equation (3.1) in Chapter 3), 

1 r = 2 p D2 (t  - t.)2 (709) 

where t 	is 
O 

Oa from equation 

(
Da 

By using equation 

De 
 

the hypothetical origin of growth. 	Substituting for 

(7.8) into equation (7.5) gives: 

9 -  ( 1 + 6e ) - 1 = 6 	(La)3  r 

(7.6) 	( 6a 	= fr3 ), we obtain 

( Da  

e 
(1 + 6 ) - 1 = fr3 e 	a 

or substit!Aing r
a from equation (7.9) into the above equation, 
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we obtain 

{(Da  ) 2  
(1 + 5 ) - 1 

2/3 = 4p2D f2/3 
(ta — to) 

De 	
e 

Since t
o 
= z

a
/u
e 

we obtain a relationship between the shape of the 

jet and other growth parameters as below. 

2 

( 1+ 6e
) - 1 2/3  

e 

402D f
2/3 

ue 
- ueto) 

(7.10) 

When the jet diameter Da  at a given distance za  is known, the left 

hand side of the equation (7.10) can be calculated by using 

the experimental value of
e. If a straight line is obtained by 

} plotting 	 (1 + i.(Da/De )2 	e) - I 2/3  against za  as shown in 

Figure 7.3 (c), the slope will be 4p
2
Df2/ /11e and by using this 

slope together with the known values of f3, D and ue, the parameter 

f will be obtained and the rate of nucleation N can be calculated 

by equation (7.7). The bubble radius at the exit may be obtained 

by using equation (7.6), re = (5e/f)
1/ 3

. The total number of 

bubbles per 1 cm of the jet may be calculated as below. 

0 
N
s = IVu

e 
= NyLk 1 + Ele )•G (7.11) 

D
a and za were measured on the image of the high-speed 

A cine film projected on a screen with the magification of about 1.7. 

The results for the stream of oxygen-saturated silver at 200 mm Hg 

are plotted in Figure 7.4. For the stream at 300 mm Hg be  was 

not obtained very accurately but was shown to be very small in 

Chapter 6. Since a small b
e 
does not change the left hand side in 

equation (7.10), it is neglected and so the results have been analysed 

according to the following equation and plotted in Figure 7.5. 

( 

'

D  

1) '2 	2/3 
46 D 
2 

f
2/3 

- 1 	(z
a 

- u
eto
) 	(7.12) i e) 	.- ue 
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From these two figures the slopes of the straight lines have been 

taken anithe rate of nucleation and exit bubble radius have been 

calculated as shown in Table 7.1. 

Close examination of these figures and tables yields the 

following conclusions. 

(1) At both 200 and 300 mm Hg the lines are straight and hence the 

bubble growth obeys the parabolic law under a constant driving force 

to diffusion and the number of bubbles crossing any section of a jet 

per second is constant. 

(2) There is a certain delay of growth immediately after the 

emergence from the nozzle exit and this delay lasts longer at 300 mm Hg 

than at 200 mm Hg and also with the larger nozzle (3/16") than With 

the smaller nozzle (3/32"). 

(3) The rate of nucleation is of the order of 2-5 X 103bubbles/sec but 

it is calculated to be higher at 300 mm Hg. 

(4) At 200 mm Hg where the gas-liquid volume ratio at the exit 

is known, the bubble radii for both 3/16" and 3/32" nozzle are 

less than 1 mm. At 300 mm. Hg where 6e  is not known, the bubble 

radius can be estimated only forthe assumed values of .5
e as below: 

be  

re 

N
s 

( 	) 

( cm ) 

(1/cm) 

3/16" 	Nozzle 

	

0.01 	0.05 

	

3.2 X 10
-2 	

5.4 X 10-2 

14 	14 

3/32" Nozzle 

	

0.01 	0.05 

2.3 X 102 3.9 X 10-2 

	

10 	10 

(5) In spite of the high volume fraction of gas phase in the 

stream, the visual observations have shown that the jets still 

look very homogeneous. 

From the above arguments it is quite clear that the rate 

• 



-161- 

TABLE 7.1 
CALCULATIONS OF THE RATE OF NUCLEATION AND 

THE BUBBLE RADIUS AT THE NOZZLE EXIT 
( Oxygen-saturated streams ) 

Tank Pressure mm Hg 2 9 0 	• 3 o o 

Nozzle Diameter inch 3/16 3/32 3/16 1 	3/32 

31, 

Y g 
Cb 
0sat 

)3 

g/cth3  

g/cm3  

g/g 

g/g 

- 

9.2 

0.76 x 10
th  
-3 

2.68 x 10 
-,.3 

1.38 x 10 

1.57 x 102  

9.2 

1.14 x 10 
-a 

2.68 x 10 
-3 

1.68 x 10 

8.07 x 10
i  

D cm's/sec 1.2 	x 10 1.2 	x 10 

G 

ue 

g/cm.2  sec 
cm/sec 

3400 

420 

3250 

410 

3250 

350 

3100 

340 

36 
Slope= 4p D f 1/cm 

1/c2 

0.86 

170 

1.66 

450 

0.42 

315 

0.85 

88o 

ue  

f 

Ee( exit ) 

6a( 8 cm ) 

- 

- 

0.135 

17 

0.152 

44 

- 

4 

- 

14 

. 
N 

re 

s 

bubbles 

Ns 
 

2.7 x 10 
-1 

0.9 x 10 

' 
1.7 x 10 

-1 
0.7 x 10 

6 cm  

3 
4.8 x 10 

- 

14 

3 
3.2 x 10 

- 

10 

sec 
cm 

bubbles 

Values of Cb and D ( see Appendix A.7 ) 
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of bubble growth is suppressed at the beginning and later follows the 

parabolic law of growth controlled by diffusion. The rate of 

nucleation has been shown to be higher at the higher pressure, this 

seems to be peculiar since generally the higher the pressure, the 

less is the nucleation. In the above estimations, however, it 

must be noted that an important assumption of uncertain validity 

has been made which will now be discussed. 

All the bubbles were assumed to be isolated from each 

other, thus causing no interference of the diffusion fields and no 

interaction between flow fields created by the growth of adjacent 

bubbles. However this assumption may not be valid and the growth 

constant p for a single bubble may be too large. The value of p 

is particularly important for estimation of N because it occurs 

raised to second power in the expression for the slope. Using the 

theory for a single bubble would lead to p being overestimated 

more at low pressures (high driving force for growth). This could 

explain the smaller A value at 200 mm Hg than at 300 mm Hg. 

We now consider the bubble growth at the early stage 

where the rate of growth has been shown to be suppressed. 

The important effects limiting the rate of growth are 

as below. 

(1) Diffusion of solute elements in the liquid. 

(2) Kinetics on chemical reaction at the phase boundary. 

(3) Surface tension 

(4) Liquid inertia 

(5) Viscosity 

Before considering the effects other than diffusionl, 

it would be interesting to check how well the parabolic law of 

diffusion controlled growth can explain the results obtained 
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for the flow within the nozzle. Equation (3.1) in Chapter 3 is 

used to assess the bubble radius during growth. The value of the 

local stream pressure for growth in the oxygen-saturated silver 

is taken as 250 mm Hg which is between the two pressures at 

nucleation sites and exit. For the air-saturated silver stream tie 

pressure is taken as 50 mm Hg, the same as that for nucleation 

since in this case there is not big pressure gradient in the nozzle. 

The total residence time of the flow in the nozzle is used for the 

growth time and is the maximum possible value. The results of 

calculations are shown in Table 7.2. Comparing the values from 

Table 7.1 and 7.2. it can be seen that, as expected, the application 

of the parabolic law for the maximum possible residence time 

overestimates the bubble radius and hence underestimates N and N
s 

This will be discussed in greater detail later. 

We now consider some of the effects which were neglected 

in the parabolic law. As reviewed in Chapter 3 Rosner and Epstein(14)  

examined the effects of surface tension and the initial bubble size 

on growth controlled either by chemical kinetics at the interface 

or diffusion of the solute in the liquid. According to their theory, 

these effects in our case may be examined by using equations (3.4) 

to (5.9). The values of the parameters required for calculations 

have been already given in Table 7.2. except for the initial bubble 

radius, which is now assumed to be the minimum of the possible sizes 

based on the cavity model. First the dimensionless growth time(1:). 

is calculated by equations (3.5) and (3.8) and secondly the 

dimensionless bubble radius (r/r
o) is evaluated by using Figure (5.2) 

in Chapter 3. The results of the calculations are given in Table 7.3 

and 571."!OW 	that the kinetic limitation is not ibportant and . 
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TABLE 	7.2  

CALCULATIONS OF BUBBLE GROWTH IN THE NOZZLE  

BY USING THE PARABOLIC LAW  

Oxygen-saturated Air-saturated 

Saturation Pressure 

Stream Pressure 

g 
Cb  

Csat 

9 

mm Hg 

mm Hg 

g/c2 

g/g 

g/g 

- 

760 

250 
.4( 

0.95 x 10 

2.68 x 10 
3 

a 
1.54 x 10 

1.10 x 10
z  

156 

50 
4( 

0.19 x 10 

1.22 x 10 

0.66 x 103  

2.71 x 10
2. 
 

1 	1 
2 13D-2-  t2  cm 2.50 x t 5.93 x ti- 

Max. residence time 

r
3( max ) 

N ( min ) 

DI' s 

sec 

cm 

bubbles 

-a 

	

2.5 	x 10 
-1 

	

1.2 	x 10 
a 

	

1.3 	x 10 

4 	. 

-a 

	

2.2 	x 10 
-1 

	

2.8 	x 10 

- 

- 
sec 

bubbles 
cm 

TABLE 7.3  
CALCULATIONS OF BUBBLE GROWTH IN THE NOZZLE  

BY TAKING SURFACE TENSION INTO ACCOUNT  

Oxygen-saturated Air-saturated _ 
-a -2 

ro cm 2.3 	x 10 1.0 	x 10 

2: - 1.8 2.1 

-B - 1.14 x 10 3 0.56 x 10-9 

* 3 
Ca( kinetic control) - 0.72 x 10 0.18 x 1O 

 

3 3 
It3(diffusion control)  - 2.6 	x 10 0.78 x 10 

(r3/r0)( kinetic ) - 103  200 

(r3/r0)( diffusion ) - 55 28 

r3 	( kinetic ) cm 2 2 
-I -1 

r3 	( diffusion ) cm 1.2 	x 10 2.8 	x 10 

(*) The constant of exsolution kinetics, K, in equation (3.5) is 

at least 103 in the silver-oxygen system. 



d
2
r 	 dr P

I 	
r. 	
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dt  )

2 ] 

dt
2 	2  

4/Sj P y   L dr 
r 	dt 

(7.14) 

(7.15) 
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secondly that the bubble radii at the nozzle exit are the same as 

those previously calculated by using the parabolic law in Table 7.2. 

Therefore it may be concluded that the surface tension effect is, 

by itself, too small to limit the bubble growth.  

We now consider the other effects, liquid inertia and 

viscosity. The internal bubble pressure under the influence of 

surface-tension, liquid inertia and viscosity may be expressed as 

below: 

P
b 

= 	207/r + PI 
+ 111, 	 (7.13) 

where P
I 

and P are the over-pressures needed to overcome the 

liquid inertia and the liquid viscosity respectively and are given 

below
(12) 

When the inertial and the viscous terms are negligible the 

parabolic law may be applied without much error to evaluate the 

small values of PI and PV as below. 

4 .2 a  , 2 P
I 

= 2p 

2 sa  ,r2 Pi" = 8y p D 

and PI
/P 	= 13

2
D/4 

(7.16) 

(7.17) 

(7.13) 

Ecuation (7.16) together with the data in Table 7.2 

can be used to show that for a bubble radius greater than 0.2 X 10
_1 

 cm

for u.nygen-saturated silver PI  is less than 76 mm Hg (P02/10). This 

value of P
I is considered to be just low enough to ignore the effect 

S 
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of liquid inertia. The estimated value of the bubble radius 

at the exit was 0.70%o 0.9 X 10
-1  cm at a tank pressure of 200 mm Hg 

(Table 7.1) and only a small degree of retardation of growth was 

obtained (Figure 7.4). The bubble radius at a tank pressure of 300 mm Hg 

was estimated as about 5 X 10 2cm (page 160 ) and as predicted 

above the degree of retardation of growth due to liquid inertia was 

substantial (Figure 7.5). Similarly the viscous effect may be 

estimated by using equation (7.18) and 	1, = 0.38 cs (see Appendix 1;.7). 

P /P 	= 97 

This means that when the parabolic law applies, the viscous effect 

is much less important than the liquid inertia. 

It is now clear that at the very early stage of bubble 

growth the liquid inertia effect is important in limiting the 

rate of growth. Surface tension too may play a significant role 

in addition to liquid inertia as long as the bubble size remains 

small. Therefore the ultimate solution for this problem can be 

provided only by solving the following equation formulated by 

Scriven(12)
• 

Pg  (t) 	+ 2 TA") 

2 
=(. - Sj  (t)) [ r Q r 1_  3 	dr '1 	/4- dr 

L g 
dt
2 	a ( 	)`"TT 1(7.19) 

Solving this equation involves significant difficulties in 

numerical method and has not been attempted, although a method has 

(14) 
been suggested by Rosner and Epstein 

• 
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CHAPTER 	8 	CONCLUSIONS 

• 
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CHAPTER 8 CONCLUSIONS  

This work has shown that when molten silver containing 

dissolved oxygen was discharged through a cylindrical nozzle into 

a tank at low pressures gas bubbles would nucleate in the nozzle. 

From silver saturated with oxygen at 1 atm. pressure nucleation 

commenced at a tank pressure of 300 mm Hg and for silver saturated 

with air at 1 atm. pressure (P02  = 1/5 atm.) nucleation commenced 

at a tank pressure of 10 mm Hg. When the tank pressure was 

sufficiently low for nucleation of bubbles to occur vigorously 

the resultant two-phase flow became choked and hence the properties 

of the flow were unaffected by further decrease in the tank pressure. 

Particularly the measured values of mass flow rate and exit 

pressure remained constant. 

A theory has been developed using a homogeneous bubbly 

flow model. For non-choked flow with bubble nucleation an overall 

momentum equation together with the measurements of mass flow rate 

was used to calculate the local gas/liquid volume ratio and the 

local Mach number at the nozzle exit. For choked flow the theory 

with an isothermal condition led to two simultaneous equations, 

namely an overall momentum equation and an equation defining choked • 

flow at the nozzle exit. The equations contained three unknowns, 

mass flowrate, exit pressure and exit gas/liquid volume ratio. The 

insertion of the measured value of the mass flowrate allowed the 

calculation of the other two parameters- and choking was confirmed 

by agreement between the measured and the calculated exit pressure. 

An alternative method of approach was to substitute the measured 

values of the mass flowrate and the exit pressure into a momentum 
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equation and to calculate the exit gas/liquid volume ratio. These 

values could be used in the equation of choking and choking was 

confirmed by showing that the local Mach number was unity at the 

nozzle exit. 

The observation of streams outside the nozzle by a high-

speed cine camera showed a homogeneous bubbly flow of oxygen-

saturated silver at tank pressures of 300 mm Hg and below. The 

streams expanded smoothly at tank pressures down to 200 mm Hg. 

Once dhoking occurred at lower tank pressures the streams suddenly 

expanded beyond the nozzle exit due to the pressure discrepancy 

and further reduction in the tank pressure caused disintegration of 

the stream as the bubbles at about 200 mm Hg exit pressure expanded 

explosively into the low pressure environment of the tank. The 

streams of air-saturated silver showed intermittent bubble growth 

outside the nozzle at 10 mm Hg tank pressure, indicating a slower 

rate of nucleation. 

It has been suggested, on the basis of the experimental 

evidence, that the nucleation of bubbles occurred on cavities on 

the nozzle wall and the minimum size of the active cavities has been 

calculated. Metastable flow of the streams containing dissolved gas 

occurred at high tank pressures because no cavities of sufficiently 

large size were available for nucleation. 

Bubble growth in the supersaturated liquid has been 

discussed in detail. The parabolic law of diffusion controlled 

grow-th was applied to interpret the expansion of the streams outside 

the nozzle. A theory, applied to the analysis of the streams of 

oxygen-saturated silver in the vacuum tank at 200 and 300 mm Hg, has 

allowed the estimation of the total rate of nucleation and of the 
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bubble radius at the nozzle exit. This analysis has also demonstrated 

that there was a definite retardation of bubble growth in the early 

stages and that this was due to the effect of liquid inertia together 

with surface tension. 

On the basis of the above conclusions the following subjects 

are worthy of further investigation. 

(1) The effect of surface roughness and length/diameter ratio on 

the rate of nucleation. 

(2) Quantitative analysis of bubble growth in the early stages•  

(3) Investigation of the flow of supersaturated liquid in a 

convergent-divergent nozzle. 

(4) Extension of this work to investigate similar phenomena (e.g. 

choking in the nozzle, diffusion controlled bubble growth outside 

the nozzle) in the molten steel system. 

4r 
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APPENDIX A.4.1 : DESIGN OF THE SINKER FOR THE BUOYANCY PROBE 

A.4.1.1 Balance of forces and the stability of the sinker 

The sinker was hung from a load cell and immersed in the liquid. 

The balance of forces is shown in Figure A.4.1. 

Balance of forces 

WN 	WD 	WB = p ga L 
L S S 

Moment of forces around 0 

= sin a. W 	- W (L 2  ) D. 2  0 	B 0 	5 

(A.4.1.) 

(A.4.2) 

where 	a = small angle of tilting. 

The stability of the sinker is expressed by the sign of the equation 

(A.4.2.). 

(1)  M > .0 stable 

(2)  M < 0 unstable 

(3)  m = 0 neutral 

The equation (A.4.2) may be modified as below: 

2M 	
W
D 	

L
S 	LS  

. L  ga_6L02  sin a p 	Lo 
(2 - 7--) 

L° 0 0 	-Lb 
(A.4.3) 

The dimensionless moment M0  is a function of L and it has a minimum 

which is found as follows 

dL5 
	0 	 when L

S 
 = L

0  

and (M ) 0 min 

W
D 

P ga L L S 0 



L /L 	L /L S1 0 	S2 0 

	1 111 III 	 

. 	I 	.. . 	... - ._._.... 
0 

> IV 

FIG. A.4.2 DIMENSIONLESS MOMENT 

4 	 • 

FIG. A.4.1 BLLLOCE OF FORCES 
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M
O 
= 0 	when L = L 	L 

S S1' S2 

where 
Lsi  Lo, Ls2  / Lo  = 	1 + (1 - 	LgasLo) 2  

and also W
N 	0 when L = L 

S 0 

LSO 
	WD •/ p LgaS 

Therefore the stability of the sinker is expressed as shown in Figure 

A.4.2 whose explanation is as below. 

(0 <LS/
L0<LS1  /L0) 

M
0  > 0 and WN > 0 (stable sinking) 

(L 
 
S1 

	/ LO  

MO 

 0 S 0 SO 0 

M
o < 0 and WN > 0 (unstable sinking) 

(LSO / L
0 
 < L

S 
 / L

0 
 < 1) 

M
o < 0 and WN < 0 (completely unstable) 

(1 < LS  / LO) 

Does not exist. 

Region I 

Region II 

Region III 

Region IV 

A.4.1.2 	Desi.gn of the sinker 

The total length and the cross-sectional area of the sinker were 

restricted by the dimensions of the apparatus. An example of the stability 

calculation is shown in Figure A.4.3 where the following physical 
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dimensions apply: 

L0 	= 	70 (cm)  

aS 	2 (cm2) 

W
D 	760.g(dynes) 

9.2 (g/cm 3) 

••S1 	23 (cm) 

Therefore this sinker can be used down to 23 cm depth of immersion into 

the silver bath with stability. We can expect more stability towards the 

end of a run because the depth of the silver always decreases, so that 

M0  always increases. 

A.4.1.3 Preliminary check of the buoyancy probe 

The buoyancy probe of the above design was checked by the preliminary 

experiment where the sinker was hung from a load cell and immersed in water 

in a cylindrical glass tube and the water was run out of the glass tube 

into a beaker through a cock. 

(A) 	Static check of the probe 

A quantity of water was run out and weighed and the change in net 

weight of the sinker was also measured by a potentiometer. The sequence 

was repeated and the results are shown in Figure A.4.4. 

Net weight of the sinker is given by the equation, 

-  W
N 

= WD - WB = WD PLgaSLS 
	(A.4.4) 

• 
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Assuming the uniform cross-sectional area of the glass vessel, the weight 

of the water flowing out is expressed as below: 

AWout 	
- pL  g(AO  - as)  AL S 
	(A.4.5) 

From these equations we obtain the next equation, 

AWN / A W
out 	= 	as  / AO - as 	(A.4.6) 

Therefore the slope of Figure A.4.4 equals to as/ (A0  - as). The reading 

of the slope was 0.104 and the value obtained by measuring the cross-

sectional areas was 0.101. This agreement was considered to be satisfactory. 

(B) Dynamic check of the probe 

Water was continuously run out of the glass column through a cock 

and the output of the load cell was recorded on a UV recorder via an ampli-

fier. The slope was read from the recorder chart and the flowrate of the 

water was calculated. 

From Bernou nit s equation the flow velocity at exit is, 

u 	= 	C
D 
 (2gh)2 
	 ( A.4.7) 

From the continuity equation the velocity of the moving surface is, 

an _ 
dt 

a 	(2g)7 a.0
D . 112.  u = A -a 0 S 	AO  - as  

(A.4.8) 

Integrating equation (A.4.8) we obtain, 

1 h2 = h 2 .1_ 
0 	2 

t where K = 
(2g)2  a.CD  

A - as  S 

(A.4.9) 

4 



Slope = 
as = 0.104 
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Combining equations (A.4.8) and (A.4.9), 

dh 	
K h 	

K2  , 
a 	0

2 
' 

• Since the flowrate of the water is, 

dW'

dt
out 	dh 

- p
L 
 g (A0  - aS dt  ) -- 

(A.4.10) 

(A.4.11) 

we obtain the next equation, 

dW
out 	.1 1  K 
dt - - p Lga CD  (262 0102 + 7 t)  (A.4.12) 

Therefore a straight line should be obtained by plotting dWout/dt 

versus time as shown in Figure A.4.5. 
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FIG. A.4.5 DYNAI1IC CHECK OF BUOYANCY PROBE 



APPENDIX A.4.2 : DIRECT PRESSURE MEASUREMENT IN THE NOZZLE 

A.4.2.1 Analysis of the gas-link method 

The system has already been described in Section 4.4. The following 

assumptions are used to simplify the problem: 

(1) No pressure gradient exists in the line 

(2) Gas obeys the ideal gas law 

(3) Temperature is constant 

(4) No silver penetrates into the line. 

The basic equation is: 

(dt)li ne 	 (dt)in (dt)out 'dtiline = CaPin 'dtiout 
(A.4.13) 

From the ideal gas law (PV = nPT), 

(d t) 
 

'dt/line 

V
o 	

dP1  
RT dt 

(A.4.14) 

Now we define the resistance of gas flow at the supply and the tap (Rs, Rt 

as below. 

do 	
V
o 	

P
s 
- P

1 ( 
'dt) 

 
in RT 	Rs 

dn)  
V
o 	

P
1 
- P

t ( 
`deout RT 	R

t  

(A.4.15) 

(4.4.16) 

This definition in which (dn/dt) was assumed to be proportional to 

pressure driving force was purely arbitrary, and in fact experiments 

showed that the resistance could be assumed to be constant only when the 
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pressure change was small. Nevertheless, it was found to be useful to use 

resistance in the experiments described later in Section A.4.2.2. 

From equations (A.4.13) to (A.4.16) we obtain, 

dP 	P
s 

P
t 1 	 1 	1 

dt 	R
s 

R
t 	

P ( 
1 R

s 	
R
t 

(A.4.17) 

This is a linear differential equation. In our experiments, P
s = 

constant, but P
t is unknown during a run. From the experimental results 

P
t at the steady state was assumed to obey the equation given below. 

Pt 
	f(t) = p + qt 
	(A.4.18) 

Then the equation (A.4.17) can be solved as follows 

	

Ps/Rs  + p/Rt 	cl/Rt 	
q/Rt 

P1(t) - 	 

	

1/Rs  + 1/Rt 	(I/Rs  + 1/Rt)2 	1/Rs  + 1/Rt  . t 

ps/Rs  .1.- p/Rt 	q/Rt 	1 	1 
+ P1(0)  - 1/Rs  + lit 
{  

	 e x p  ( _ 15t— - IT  
+ (1/Rs  + 1/Rt)2 	_s 	t )t  

(A.4.19) 

This solution can be illustrated as shown in Figure A.4.6. Explanations.  

are as follows: 

Curve 1 

	

	In this case both the supply and the tap resistance are 

relatively small and the initial line pressure is higher.  

than the tap pressure. The line pressure tends to approach 

the pressure P1'(t). 
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lim 
P1 
 
(t) 	+ Rt/Rs  (t) = P1' (t) = P

1
'(0)- 	 t 	(A.4.20) 

t-000 

where 

Ps/Rs  + Pt/Rt 	q/Rt  
P1'(0) - 	

w- 
1/Rs  + 1/Rt 	(1/Rs  + 1/Rt)2  

Curve 2 	In this case the supply resistance is infinite, and also 

the initial line pressure is higher than the tap pressure. 

The line pressure approaches the pressure Plu(t). 

lim 

t-* 
Pi(t) = Plu(t) = p - qRt  + qt 

	
(A.4.21) 

Curve 3 	Here both the supply and the tap resistance are relatively 

small but the initial line pressure is lower than the tap 

pressure. The line pressure approaches the same pressure 

as P1'(t) in.Curve 1. 

Curve 4 	: Here the supply resistance is infinite and the initial 

line pressure is lower than the tap pressure. Therefore 

the line pressure remains constant provided that no silver 

penetration into the line occurs. Then it follows the 

same pressure as ly(t) in Curve 2. 

From this argument it is obvious, first that any leakage from outside to 

the line causes erroneously high readings. Secondly, if the real nozzle 

pressure (here the tap pressure) is decreasing continuously as assumed here, 

there is a gap between the measured line pressure and the real nozzle 

pressure. This gap, however, was thought to be quite small because the 

• 
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gap (-qRt) was less than 1 mm Hg from the experimental results where 

q was about - 5 mm Hg/sec and R
t was about 0.085 sec. at the level 

of 200 mm Hg. These results are discussed in other sections. 

A.4.2.2 Application to the actual tapping_line 

The dimensions of the pressure tap line to be decided were the 

diameters of the tapping hole in the nozzle and of the line between the 

nozzle and the transducer while their lengths were decided according to the 

size of the apparatus. Two testpieces (dia. 1/32, 1/64 and length 1/16, 

1/32 inch) were machined and joined with the various glass tubes or 

stainless steel tubes (length 80 cm). The other end of the tube was connec-

ted to the transducer and the automatic valve so that the system was 

similar to Figure 4.12. Then, the tap line was evacuated through the 

testpiece. After setting the line pressure about 100 mm Hg above the 

tank pressure downstream of the testpiece,the automatic valve was shut 

off and the transducer output was recorded on the UV recorder and the 

response was analysed according to equation (A.4.19) where Rs  = 00 

(no-leak);  p = FT and q = 0. The solution is then, 

Pl(t) 	PT 
P1(0) - PT  exp (-t/Rt) ( A.4.22) 

It is found that the diameter 1/32 for the tapping hole was preferable 

and the diameters (1.8 - 2.5 mm I.D.) for the line were all acceptable 

for the pressure measurement. It was also found that the resistance, 

Rt was constant only when P1 - PT was small because the resistance 

R
t was defined arbitrarily as mentioned in Section A.4.2.1. 
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Examples of the response of the actual tapping line (hole dia. 1/32, 

line dia. 2.49 mm I.D.) at 1080 °C are shown in Figure A.4.7. The tap 

resistance, Rt, was calculated from this graph as about 0.085 (sec) 

at the tank pressure of 200 mm Hg which was close to the actual nozzle 

exit pressure for the choked flow. 

A.4.2.3 Measurement of the dead volume of the pressure tapping line 

It was obviously desirable to reduce the gas injection to the stream. 

The rate of gas injection is given by equation (A.4.14) in Section A.4.2.1 

since (dn/dt)
out = - (dn/dt)line for the no-leak system. The number 

of moles escaping through a tap hole within one second is therefore, propor-

tional both to the rate of pressure change, (dP
1 
/ dt) and to the dead 

volume of the line, Vv. Thus, it was desirable to reduce the dead volume 

of the line. The total dead volume consisted of, 

(1) the dead volume in the pressure transducer, 

(2) the dead volume in the vacuum joints and the automatic 

valve, 

(3) the dead volume in the line. 

(1) and (2) were reduced by placing suitable rods in the dead space. 

Since (3) was equal to the inside cross-sectional area x the length, it 

could be reduced either by placing a rod in the line when a larger tube was 

used or by simply using a smaller tube. The whole system was tested as 

described in Section A.4.2.2. 

Finally the dead volume of the system was evaluated as follows. The 

dead volumes of the transducer and the automatic valve with their vacuum 
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joints were measured experimentally while the dead volumes of the tube and 

rod were calculable. The transducer and the valve were joined with the 

burette of which the end was connected to the mercury reservoir as shown 

in Figure A.4.8. The level of the mercury was adjusted when the valve was 

open to the atmosphere and then the valve was closed. The readings of the 

transducer and the additional volume in the burette were taken when the 

mercury level was lowered by lowering the mercury reservoir. The sequence 

was repeated and the results were analysed according to Boyle's Law. 

P
0  V0 
 = P(V0  + v0  + v 

or 

Po /P = 1 + v0 / V0 	v/V0 	(A.4.23) 

where: 
	

P
0 	= initial pressure (atmospheric pressure) 

v
0 	= dead volume between the burette and the 

vacuum joint 

V
0 	

= dead volume in the transducer and the vacuum 

valve with the joint 

additional volume increase in the burette. 

The results are shown in Figure A.4.8 where the intersection is 1 + v../V c.; 0 

and the slope is 1/V0. The dead volume of the pressure transducer, the 

automatic valve and the vacuum joint was 2.5 cm 3  from Figure A.4.9. 

The total dead volume is listed below. 

(a) Dead volume of the transducer, the automatic valve 
and the vacuum joint 

(b) Reduction of the above dead volume by inserting 
the 2.4 mm rods 

(c) Additional dead volume of the straight tapping tube 
(I.D. = 0.176 cm L = 80 cm) 

total dead volume of the line 

2.5 cm3  

0.5 cm 3  

2.0 cm 3  

4.0 CM3 • 
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A.4.2.4 The rate of gas injection 

As mentioned previously, it is inevitable for a small quantity of 

gas to be injected into the stream with this method of the pressure 

measurement. The injection rate is given by equation (A.4.14) which is, 

(dt)line 

V0 	dPi 

RT dt (A.4.14) 

The rate of pressure change at the steady state was less than 5 mm Hg/sec 

and approximately constant (refer to the actual measurements in Chapter 5). 

The number of moles per second given by the above equation may be expressed 

in terms of the volume of the gas escaping by using the ideal gas law 

(PV = nRT). Hence,the rate of gas injection is, 

dV 
dt 

V dP 
0 	1 
P dt (A. 4 . 24) 

where the dead volume V0  = 4 cm3  and the nozzle pressure at the steady 

state P = 200 mm Hg (refer to the actual measurement in Chapter 5). 

dV 
dt 200 ' 5 = 0.1 cm 3  / sec 

This rate of gas injection may be compared with the oxygen flowrate in the 

stream as below. From the results given in Chapter 6, the volumetric flow-

rate of the silver in the nozzle is about 66 cm 3/ sec and the volumetric 

flowrate ratio of oxygen and silver (5) is 0.135. Hence, the ratio of 

the gas injection rate and the oxygen flowrate is 

0.10  
66 x 0.135 

100 = 1.1 
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A.4.3 REMOTE CONTROL 

Only part of the circuit diagram is shown in Figure A.4.10. The 

systems of the surface and the depth probes are omitted as they have 

already been shown in Figure 4.9 in Section 4.1. The procedure is as 

follows: 

The changeover switch was engaged in the "OFF" position. Once 

the microswitch was set, Relay 6 was energised but Relay 5 was open. 

The automatic valve could be tested by pushing a test button to close 

Relay 5. Just before the start of the discharge, the changeover switch 

was engaged in the "Run" position to start the UV recorder. On raising 

the stopper rod, the microswitch energised Relay 5 and opened Relay 6, 

thus closing the automatic valve, giving an "Event Mark" signal to the UV 

recorder and starting the cine camera. Once the Relay 5 was energised, 

it remained in the position to keep the valve close until released later 

by the changeover switch. On stopping the flow, Relay 6 was opened to 

give another "Event Mark" signal to the UV recorder: Then the change- 

over switch was engaged in the "Olq" position to stop the UV recorder 

and to open the automatic valve again. 
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RELAY 6 

Chart 
drive 6 o 

Event 
mark 

UV recorder 
0 

To microswitch 
To auto -valve. 

Fig. A. 4. 10. CIRCUIT FOR REMOTE CONTROL 
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APPENDIX A.5.1. DISCHARGE COEFFICIENT AND MASS FLUX 

The instantaneous discharge coefficient is defined by 

CD(t) / = Uactual liBernou lli's theory . (A.5.1)  

where 

A 	dh 
uactual 	a 	dt 

and 

	

(2AP/ 	+ 2gh)2LuBernou llis1 = 

Hence, we obtain 

CD(t) 	
A 	dh 

(2 AP/PL+ 2ghm54  a 	dt  
(A.5.2) 

where 
AP 	P

a 	
P
T 

This equation is always calculable when all the parameters are known 

simultaneously. It is, however, necessary to modify the above equation 

when the mean surface velocity (Ah/At) is measured by the depth and the 

surface probes. Hence, the approximate discharge coefficient is defined 

for the actual run by takinginto account the change in the cross-sectional 

area of the silver surface in the tundish as shown in Figure A.5.1. 

CD 	"5"- 
Am 	Ah

t  (2iP/pL  + 2ghm)-4  
(A.5.3) 
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where A
m 

is the mean cross-sectional area of the silver surface (total 

volume of the silver discharged/total change in silver head) and hm  

is the arithmetic mean of silver head before and after each run. 

The above equation (A.5.2) may be used as a good approximation for 

a short run since it approaches equation (A.5.1) when At 0 and 

Ah 	0. For a relatively long run the difference between the two 

equations can be checked in the -following way when the real discharge 

coefficient remains constant. 

We consider the case when the starting level h 1  is in region I 

and the stopping level h5 in region V. Equation (A.5.1) may be integra-

ted within each region of Figure A.5.1 as below 

A. 
t hi+1 	 i+1  

1 

	

(2AP/p 	2gh)-2  dh = 

	

a 	 CDS 	dt 

h. 	 t. 1 	 1 

(A.5.4) 

where- i varies from 1 to 4. Integrating and summing up equation 

(A.5.4) gives 

4 

(2APAL  + 2ghi+1)2- (26P/pii + 
1 

	

ag 	 
1=1 

	

= CD - (t
5 
 - t

1
) 	 (A.5.5) 

The discharge coefficient can be calculated accurately- Iy using equation 

(A.5.5) since the positions of the stopper rod and the sinker are known. 

The error of using the approximate equation (A.5.2) was checked by the accu-

rate equation (A.5.5) in experiments where the degassed silver was 
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discharged into the vacuum tank under conditions causing the maximum 

error in the approximate calculation (a large silver head change and a 

small pressure difference). The error was still so small (0.03%) for 

Ah = 60 mm Ag and AP = 367 mm Hg that it could be neglected in the 

present work where the change of the silver head was small relative to the 

total pressure difference. 

This argument, however, may not be extended to the bubbly flow 

where the discharge coefficient may not be constant during a change of 

silver head. The validity of the approximate equation (A.5.2) for the 

bubbly flow can be tested only by the development of a technique whereby 

the instantaneous flowrate is measured very accurately. This will be 

discussed in more detail in Chapter 6 since the argument is closely 

related to the mechanism of the bubbly flow. ' 

The instantaneous mass flux in the nozzle is defined by 

G(t) = ply = pLCD(t)(2AP/pL  + 2gh).2.= - dh 
a ' dt 

(A.5.6) 

Here again, the same argument may be repeated as for the calculation 

of the discharge coefficient. Thus, we now simply define the approximate . 

equation of the mass flux in the nozzle below. 

G 
1 

2gliM) 7  

p 
L
A
m 

 

(A.5.7) a 	At 

The thermal expansion effect on the diameters of the tundish nozzles 

etc., was of course, taken into account for the calculations. 
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APPENDIX A.5.2 STARTING AND STOPPING ERRORS 

It was important to establish whether there were any errors in the 

timing system. The end error of the microswitch due to the mechanical 

linkage between the stopper rod and the microswitch was checked by using 

data covering the experiments where the change in silver head was small 

relative to the total pressure difference so that the flow could be 

considered to be constant during each run within 0.5% of the mean. 

Figure A.5.2. shows the results of the change in the silver head versus 

the corresponding time. When the graph of Ah versus At was extrapo-

lated back, it passed through the origin confirming that the end error 

of the microswitch was negligible. 
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APPENDIX A.6.1 ANALYSIS OF THE RESULTS OF SINGLE-PHASE FLOW 

The flow of degassed silver (Pk < 10 3  atm) showed a continuous 
2 

increase of mass flux when the tank pressure was decreased at almost 

constant upstream pressure (atmospheric pressure + silver head) as already 

shown in Figures 5.1 and 5.4 in Chapter 5. The discharge coefficients were 

constant, CD  = 0.915 (3/16" dia.) and CD  = 0.868 (3/32TT dia.) as shown in 

Figures A.6.1, A.6.2 and Table A.6.1, A.6.2. The appearance of the stream 

was single-phase as already shown in photographs 1 and 9 in Chapter 5. 

For the single-phase .(liquid) flow, equation (6.9) in Chapter 6 may 

be simplified by substituting 8 = 0 and P3  = PT. 

1/CD2  - 1 = KL 	4 Cfm 
	(A.6.1) 

As a first approximation the entry loss coefficient (KL) was assumed to be 

the same for both nozzles (3/16" and 3/32TT  diameters). This assumption will 

be discussed later. 

Since the discharge coefficients and the length-diameter ratios were 

CD  = 0.915, !/d = 2.13 for 3/16" dia. nozzle, and CD  = 0.868, 4/(1= 4.26 
3 

for 3/32" dia. nozzle, equation (A.6.1) yields 

KL  + 8.52 Cfm  = 0.195 (A.6.2) 

KL  + 17.04 Cfm  = 0.326 (A.6.3) 

Solving above equations simultaneously gives, 

KL  = 0.064 
	

C
fm = 0.0154 

There are at least three ways of checking these results as follows. 

(1) 	Theoretical evaluation of KL_ 

Since the energy loss at the entry is the energy consumed to form the 

boundary layer, KL  may be evaluated theoretically. One simple example is 
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TABLE A.6.1.  

DISCHARGE CankICIENTS AT VARIOUS TANK 
PRESSURES.  

Nozzle dia. 3/16", 	length 	1/2"  

DEGASSED SILVER (P02  <103)  
(a) No pressure Tapping 

EXP  

NO. 

Tank 
Press. 

(mm Hg) 

Nozzle 	Entry 

Press. (mm Hg) 

Discharge 

Coefficient 	(-) 

D S D S 

64 0.9 848 847 0.915 0.909 

5o 10.5 825 823 0.920 0.895 

65 45 804 805 0.914 0.927 

44 101 - 869 - 0.905 

43 99 - 802 - 0.904 

54 200 850 -  0.929 - 

55 305 804 - 0.919 - 

41 400 886 888 0.925 0.917 

42 404 842 845 0.939 0.890 

(b) Pressure Tapping (Exit) 

1 I 
166 11 - (819) - (0.90) 

(c) Pressure Tapping (Middle) 

97 11 - 795 - 0.890 

98 11 - 779 - 0.928 

D : Depth Probe 
	S.  : Surface Probe 	( ) Buoyancy Probe 
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TALBE A.6.2 

DISCHARGE COEbFICIENT AT VARIOUS TANK PRESSURES,  

DEGASSED SILVER, Nozzle dia. 3/32", length 1/2 "  

(a) No Pressure Tapping 

EXP. 

NO 

Tank 

Press 
(mm Hg) 

Nozzle entry 
Press. (mm Hg) 

Discharge 
Coefficient ( - ) 

S B S B 

116 9.0 875 - 0.892 - 
162 11.0 827 866 0.856 0.859 

806 0.858 
117 9.5 863 - 0.875 - 
118 9.8 866 - 0.858 - 
127 10.0 784 - 0.861 - 
129 2.0 775 - 0.881 - 

123 111 807 - 0.892 - 

120 211 834 - 0.846 - 
124 210 800 - 0.852 - 

121 308 825 - 0.839 - 
125 308 796 - 0.858 - 

122 404 815 - 0.841 - 
126 405 790 - 0.888 - 

(b) Pressure Tapping (Exit) 

192 7 873 873 (0.813) 0.87 
193 106 860 860 (0.789) 0.90 
194 205 849 - (0.825) - 
195 299 839 839 (0.802) 0.86 
197 296 823 823 (0.759) 0.87 
196 398 831 831 (0.768) 0.91 

S : Surface Probe 	B : Buoyancy Probe 
( ) : All results were too low because of interference 

at the beginning due to gas injection. 
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given by Vennard(20)  for a laminar boundary layer as below. 

Kb 	[1 - 	(O/r) 	(8A) 2 	- 1 	(A.6.4) 

where 8 is the thickness of the boundary layer and r is the radius 

of the nozzle bore. 

It was, however, not possible to calculate KL  by equation (A.6.4) 

because 8 could not be estimated in our case. Nevertheless, it is 

interesting to see that nominal values of KL  and 8/r for a round 

entry nozzle given by Vennard are 0.04 and 0.03 respectively while 

our experimental values are 0.064 and 0.046. However, it is likely 

that our values may be greater than his values since the entry shape of 

our nozzle is rather large. 

(2) Theoretical estimation of C
fm

_ 

The steady flow in the transition length of a straight tube was 

analysed by Langhaar(21) and a relationship between dimensioness pressure 

drop and dimensioness axial coordinate was shown as below, 

1 	F(z/rRe) (A.6.5) 

Since AP is the pressure drop within the straight tube we obtain 

4 Cfm  . z/2r 	= 	F(z/rRe) 
	

(A.6.6) 

The results of calculation of Langhaari s friction coefficients were 

0.014 (3/16" dia.) and 0.009 (3/32" dia.) against our experimental value 

0.0154 although an accurate comparison was difficult because our 

z/rPe (about 10-4 ) was well beyond the range of his numerical solution. 
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It is,however, reasonable to assume that our value was greater than his 

theoretical value since the boundary layer was built up at the entry 

before entering the straight duct, not as assumed in his theory. 

(3) Experimental evaluation of  KL  and  Cfm
__ 

Finally, the entry loss coefficient may be obtained by the experiments 

using a round entry nozzle without a straight duct where equation (A.6.1) 

becomes, 

1/CD2  - 	 (A.6.7) 

Although this experiment was carried out, reliable results were not obtained 

because of deformation of the nozzle throat by the stopper rod. This 

particular design of nozzle was very vulnerable to deformation by the 

stopper rod because there was no back up of a straight duct following the 

throat. 

There is, however, another way of experimental evaluation of KL  and 

C
fm' 

and that from the results of static pressure measurement of non-bubbly 

flow at the different positions in the nozzle. Equation (6.7) in 

Chapter 6 may be modified by substituting 8 = 0. 

Pa  p 	- P = (G2/2p L ) (1 + K + 4C fm  ,g/d) (A.6.8) 

which becomes 

23  = pa  poh (G2/2p i)(1 KL 4C fm 4/0 

(A.6.9) 

for the exit pressure and 

p2 = pa  ± p Lgh - (G2/2 L) (1 + KL + 14-C fin  i2
/d) (A.6.10) 
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or 

p2  = PT 
	(G2/2pL). 4Cfm2(13  - 12)/d 	(A.6.11) 

for the mid-point pressure, where Cfm, Cfmi  and Cfm2  are the mean 

friction coefficients for the total length, the top and the bottom half 

of the nozzle respectively. Static pressure were calculated by assuming 

Cfm  = Cfmi  = Cfm2  = 0.0154 and KL  = 0.064 and were compared with 

actually measured values using the results of experiments in which 

single-phase flow was observed (Degassed silver at all tank pressures 

and air-saturated silver at the tank pressure of 100 mm Hg). The measu-

rements have already been given in Tables 5.9(b), 5.12(a), (b) and 

5.16 in Chapter 5. The calculated and measured values of the static 

pressure were in fairly good agreement, as shown in Table A.6.3. 
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TABLE 	A.6.3.  

COMPARISON OF CALCULATION WITH MEASUREMENT OF 

STATIC PRESSURE IN NON-BUBBLY FLOW 

EXP. Tank 
Press. 

Mid-Point Press. P2 Exit Press P 
p
02 

Nozzle 

Dia. Eq.A6;10 Eq.A6;11 
NO.  

Measur. Eq.A.6.9Measund 

(mm Hg) (mm Hg) (mm 	Hg) (mm Hg) (mm 	Hg) (mm Hg) (atm) (in) 

166 11 - - - 34 19 <103 3/16 

192 7 - - - 0 20 II  3/32 

193 106 - - - 45 112 ff If 

195 299 - - - 308 305 TT IT 

196 398 - - - 383 402 TT 

97 11 104 63 (80) - - <10
-3 

3/16 

98 11 41 66 (50) - - It If 

102 106 162 156 160 - - 0.205 " 

103 108 154 157 152 - - It If 

104 110 150 157 148 - - ii It 

- - 

( ) not accurate 
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APPENDIX A.6.2 	PRESSURE MEASUREMENT OF OXYGEN-SATURATED STREAM AT 

HIGH TANK PRTISSURES 

As described in Section 5.4, the pressure measurement at higher tank 

pressures failed because of the interference of the pressure tapping 

with the metastable flow. The mass flux was shown to be considerably 

lower than that of non-tapping experiments(see Figures 5.9, 5.13 and 

5.17). This lower flowrate may be demonstrated in another way by plotting 

the discharge coefficient against the tank pressure as shown in Figures 

A.6.3 and A.6.4 from Tables A.6.4 and A.6.5. 

The volumetric flowrate, 6 3, and the local Mach number were cal-

culated by using equations (6.8) and (6.10) in Chapter 6 together 

with the actual measurements of P3 and G. As shown in Table A.6.6, 

all the Mach numbers are less than unity. Since the pressure drop across 

the exit suggests choking, it is probable that equations (6.8), (6.10) 

may not be applicable for the interfered flow. 

Photograph 15 is an example showing the increase in bubble formation 

due to interference by the tapping. (Compare this with Photograph 5 

in Chapter 5. Both were the same condition except for the pressure 

tapping). 
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TABLE A.6.4  

DISCHARGE COEFFICIENT AT VARIOUS TANK PRESSURES  

OXYGEN-SATURATED, 	Nozzle dia. 3/16", length -"  

EXIT TAPPING.  

-212- 

EXP. 

NO. 

Tank 

Press. 

(mm Hg) 

Nozzle Entry Pressure 
(mm 	Hg) 

Discharge Coefficient 
( 	- 	) 

D S B D S B 

168 11 868 863 863 0.742 0.713 0.718 
170 12 - 863 863 - 0.751 0.745 
87 13 869 867 - 

848 
 0.802 0.779 -  

84 

88 
3 
13 

849 

851 85o 
- 

- 

0.777 
0.809 

827 
 

0.792 
0.815 

- 

-  

82 5 833 0.778 0.786 
169 11 840 823 823 0.711 0.705 0.700 
171 12 834 825 825 0.757 0.775 0.765 
89 12 835 834 - 0.775 0.783 - 
85 3 823 822  _ 0.774 

818 
 0.803 -  

90 12 819 _ 0.780 0.769 - 

172 11 798 792 792 0.747 0.770 0.765 

86 52 799 - - 0.770 - - 

177 102 875 870 870 0.757 0.806 0.784 
178 99 - 844 - - 0.781 - 

91 95 802 801 - 0.856 o.85o - 

92 93 - 787 - - 0.846 - 

174 201 - 851 851 - 0.746 0.737 

173 301 874 872 872 0.724 0.759 0.768 
180 303 875 873 873 0.746 0.731 0.763 
181 301 854 853 853 0.775 0.749 0.776 
182 305 - 806 806 - 0.806 0.773 

1 

D : Depth Probe 
	S : Surface Probe 

	B : Buoyancy Probe 
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TABLE A.6.5.  

DISCHARGE COEFFICIENT AT VARIOUS TANK 

PRESSURES  

Oxygen-saturated (P02  = 1), Nozzle dia 3/32, length -)  

EXIT TAPPING 

EXP. 

NO. 

Tank 

Press. 

Nozzle entry Press 

(mm Hg) 

Discharge 

Coefficient ( - ) 

(mm Hg) S B S B 

183 10 - 891 - 0.78 

184 11 - 879 - 0.75 

185 11 869 869 0.692 0.70 

186 98 861 861 0.711 0.70 

187 100 853 853 0.705 0.68 

188 102 845 845 0.672 0.65 

189 207 838 838 0.763 0.73 

190 302 - 831 - 0.78 

191 400 - 796 - 0.76 

S : Surface Probe 
	B : Buoyancy Probe 
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TABLE A.6.6. 

OXYGEN-SILVER VOLUME RATIO AND MACH NUMBER 

OXYGEN-SATURATED SILVER 
(Interfered Results) 	(a) Nozzle dia 3/16", length ;"  

EXP.  Tan Tank 

Press 
G2 /pL  

Entry 
Press. 
Po 

Exit 
Press. 
P 3 

Press. 
Drop 
PO - P 3 

Vol. 
Ratio 
8 3 

Mach 
No. 
M 3 

NO. (mm Hg) (mm Hg) (mm Hg) (mm Hg) (mm Hg) ( 	- 	) ( 	) 

174 201 S 	725 851 >250 <601 <0.28 <1.09 

B 	663 873 385 488 0.18 0.68 

180 303 D 	635 875 385 490 0.22 0.74 

608 873 385 488 0.25 0.77 

B 	663 853 380 473 0.16 0.65 
181 301 618 853 380 473 0.21 0.72 

(b) Nozzle dia. 3/32", length 1/2"  

186 

187 

188 

189 

98 

100 

102 

207 

s 	775 

S 	750 

S 	673 

678 

S 	735 

861 

853 

845 

838 

838 

235 

260 

280 

295 

295 

576 

593 

565 

543 

543 

0.17 

0.22 

0.26 

0.23 

0.16 

0.91 

0.97 

0.98 

0.88 

0.78 

190 202 B 	636 831 348 483 0.18 0.70 

191 400 B 	495 796 438 358 0.15 0.50 

S : Surface Probe; 	B: Buoyancy Probe; D: Depth Probe 

Cfm = 0.005 
	

EXIT TAPPING 
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APPENDIX A.6.3 	ERROR IN PRESSURE MEASUREMENT 

Apart from the interference problem previously mentioned, there was 

a different source of error in pressure measurement. When the initial 

pressure in the tapping line was adjusted too high, a lot of gas was 

injected into the stream at the beginning and the pressure measurement 

came down too low before it showed an increase later in a run. This 

phenomenon often occurred in nozzles with an exit tapping as shown in 

Figure 5.6 (Exp. 82, 84, 85, 88) and in Figure 5.14 (Exp. 183). 

Mass fluxes in the above runs were rather high (see Tables 5.9 and 5.17) 

One possible explanation may be that a rapid escape ofalarge quantity 

of gas from the tapping pushes away the stream and partially exposes the 

exit tap hole to the tank pressure so that the line pressure becomes 

too low before equilibrium is restored and the silver penetrates back 

into the tap line. This problem, however, could be avoided by carefully 

adjusting the inital pressure, 20-50 mm Hg above the expected value. 
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APPENDIX A.6.4. 	ELIMINATED EXPERIMENTS 

Every time the stopper rod was operated a run number 

was recorded. In this appendix we report on all the runs not 

included in the Text. The following runs were eliminated for 

the reasons given below:- 

	

Run numbers 	Description 

	

1 - 3 
	

Test runs. No measurement. 

	

4 - 28 
	Tests of surface and depth probes 

Dirty surface on silver bath. 

	

73 - 81 
	

Tests of pressure measurements 

	

157 - 161 	1 	Blocking of nozzle (3/32"). 

	

198 - 205 	J 	Very slow discharge. 

In addition to the above, some runs were wasted because of failure 

to stop the discharge or shortage of silver in the tundish. 

The other runs shown in Tables A.6.7. and A.M. were 

thought to have been made under good conditions but showed 

significant scatter from the normal ones. This irreproducibility 

was not due to the techniques of measurement but due to the flow 

behaviour since the appearance of the streams was different from 

the normal runs. Comparing Photograph 16 with 14 in Chapter 5, 

both of which were made under the same conditions, it is clear 

that the break-up of the stream in Exp. 135 was less violent and 

hence the rate of discharge was higher than normal as shown in 

Table A.6.8. It would appear that in some cases the flow remained 

more unstable than in others. 
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TABLE A.6.7  

IRREPRODUCIBLE RESULTS  
It 	 ft 

( Oxygen-saturated, Nozzle dia.3/32 , length i , No tap )  

EXP.No. ATM. 
Press. 
mm Hg 

Mean Bath 
Depth 
cm 
D 	S 

Depth Probe 

	

4111 	At 

	

cm 	sec 

Surface 
Llh 
cm 

Probe 
41t 
sec 

Surface area 
Nozzle 	area 

- 
D 	S 

135 769 11.3 11.3 1.00 2.60 1.25 3.31 999.5 	999.5 

136 769 9.6 9.3 2.07 5.73 2.81 7.4o 1001.7 1002.4 

142 769 2.5 2.5 0.51 1.05 0.90 2.26 1008.1 1008.1 

140 769 5.0 4.9 0.51 1.39 0.95 2.35 1008.1 1oo8.1 

139 769 5.8 5.8 0.51 1.27 0.80 2.15 1008.1 1008.1 

138 769 6.6 6.6 0.51 1.56 0.77 2.22 1008.1 1008.1 

EXP.No. Temp. Density Mean Surface 

0 	of Ag 	Velocity 
C 	g/cm3 	cm/sec 

D S 

135 1080 9.20 0.382 0.378 

136 1090 9.19 0.361 0.380 

142 1060 9.21 o.486 0.398 

14o 1070 9.2o 0.368 0.404 

139 1070 9.20 0.399 0.373 

138 1070 9.2o 0.327 0.346 

D ; Depth Probe ( not reliable ) S : Surface Probe 

All the experiments from No 130 to No 142 were carried out in the 

same heat. Among them the results from the above experiments were 

irreproducible.( Refer to other results in the experiments of the 

same conditions in Table A.5.5 ) 
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TABLE A. 6.8 
MASS FLUX AND DISCHARGE COEFFICIENT ( IRREPRODUCIBLE RESULTS )  

Oxygen-saturated, Nozzle dia.3/32
It 
 , length

ft 
 , No tap 

EXP. 
NO. 

Tank Nozzle Entry 
Press.(mm Hg) 

D 	S 

Mass Flux in the 
Nozzle (g/ce.sec) 

D 	S 

Discharge Coefficient 
( - 	) 

D 	S 
Press. 
(mmHg) 

135 11 845 845 3510 3470 0.777 0.768 

136 10 834 832 3320 3400 0.741 0.780 

142 11 - 786 - 3690 - 0.847 

140 100 803 802 3410 3750 0.821 0.904 

139 205 809 809 3700 3460 0.962 0.899 

138 302 814 814 3040 3210 0.856 0.899 

D : Depth Probe ( not reliable ) S : Surface Probe 

Refer to the normal results in Table 5.5 and 6.2 in Chapter 
5 and 6. 
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k 	 

 

88 mm 

 

  

• 

15 

3/16" Nozzle with pressure tapping 

Oxygen-satureted silver 

Tank pressure 300 mmHg 

Increase in bubble formation 

due to interference, Exp.173. 

16 

3/32" Nozzle 

Oxygen-satureted silver 

Tank pressure 10 mmHg 

Less violent break-up and 

high mass flowrate, Exp.135. 



Temperature 960.8 	1000 1100 1200 1300 

Density g/cm3  9.30 	9.26 9.18 9.09 _ 	9.01 

Viscosity C.F. - 	3.89 3.39 2.99 (2.73) 

Kinematic Viscosity 

Surface Tension 

Vapor Pressure 

C.S. 

dyne/cm, 

mmHg 

- 	0.42 	, 

785 	(920) 

- 	5.6 X 103  

0.37 

907 

3.6 X 102  

0.54 

876 

1.6 X 10-1  

0.30 

- 

6.7 x 101  

Electrical Resistivity 

Specific Heat 

µ n cm 
cal, o /g C 

17.2 	17.6 

0.0677 

18.4 19.3 20.3 

APPENDIX A.7. 

(a)  PHYSICAL PROPERTIES OF MOLTEN SILVER Ref. (31) 

Temperature 

Solubility * 

Diffusivity ** 

(b) SOLUBILITY AND DIFFUSIVITY OF OXYGEN IN MOLTEN SILVER . Tikj:(29) 

1300 

0.23 

1.8 X 10 

oc 

wt.% 

cm2/sec. 

1000 

0.30 

1.0 X 10 

1100 

0.26 

1.2 X 10-4 

1200 

0.24 

1.5 X 10-4 

( P02 = I atm-  ) 
(*) 	log (% 0) = 6-21111 	- 1.086 

lr (**) D = 22 X 10-4  exp (-7900 + 1400 ) 
RT 



EXP. 

No. 

ATM. 
Press 

mm Hg 

Mean 

D 

TABLE A.5.1 RESULTS (P
C2 

< 10 3, Nozzle dia. 3/16,length 1/2) 

Density Mean Surface velocity 
of Ag 

cm/sec 

g/cm3 	D 	S 	B 

Bath Depth 

cm 

S 	B 

Depth Probe 

Ah 	At 

cm 	sec 

Surface Probe 

Ah 	At 

cm 	sec 

Surface 	area 
Nozzle 	area 

- 

D 	S 

,Temp. 

B 	°C 

64 770 11.5 11.4 	- 4.11 2.24 6.48 3.56 247.0 247.0 _ 	1050 9.22 1.83 1.82 
50 770 8.2 7.9 	- 4.08 2.26 5.63 3.22 247.9 248.0 - 	1060 9.21 1.80 1.75 
65 770 5.1 5.2 4.11 2.40 5.82 3.35 250.8 250.5 - 	1060 9.21 1.71 1.73 
44 763 - 15.7 	- - - 5.38 3.12 - 247.0 - 	1060 9.21 - 1.73 
43 767 - 5.2 	- - - 6.56 4.03 - 250.0 - 	1040 9.23 - 1.63 

54 764 12.6 - 	- 4.11 2.52 - - 247.0 - - 	1050 9.22 1.63 - 

55 764 5.9 - 4.11 2.94 - - 250.0 _ _ 	1050 9.22 1.40 - 

41 767 17.5 17.9 5.15 3.67 6.50 4.66 247.0 247.0 - 	1040 9.23 1.40 1.39 
42 767 11.1 11.6 5.15 3.81 6.12 4.77 247.3 247.3 - 	1040 9.23 1.35 1.28 



TABLE A.5.2 RESULTS (Fin  = 1, nozzle dia 3/16, length 1/2) 
	 w2 	  

Temp. EXP ATM. 

NO. 	Press. 

Surface area 
Nozzle area 

Density Mean Surface Velocity 
of Ag 

cm/sec 

D 	S 	B 

Mean Bath Depth 
	

Depth Probe 	Surface Probe 

cm 	Ah 	At 	At 	 oc 	4/cm3 
mm Hg D 
	cm 	sec 	cm 	sec 

29 767 10.2 10.9 2.53 1.68 3.49 2.30 247.0 247.0 _ 1030 9.24 1.50 

66 775 9.1 - - 4.11 2.75 - 247.9 - _ 1060 9.21 1.49 

32 769 - 8.1 - - 2.55 1.75 - 247.7 1070 9.20 - 

30 767 6.8 7.3 - 2.53 1.69 3.61 2.37 249.2 248.4 _ 1030 9.24 1.49 

36 766 7.3 7.5 _ 8.21 5.46 9.80 6.60 248.8 248.8 _ 1080 9.20 1.50 

33 769 - 5.8 - - - 1.91 1.31 - 250.4 _ 1070 9.20 - 

34 769 - 4.5 - - 0.85 0.61 - 251.0 _ 1070 9.20 - 

35 769 - 3.7 - - 0.71 0.51 - 251.0 _ 1070 

59 762 7.5 7.5 4.11 2.89 6.20 4.39 248.4 248.3 - 1040 

!...222032 

1.42 

37 758 17.6 - - 5.12 3.22 - - 247.0 - _ 1050 1.59 

38 

47 

758 

769 

- 
15.6 

13.1 

15.1 

- 
- 4.15 

- 
2.66 

2.95 

7.13 

1.94 

4.63 

- 
247.0 22:77.00 

_ 

_ 

1050 

1080 99.2220 1.-56 

58 762 14.0 13.9 - 4.11 2.70 6.45 4.24 247.0 247.0 _ 1040 9.23 1.52 

48 769 - 8.7 - - - 5.53 3.86 - 247.7 _ 1080 9.20 - 

208 761 9.7 9.3 9.3 1.99 1.29 3.30 2.15 236.6 236.6 236.6 1080 9.20 1.54 1.53 	1.52  

49 769 - 4.7 - - 2.68 1.91 - 251.0 - 1080 9.20 _ 

1.52 - 

- -

1.46 -

1.52 -

1.48 -

1.46 -

1.40 - 

1.39 : 

_ 

1:5524 

- 

- 

1.52 - 

1.43 

. 140 - 	ry 
t 
IV ry 
1 



EXP. 

NO. 

ATM. 

Press 
Mean 

/Continued.... TABLE 	A.5.2 RESULTS (P62 1, 	Nozzle dia 	3/16, length 1/2) 

Velocity 

cm/sec 

Bath Depth 

cm 

Depth Probe 

Ah 	At 

Surface Probe 

Ah 	At 

Surface 	area 
Nozzle 	area Temp. 

oC 

Density 
of 	Ag 	Mean Surface 

CM3 

mm Hg D S B cm sec cm sec D S B D S B 

207 761 14.2 13.3 13.3 1.99 1.29 4.56 3.05 234.0 234.2 234.2 1080 9.20 1.54 1.50 1.52 

57 771 9.4 9.5 - 4.11 2.74 6.09 4.18 247.1 247.5 - loko 9.23 1.50 1.45 

209 761 6.4 5.5 6.o 1.99 1.40 4.65 3.37 237.9 241.2 237.9 1080 9.2o 1.43 1.38 1.48 

206 761 - 17.7 17.7 - - 4.31 2.92 - 234.0 234.0 1080 9.20 1.48 1.48 
45 763 - 11.6 - 6.49 4.90 - 247.0 - 1080 9.2o 1.33 

39 758 - 9.2 - - - 4.92 3.76 247.8 - 1050 9.22 1.31 

46 763 - 6.1 - 4.37 3.49 - 249.8 - 1080 9.20 1.25 

D : Depth Probe 	S: Surface Probe 	B : Buoyancy Probe 



TABLE A.5.3 RESULTS ( P102 
= 0.205, Nozzle dia. 3/16, length 1/2) 

EXP 	ATM. Surface area 	Density 
Mean Bath Depth 	Depth Probe 	Surface Probe 	Temp. 	Mean Surface Velocity 

Press 	 Nozzle area 	of Ag 

NO. 	mm Hg 

	

cm 	Ah At Ah At 	- 	oc g/cm3 	cm/sec 

D 	S 	B 	cm 	sec 	cm 	sec 	D 	S 	B 	D 	S 	B 

62 755 11.1 11.2 4.11 2.33 7.36 4.14 247.0 247.0 1060 	9.21 1.77 1.78 

61 763 6.8 6.8 4.11 2.36 6.13 3.52 249.1 249.1 1090 	9.19 1.74 1.74 

63 755 4.4 4.7 4.11 2.35 5.64 3.31 250.6 250.6 1060 	9.21 1.75 1.70 

60 763 12.8 12.9 4.11 2.36 5.97 3.49 247.0 247.0 1090 	9.19 1.74 1.71 

D 	: Depth Probe S 	: Surface Probe B: Buoyancy Probe 



TABLE A.5.4 RESULTS (P02 	0-  < 1 3 , Nozzle dia. 3/32, length 1/2) 

EXP. 

NO. 

ATM. 
Press 

mm Hg 

Mean Bath 	Depth 	Depth Probe 

	

cm 	Ah 	At 

D 	S 	B 	cm 	sec 

Surface 

Ah 

cm 

Surface 	area Density 
of Ag 

g/cm 3  

Mean Surface Velocity 

cm/sec 

D 	S 	B 

Probe 	Temp. Nozzle 	area 
At 	o - 	°c 
sec 	D 	S 	B 

116 767 - 	15.9 	- 	- 	- 0.92 2.05 	- 992.3 	- 	1050 9.22 - 0.450 _ 

162 761 16.4 	9.7 	15.4 	0.98 	1.84 5.0 15.07 34.80 	953.6 961.3 	953'6 	1080 969.4 9.20 0.533 0.422  0.433 (11.448  
117 767 14.2 	14.1 	- 	2.02 	5.09 2.80 6.40 	992.3 993.2 	- 	1050 9.22 0.396 0.438 - 
118 765 16.0 	14.9 	- 	2.02 	4.59 4.84 11.25 	992.3 992.8 	_ 	1070 9.20 0./011 0.430 - 
127 765 2.9 	2.9 	- 	0.49 	1.31 0.81 2.00 	1008.1 1008.1 	- - 	1070 9.20 0.372 0.404 - 
129 765 1.6 	1.5 	- 	0.49 	1.22 0.79 1.91 	1008.1 1008.1 	- 	1070 9.20 0.402 0.414 - 
123 765 6.1 	6.1 	- 	0.49 	1.44 1.10 2.77 	1008.1 1008.1 	- 	1060 9.21 0.339 0.397 - 
120 765 10.0 	10.2 	- 	1.00 	2.57 1.23 3.42 	999.5 999.5 	- 	1060 9.21 0.388 0.360 - 
124 765 5.2 	5.2 	- 	0.49 	1.51 0.70 2.00 	1008.1 1008.1 	- 	1060 9.21 0.323 0.349 - 

121 765 8.8 	8.8 	- 	1.00 	3.35 1.49 4.62 	1005.4 1004.4 	- 	1050 9.22 0.298 0.323 - 
125 765 4.5 	4.5 	- 	0.49 	1.54 0.80 2.50 	1008.1 1008.1 	- 	1070 9.20 0.317 0.320 - 
122 763 7.3 	7.4 	- 	1.00 	3.71 1.37 4.76 	1008.1 1008.1 	1050 9.22 0.269 0.288 - 
126 765 3.7 	3.7 	- 	0.49 	1.95 0.83 2.82 	1008.1 1008.1 	- 	1070 9.20 0.251 0.294 - 

D : Depth Probe (not used for analysis) S 	: Surface Probe B : Buoyancy Probe. 



TABLE A.5.5 RESULTS (P02 = 1 Nozzle dia. 3/32, length 1/2 

Density EXP 	ATM 	Mean Bath Depth 	Depth Probe 	Surface Probe 	Surface area 	Temp. 	Mean Surface Velocity Nozzle area 	of Ag Press 

	

cm 	Ah 	At 	Ah 	At g/cm3 	cm/sec 

NO. 	mm Hg 	D 	S 	B 	cm 	sec 	cm 	sec 

151 767 - 16.6 16.6 - 2.79 7.45 - 952.4 952.4 1080 9.20 - 0.375 0.376 

152 767 - 8.3 12.7 - - 13.84 38.71 - 961.9 952.4 1080 9.20 0.358 0.382 0 

7.3 961.9 

153 760 17.0 12.4 - 0.98 2.75 11.29 31.35 952.4 956.5 - 1080 9.20 0.358 0.360 - 

154 760 5.7 5.8 - 0.98 3.02 1.90 5.23 968.1 968.1 - 1080 9.20 0.325 0.362 - 

155 760 3.8 4.1 - 0.98 2.87 1.53 4.35 968.1 968.1 - 1080 9.20 0.343 0.352 

163 764 10.9 10.1 10.1 0.98 2.58 3.17 8.81 956.4 955.6 955.6 1080 9.20 0.381 0.360 0.349 

134 769 12.5 12.5 - 1.00 2.65 1.22 3.36 998.0 997.7 - 1070 9.20 0.375 0.363 

164 764 7.8 7.0 7.0 0.98 2.75 3.14 8.36 962.4 964.2 964.2 1080 9.20 0.358 0.376 0.362 

132 769 14.8 14.8 - 1.00 2.55 1.26 3.42 992.3 992.3 - 1070 9.20 0.390 0.369 

165 764 4.6 3.7 3.7 0.98 2.87 3.49 9.61 965.1 965.1 965.1 1080 9.20 0.343 0.363 0.360 

131 769 16.1 16.0 - 1.00 3.04 1.34 3.78 992.3 992.3 - 1070 9.20 0.327 0.354 

130 769 17.7 17.5 - 1.00 3.00 1.47 4.4o 992.3 992.3 - 1070 9.20 0.331* 0.334 - 

137 769 7.5 7.4 - 0.51 1.74 0.91 2.82 1008.1 1008.1 - 1070 9.20 0.294* 0.323 - 

D : Depth Probe (not used for analysis except *) 	S : Surface Probe 	B : Buoyancy Probe 



EXP. 

NO. 

ATM. 
Press. Mean Bath 

(cm) 

Depth Depth Probe 

Ah 	At 

Surface Probe  

Ah 	At 

Surface 
Nozzle 

area 
area 

( 	- 	) 

Temp. 
o C 

(°C ) 

Density 
of 	Ag 

(g/cm3) 

Mean Surface Veocity 

(cm/sec)  
(mm Hg) D S B cm sec cm sec D S B D S B 

168 757 16.3 15.7 15.7 2.13 1.36 4.10 2.74 236.3 236.3 236.3 1080 9.20 1.57 1.50 1.51 

170 766 - 14.3 14.3 - 5.84 3.63 236.3 236.3 1080 9.20 1.61 1.60 

87 757 16.6 16.3 - 1.02 0.63 2.67 1.70 247.0 247.0 1070 9.20 1.70 1.61 

84 753 14.2 14.2 - 2.21 1.42 4.26 2.68 247.0 247.0 1080 9.20 1.56 1.59 

88 757 13.9 13.7 - 1.02 0.63 2.43 1.50 247.0 247.0 1070 9.20 1.61 1.62 

82 771 9.1 8.3 - 2.21 1.47 6.49 4.31 247.0 247.0 1080 9.20 1.50 1.51 

169 757 12.2 9.8 9.8 2.13 1.45 7.64 5.33 236.5 238.4 238.4 1080 9.20 1.47 1.43 1.43 

171 766 10.1 8.7 8.7 1.99 1.26 5.30 3.30 239.0 239.2 239.2 1080 9.20 1.58 1.61 1.54 

89 757 11.5 11.4 - 1.02 0.67 2.30 1.49 247.1 248.0 1070 9.20 1.53 1.54 

85 753 10.4 10.3 2.21 1.46 3.52 2.24 249.0 248.9 1080 9.20 1.52 1.57 

90 757 9.2 9.0 1.02 0.68 2.46 1.65 249.7 249.7 1070 9.20 1.51 1.49 

172 766 4.8 3.8 3.8 1.99 1.34 4.56 3.05 240.3 245.4 245.4 1080 9.20 1.48 1.49 1.52 

TABLE A.5.9.(a) RESULTS  (P02  = 1, Nozzle dia 3/16, length 1/2, EXIT TAPPING) 
	 /continued... 



EXP. 
NO. 

TABLE A.5.9.(a) RESULTS (P02 = 1, Nozzle dia 3/16, length 1/2, EXIT TAPPING) 	/Continued 

Mean Surface Velocity 

(cm/sec) 

ATM. 	Mean Bath Depth 	Depth Probe 
Press 	

(cm) 	ph 	At 

Surface Probe 	Surface 	area 	Temp 	Density 

ph 	At 	Nozzle 	area 	of Ag 

	

- 	) 
(mm Hg) D 	S B cm sec cm 	sec 	D 	S 	B 	(°C ) 	(g/cm 3) D 

86 753 6.9 	- - 2.21 1.54 - 	- 	250.3 	- 	- 	1080 	9.20 1.43 - - 
177 762 16.7 	15.9 15.9 1.99 1.31 4.12 	2.56 	236.3 	236.3 	236.3 	1080 	9.20 1.52 1.61 1.56 
178 762 - 	12.2 - - - 3.50 	2.29 	- 	237.0 	- 	1080 	9.20 - 1.53 - 

91 757 6.9 	5.7 - 1.02 0.66 2.37 	1.55 	250.7 	250.6 	- 	1070 	9.20 1.55 1.53 - 
92 757 - 	4.4 - - 1.97 	1.30 	- 	251.0 	- 	1070 	9.20 - 1.51 - 

174 76G - 	12.6 12.6 - - 3.05 	2.23 	- 	236.5 	236.5 	1080 	9.20 - 1.37 1.35 
173 766 15.9 	15.7 15.7 1.99 1.60 3.13 	2.40 	236.3 	236.3 	236.3 	1080 	9.20 1.25 1.31 1.33 
180 761 16.8 	16.5 16.5 1.99 1.55 3.15 	2.50 	236.3 	236.3 	236.3 	1080 	9.20 1.28 1.26 1.31 
181 761 13.7 	13.6 13.6 1.99 1.52 2.90 	2.29 	236.3 	236.3 	236.3 	1080 	9.20 1.31 1.27 1.31 
182 761 - 	6.7 6.7 - - 10.84 	8.46 	- 	239.5 	239.5 	1080 	9.20 - 1.28 1.23 

TABLE A.5.9.(b) RESULTS (P
02 < 0-  1 3 , Nozzle dia 	3/16, 	length 	1/2, 	EXIT TAPPING) 

166 756 9.3 9.3 12.10 	(7.73) 	- 	238.8 	238.8 	1070 	9.20 (1.56) 1.82 

( ) 	not used for analysis, (not reliable). 



EXP. ATM.
Press Mean 

TABLE A.5.12(a) RESULTS (P02 = 0.205, 	
Nozzle dia. 3/16, length 1/2 MID-TAPPING) 

Velocity 

cm/sec 

Surface Bath 	Depth 

cm 

Depth Probe 

1h 	At 

Surface Probe 

th 	At 

Density 
Surface 	area 	Temp. 	Mean Ag of Nozzle 	area 

- 
NO. (mm Hg) D S B 	cm sec cm 	sec D 	S 	B 	g/cm3  D S B 

100 759 17.2 16.7 - 	1.03 0.57 3.08 	1.74 247.0 	247.0 	1080 	9.20 1.80 1.77 

101 759 14.1 13.7 - 	1.03 0.57 2.76 	1.55 247.0 	247.0 	- 	1080 	9.20 1.80 1.78 

102 759 11.3 11.2 - 	1.03 0.56 2.23 	1.33 247.5 	248.1 	- 	1040 	9.23 1.84 1.68 

103 759 - 8.5 - - 3.23 	1.95 - 	249.7 	- 	1040 	9.23 - 1.65 

104 759 - 3.0 - 3.00 	1.84 - 	251.0 	- 	1040 	9.23 - 1.63 

TABLE A.5.12(b) RESULTS (P 	<1073'  02   Nozzle dia. 3/16, length 1/2 MID-TAPPING) 

97 757 7.3 2.60 	1.52 249.9 	1060 	9.21 1.71 

98 757 2.23 	1.27 251.0 	1060 	9.21 1.76 

D : Depth Probe 	S : Surface Probe 	B : Buoyancy Probe 



TABLE A.5.13, (P62  = 1, Nozzle dia 3/16, length 1/2, MID-TAPPING) 

EXP. 

NO. 

ATM. 
Press. 

mm Hg 

Mean Bath Depth 
(cm) 

D 	S 

Depth Probe 
Ah 	At 

B 	cm 	sec 

Surface Probe 
Ah 	At 
sm 	sec 

Surface 	area Density 
of 	Ag 

g/cm3  

Mean Surface Velocity 
(cm/sec) 

D 	S 	B 

Nozzle 	area 
- 

D 	S 

Temp. 

B 	oC 

111 760 16.9 16.5 - 	2.05 1.57 3.76 2.74 247.0 247.0 - 	1070 9.20 1.31 1.37 	- 

106 766 14.6 - - 	1.03 0.70 - - 247.0 - 	1070 9.20 1.48 - 

93 753 - 14.6 - 	- - 4.71 3.03 - 247.0 - 	1070 9.20 - 1.56 	- 

112 760 13.1 13.0 - 	2.05 1.46 3.27 2.37 247.0 247.0 - 	1070 9.20 1.41 1.38 	- 
107 766 10.1 - 1.03 0.65 - - 247.0 - - 	1070 9.20 1.59 - 

113 760 - 9.8 - - 3.08 2.27 - 247.2 - 	1070 9.20 - 1.36 	- 

94 753 - 10.3 - - 3.90 2.70 - 248.5 - 	1070 9.20 - 1.44 	- 
108 766 7.3 - 	- - 2.62 1.81 - 249.7 1070 9.20 - 1.45 	- 
114 760 6.8 6.5 2.05 1.46 3.67 2.50 249.7 249.7 1070 9.20 1.40 1.47 	- 
109 766 5.0 5.2 - 	1.03 0.78 1.70 1.27 249.7 249.7 - 	1070 9.20 1.32 1.34 	- 

95 753 - 7.1 - 	- 2.65 1.80 - 250.0 - 	1070 9.20 - 1.48 	- 
110 766 3.3 - - 	1.03 0.76 - - 251.0 _ _ 	1070 9.20 1.35 - 	_ 

115 760 3.0 3.4 - 	1.03 0.69 2.50 1.69 251.0 251.0 - 	1070 9.20 1.50 1.48 

96 753 - 4.0 - - 3.39 2.30 - 251.0 - 	1070 9.20 - 1.47 	_ 

D : Depth Probe 	S : Surface Probe 	B : Buoyancy Probe 	
ry 
0 



TABLE A.5.16 RESULTS ( P02 	07  < 1 3 , Nozzle dia. 3/32, length 1/2, EXIT TAPPING) 

EXP. ATM. Mean Bath Depth 	Depth Probe Surface Probe Surface area 	Temp. Density Mean Surface Velocity Press. 
Nozzle area 	of Ag 

No. 	(cm) 	Ah 	At 	Ah 	At 	( - ) 	 (cm/sec) 
(mm Hg) 	 oC 	g/ 

D 	S 	B 	cm 	sec 	cm 	sec 	D 	S 	B 	/cm3 	D 	S 	B 

192 762 	- 16.4 16.4 	- - 	2.00 4.59 	- 937.0  937.0 1080 9.2o 	_ 0.435 0.47 

193 762 	- 14.5 14.5 	- - 	1.72 4.37 	- 937.0 937.0 1080 9.2o 0.394 0.45 

194 762 12.9 12.9 1.65 4.34 937.0 937.0 1080 9.20 0.380 (0.44) 

195 762 11.4 11.4 	- 1.36 4.04 945.3 945.3 1080 9.20 0.336 0.36 
197 762 9.1 9.1 	- 0.96 3.07 947.1 947.1 1080 9.20 0.313 0.36 

196 762 10.1 10.1 1.19 4.14 947.1 947.1 1080 9.20 0.287 0.34 

S : Surface Probe B: Buoyancy Probe 



TABLE A.5.17 RESULTS (P02  = 1, Nozzle dia. 3/32, length 1/2, EXIT TAPPING) 

EXP, 

NO. 

ATM. 

Press. 

(mm Hg) 

Mean Bath Depth 

(cm) 

D 	S 	B 

Depth Probe 

. 	Ah 	At 

cm 	sec 

Surface Probe 

Ah 	At 

cm 	sec 

Surface 	area Temp. 

oC 

Density 
of 	Ag 

g,/cm3 

Mean Surface Velocity 

(cm/sec) 

D 	S 	B 

nozzle 	area 

( 	- 	) 
D 	S 	B 

183 765 18.7 - 18.6 0.87 2.24 - - 937.0 - 937.0 1080 9.20 0.389 - 0.42 
184 765 17.1 - 16.9 0.87 2.47 - 937.0 - 937.0 1080 9.20 0.352 - 0.40 
185 765 - 15.4 15.4 - 1.39 3.781 - 937.0 937.o 1080 9.20 - 0.368 0.37 

186 765 - 14.2 14.2 - - 1.14 3.18 - 937.0 937.0 1080 9.20 - 0.357 0.35 
187 765 12.9 13.0 13.0 0.87 2.82 1.24 3.53 937.0 937.0 937.0 1080 9.20 0.308 0.351 0.34 
188 765 11.7 ,11.9 11.9 0.87 2.78 1.12 3.36 937.0 937.0 937.0 1080 9.20 0.313 0.333 0.32 

189 765 10.7 10.8 10.8 0.87 2.75 1.17 3.39 947.1 947.1 947.1 1080 9.20 0.317 0.345 0.33 

190 765 9.6 9.7 0.87 2.81 947.1 947.1 1080 9.20 0.310 0.32 

191 765 4.5 955.1 1080 9.20 0.28 

D : Depth Probe (not reliable) 
	

S: Surface Probe 	B: Buoyancy Probe 
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LIST OF SYMBOLS 

Roman Alphabet  

Units 

A 	cross-sectional area of the liquid surface 

in the tundish 	 cm
2  

A
m 	

mean value of A during a run 	cm
2  

A
o 	

cross-sectional area of a glass tube 	cm
2  

(Appendix A.4.1.) 

a 	cross-sectional area of the nozzle bore 	cm
2 
 

a
s 	

cross-sectional area of the sinker probe 	cm
2 
 

B mass transfer driving force; Eq.(3.9) 	- 

C 	sonic velocity 	 cm/sec 

C 	mass fraction 	 g/g 

C
D 	

discharge coefficient 

C
f 	

friction coefficient 

C
fm 

mean value of C
f 

in the nozzle 

D 
, 

diffusion coefficient 	 cm
2
/sec 

D
a 	

diameter of a jet at a given section 	cm 

downstream of the nozzle exit 

D
e 	

diameter of a jet just outside the nozzle 	cm 

exit 

d diameter of the nozzle bore 	cm 

F 	a function 

• parameter; Eq. (7.7) 	 cm-3 
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G mass flux 	 g/cm
2
sec 

g gravitational acceleration 	 cm/sect 

h liquid head 	 cm 

h
m 	

mean value of h during a run 	cm 

j 	volumetric flux 	 cm3/cm2sec 

K constant of exsolution kinetics 	cm/sec 

KL 	
loss coefficient of the nozzle entry 

k 	modification factor for sonic velocity: 

Eq. (3.31) 

L
o 	

length of the sinker probe 	cm 

L
s 	

depth of immersion of the sinker probe 	cm 

1 	general length of the nozzle 	cm 

1
c 	

depth of a conical cavity on the nozzle wall 	cm 

M 	Mach number 

M 	moment of force in Appendix A.4.1. 	dyne.cm  

N total rate of nucleation in the nozzle 	bubbles/sec 

N
s 	

total number of bubbles within the length 	
bubbles/cm 

of 1 cm of the stream outside the nozzle 

number of moles 	 mole 

P 	pressure 	 dyne/cm2;mm Ng,atm. 

P
a 	

atmospheric pressure  

P
b 	

internal pressure of bubble 	dyne/cm2  

P
bo 

internal pressure of bubble nucleus 	dyne/cm2  

R 	universal gas constant 	 1.atm/oK4mole 

Joules/oK.mole 
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R 	flow resistance in Appendix -1 sec 

R
c 	

radius of an conical cavity on the nozzle wall cm 

✓ radius of a bubble 	 cm 

r
e 	

radius of a critical embryo 	cm 

✓ radius of a bubble nucleus 	cm 
0 

r
a 	

radius of a bubble at a given section 	cm 

of a jet downstream of the nozzle exit 

r
e 	

radius of a bubble at the nozzle exit 	cm 

t time 

• flow velocity 	 cm/sec 

If 	weight 	 dyne 

X 	gas/liquid mass flowrate ratio 

• axial coordinate 	 cm 

Greek 

a 	void fraction 

growth constant: eq. (3.1) 

gas/liquid volumetric flowrate ratio 

dimensionless density: Eq. (3.2) 

• kinematic viscosity 

.S) 	density 	 g/cm3  

Cr- 	surface tension 	 dyne/cm 

I: 	dimensionless growth time: Eq. (3.5), (3.8) 	- 

dimensionless surface tension: Eq.(3.6) 

Subscript 

L 	liquid phase 	g 	gas phase 



1 	lines  (Appendix A.4.2) 

t 	tapping ( 

• supply ( 

o stagnation point at the nozzle entry 

1 	nozzle throat 

2 	mid-nozzle 

3 	nozzle exit (inside) 

e nozzle exit (outside) 

a 	a given point on the axis outside the nozzle 

• 
3e 	 z 

 

Liquid 

reservoir 

Outside of nozzle 

Entry 
	

Middle 
	

Exit 
Throat 

Superscript 

critical condition 
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