ABSTRACT

Experiments in thin sheets of mercury and water have shown
that the dynamics of bubble rise are similar in aqueous and liquid

metal systems.

An experimental investigation into the removal of hydrogen
from molten steel into low flow rate jets of argon has shown that

hydrogen concentrations of less than 2 ppm are readily attainable.

Argon efficiencies in the order of 807 of theoretical were

obtained.

Calculations based upon argon bubbling for hydrogen removal
and low flow rate argon jetting for surface protection suggest that
the argon jet will consume only a few percent of total argon utilized

to ensure a final hydrogen concentration of less than 2 ppm in steel.
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1.0 THE INVESTIGATION

This study was designed to examine two aspects of hydro-
gen elimination from molten steel.

1. Rate and dynamic behaviour of bubbles in liquid

metals.

2. Rates of hydrogen elimination from steel using a

low velocity jet degassing technique.

The investigation of bubble behaviour arises from the
development of the inert gas flushing technique in which
bubbles are introduced at the bottom of a bath of molten
steel and from the likelihood that in vacuum degassing,
hydrogen effuses into rising bubbles of CO produced by the
reaction of carbon and oxygen in steel.

The second part of the work, jet degassing of steel,
was examined for the case of low velocity Jjets. This work
was prompted by the facts that:

(a) Degassing by inert gas bubbling uses inert
gas efficiently but the minimum hydrogen
content (£ 3 ppm) is not satisfactory.

(b) High velocity jet degassing reduces the
hydrogen content sufficiently but -the gas
efficiency is less than 1/10 of theoretical.

Low velocity jetting in conjunction with inert bubbling

might be satisfactory on both grounds.



1.1 REMOVAL OF HYDROGEN FROM STEEL

The presence of hydrogen in steel may result in defects
in steel products.

Two types of defects are (i) blowholes and (ii) flaking
of the steel surface. Both defects arise when molten steel,
high in dissolved hydrogen, solidifies more quickly than
the hydrogen can effuse from the metal.

Hydrogen is considerably less soluble in solid steel
than in molten steel (Figure 1.1-1) and as a result the
solid steel is supersaturated in hydrogen.

It is generally considered that during hot working
hydrogen effuses from the metal into any voids or dis-
continuities in the steel. These gas filled voids cannot
be eliminated from the so0lid steel and always remain as
"defects in the steel.

If the gas filled pores are near the metal surface
the high hydrogen pressure in the pores may result in the
breaking of the surface in the form of blowholes and flakes.

The content of hydrogen in molten steel is rarely greater
than 10 ppm. The source of hydrogen is water vapour in the -
air or water in the scrap charge.

Industrial steelmaking operations have shown that the
harmful effects of hydrogen are eliminated if the hydrogen

contents are below 2 ppm.
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. 1.2 COMMERCIAL DEGASSING TECHNIQUES
The most prominent techniques for the degassing of steel
are:
l. Iadle degassing.
2. Vacuum stream degassing.
3. Pipette degassing.
4, Continuous degassing by siphon method.
5. Inert gas flushing (submerged nozzle).

6. Jet degassing.

The operation of these degassing techniques is des-
cribed in Table 1l.2-1.

Each of these techniques has been studied from the
point of view of determining the degree to which hydrogen
can be removed and, with the exception of inert flush
degassing, each has been shown to be able to reduce hydro-

gen levels of below 2 ppm.



Table 1l.2-1

Types of degassing techniques and method of degassing(2)

Ladle degassing

Vacuum stream
degassing

Pipette
degassing

l'olten steel is
poured into the
treatment ladle
held inside the
vacuum tank. The
pressure is reduced
to 2-10 mm Hg and
the metal is held
under vacuum for
5-10 minutes.

Steel is held in =
ladle sealed on top
of the wvacuum tank.
When the stopper is
opened the metal
melts through an
aluminum rupture
disc and is spray
cast into an ingot
mould or ladle held
inside the vacuum
tank. In vacuum the
metal stream breaks
into droplets which
subdivide as they
fall, thereby ex-
posing a large sur-
face area of metal
to0 vacuum. Pressure
0.3-1 mm Hg.

The metal is
drawn into a
vacuum tank re-
petitively by
raising and
lowering either
the ladle or

the tank. Pres-
sure 1-10 mm Hg.




Table 1.2-1 (Cont'd)

Continuous degassing

Inert ras

Vacuum stream

by siphon method flushing defrassing
Ges
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A tank is suspended
above the ladle con-
taining the molten
steel. Two legs dip
into the molten steel

- and the tank pressure
is reduced to 1-2 mm Hg'

0
L]

The metal rises

in both legs ard an
inert gas is intro-
duced into one leg,
reducing the bulk
density of steel which
sprays upward inside
the vacuum tank and is
degassed. The metsal
returns to the ladle
via the other leg.
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PART I

LOW TEMPERATURE WORK:

BUBBLE DYNAMICS



2.0 PREVIOUS WORK: ROOM TEMPERATURE INVESTIGATION
A Shapes and Velocities of Bubbles in Clear Liquids
Shapes and velocities of bubbles rising in clear liquids
have been extensively studied.(5-12) Bubble behaviour can be
categorized into three types of behaviour in order of in-
creasing volume.
(1) Spherical bubbles, linear rise. Surface
tension forces predominate at these small volumes.
Rising velocities are similar to velocities predicted

by Stokes' Law i.e.,

2
= 2 r ( - * E . 200"'1
U g a_e ST - §g)* Ea

(i1) Ellipsoidal Bubbles, helical rise. Rising
velocities are less than those predicted by Stokes' Law.

(iii) Spherical cap bubbles (spherical upper surface,
planer under surface), linear rise. Fluid dynamic forces

predominate at these large volumes.

The wvolume range over which each of these behaviour types
occurs is dependent upon the properties of the fluid.

Haberman and Morton(S) have made a comprehensive review
of the literature and report that in liquids for which the

dimensionless parameterisg

4

- A (MORTON NUMBER)
S ¥ 3

greater than lO"4 the ellipsoidal type of behaviour is not

observed.

*F A 1ist of symbols appears on page 87



Hartunian and Sears(6) have studied the transition
region between spherical and ellipsoidal forms. They report

that for all systemsin which the Reynolds Number,

2Te UL
AL
is less than 200, the bubbles are spherical.

(REYNOLDS NUMBER)

Above Reynolds Numbers of 200 the form of the bubbles is

predicted by the magnitude of the Weber Number,

U (§ L Tes/ ) (WEBER NUI'BER)
ellipsoidal bubbles being invariably observed (where Morton
Number 4.10-4) above Vieber Number values of 1.25.
Haberman and Morton(s) report that bubbles are spherical
cap shaped in all liquids when the lieber Number exceeds 3.
Observed velocities of bubbles in liquids are shown in

Figure 2.0-1.

B Velocities of Bubbles Rising in Liquid Metals

Davenport, Bradshaw and Richardson(7) have studied the
velocities of bubbles rising in mercury and in molten silver.
Guthrie(s) has investigsated velocities of bubbles in molten
silver.

These workers report (Figures 2.0-2, 2.0-3) velocities
very similar to those reported for water in similarly sized

columns of liquid.

c Shapes of Bubbles Rising in ILiquid Metals
The only repcrted investigation into shapes of bubbles ris-
ing in molten metals is that of Davenport et a1$9) who used an

-9 -
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electric probe technique to determine
(a) the shape of the maximum planar area.
(b) the height near the vertical axis of the
bubble.
They report (Figure 2.0-4) heights of bubbles similar
to heights observed in water and basal radii some 10-15%
smaller thah in water.
These authors suggest that the smaller basal radii are
due to the higher surface tension forces in the ‘mercury,

i.e.,

Y Hg ° 487 dynes cm-l, 7{H2O = 72.8 dynes em~ L

which may cause the trailing edges of the bubbles to be
rounded.
D Velocities of Spherical Cap Bubbles

Davies and Taylor(ll)

showed that application of the

Bernoulli equation to flow around a spherical surface of

constant total pressure leads to the relationship:

q2 = 2 gx = 2gR, (1-cos®) Eq. 2.0-2
These authors developed an expression for rising

velocity by combining equation 2.0-2 with the expression for

irrotational flow around a spherical surface:

a® = o/4 U2 sin®e Eq. 2.0-3
The resulting expression:
U2 = 8/9 S-Rc ﬁl - COSG) Eq. 2.0-4
(sin2 @)

was applied to the forward stagnetion point (& = O)

from which:
U = 2/3 (ch)’é Eq. 2.0-5
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Equation 2.0-5 gives excellent agreement with actual
velocities in aqueous systems. |

Equation 2.0-5 also indicates that the properties of the
liquid should have no effect on rising velocity.

More recent experiments in wviscous liquids have shown(g)
that although Equation 2.0-5 holds, the shape of the bubble
alters so that for a given volume of bubble, velocities are

slightly lower in viscous liquids.

E Theoretical Models: Rising Velocity and Shape

The Davies and Taylor model is empirical in the sense
that it makes no prediction as the angle which will be sub-
tended by the forward cap surface, i.e., velocity and shape
are not predicted as a function of volume.

Recently Davidson and Rippin(lz)

presented a model which
assumes potential flow around the cap surface and the exis-
tance of an infinite stagnant wake. The model predicts a
subtended angle,cl , of 50° (see Figure 2.3-1, page 39) in
reasonable agreement with experiment.

The Davidson and Rippin model predicts, however, velo-

cities some 30% higher than experimental velocities.

F Velocities in Sheets of Liquid

Collins(13) applied the Davies and Taylor interpretation
to the case of a bubble rising in a thin sheet of liquid. He
showed that in the case of irrotational flow around a cylin-

drical front surface the surface velocity is

q¢® = 4 U° sin® ® Eq. 2.0-6

- 15 -



Combination of Equation 2.0-2 and Equation 2.0-6
at the forward stagnation point (6 = O) leads to the

rising velocity expression:

U = % (g Rc)’é Eq. 2.0-7

- 16 -



2.1 EXPERIMENTAL EQUIPMENT AND PROCEDURE: ROOM TEMPERATURE
INVESTIGATION

The room temperature investigation was undertaken to
determine the dynamic behaviour of single bubbles rising in
mercury and in water.

The experiments were carried out using a thin sheet of
liquid in which bubbles rising in mercury could be visually
observed. Thus, the thin liquid sheet experiments provided
means by which the behaviour of bubbles rising in water and
in liquid metal {(mercury) could be compared.

In each liquid the shapes and rising velocities of
single bubbles rising in a thin (0.47 cm) sheet of liquid
were obtained using both single frame and cine photography.
Bubble volumes ranged from O.4 cm5 to 7.0 cm5 in mercury,

and from Q0.2 cm5 to 3.0 cm3 in water.

A Apparatus

Shapes and velocities of bubbles were examined in a
perspex container 80 cm high and 30 cm wide. The thickness
of the space for the liquid sheet was 0.47 cm (Figure 2.1-1,
A & B). Bubbles were formed by means of a rotating cup
mechanism consisting of a hemispherical stainless steel
inverted cup (Figure 2.1-2).

Nitrogen was introduced through the axle of the cup.
Single bubbles were created by rotating the cup into the
upright position.

- 17 -
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B Materials
Mercury: Technical Grade purified mercury (98.9 -
99% Hg) purified by Johnson Matthey and
Mallory, 110 Industry Street, Toronto 15,
Ontario.
Water: Distilled water.
Nitrogen: Technical Grade purified nitrogen (Canadian

Liquid Air), 99.99% N5, 0.01% O,, Trace Argon.

C Measurement of Bubble Volume

Bubble volumes were measured by means of the displacement
technique developed by Baird and Davidsonu(l4>
A gas space was left between the liquid surface and the
gas-tight perspex 1id to which a soap film meter was connected.
Movement of the soap film provided a direct measurement of

bubble volume.
D Photographic Determination of Shapes and Rising Velocities

Shapes and velocities of rising bubbles were determined
by photographic methods. Shapes were examined using a single
frame camera and an electronic flash while velocities were
examined using a cine camera. The photographs were taken
with the bubble nof less than 20 cm above the cup in order to
minimize the effect of cup rotation on the mode of rise.

(i) Techniques

Single frame photographs (Film: Kodak Verichrome Pan

V P 127) of bubble shapes were taken using a 4 cm x 4 cm

- 20 -



Rolleiflex camera (Rolleiflex-Rolleicord, Franke and Heidecke;
Braunschweig, West Germany; Rolleinard FNo. 3 close-up lens)
placed 20 cm from the apparatus. The aperture of the camera
varied from fll to f22 depending on the position of the flash
unit. The flash unit (Metz 502 Mecablitz, Metz, Berlin; flash
period 1/1000 sec.) placement varied between 30 cm and 100 cm
from the apparatus.

The dimensions of the rising bubbles were determined
directly by attaching a transparent ruler to the apparatus.

Bubble velocities were determined using an H 16 Bolex
Reflex 16 mm movie camera (Paillard S.A. Saint Croix,
Switzerland) at 64 frames per second, using Eastman Kodak
Tri X reversal film. Lighting was provided by two 500 watt
photoflood lamps set 30 cm out on each side of the front face
of the apparatus. An Omega stopwatch with a precision of
1/100 second was set on the apparatus within the photographic
field to determine the rising time of each bubble.

(ii) Interpretation of film

The photographs taken with the Rolleiflex were enlarged
12 times and the dimensions of bubbles were determined by
comparison with the centimeter rule. Linear dimensions could
be interpreted to ¥ 0.1 em. Errors were due in part to the
ripples that appeared on the bubble surfaces and to some light
reflection. Depth of field errors were not encountered as the

liquid sheet was only 0.47 cm thick.

- 21 -



Rising distance and time were determined by reference

to the rule and to the stopwatch in each frame. Time and

I+

distance uncertainties of ¥ .02 seconds and 0.1 cm give

5%.

1+

Yo
rise¥velocity uncertainties in the order of

- 22 -



2.2 EXPERIMENTAL RESULTS: ROOM TEMPERATURE

A Shapes of Rising Bubbles

Photographs of bubbles rising in water and in mercury
are shown in Figures 2.2-1, 2.2-2 and 2.2-3.

At the larger sizes the typical cap shape of bubbles
rising in three dimensionsl liquids is shown:. Smaller
bubbles are cylindrical or in the form of an elliptical

cylinder.

Quantitative evaluations of shapes are tabulated in
tables 2.2-1 and 2.2-2 for various heights of liquid

above the cap.

Maximum horizontal (w) and vertical (h) dimensions,
and volumes of bubbles (V), (as determined by displacement

measurements) are tabulated.

- 2% -



Iigure

2.2-1

1cm

Bubbles Rising in Water (left) and
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Figure 2.2-2

Bubbles Rising in Water (left)
and in Mercury (right).
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5cm

Bubbles Rising in Jater (left)
and in Lercury (right).
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Figure 2 . 2-3

5 cm

T

Bubbles Rising in Water (left)
and in Mercury (right).
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Table 2.2-1
Maximum Vertical (h) and Horizontasl (w) Dimensions and Volume

(V) of Single Bubbles Rising in Mercury (0.47 cm Thick Sheet),

w (cm) h (cm) w/h (=) v (em?)

Photographed 30 cm above Cup

2.80 0.95 2.83% 1.60
3.00 1.05 2.85 1.75
3.85 1.30 2.97 2.00
4.05 1.43 2.80 3,20
4,35 1.50 2.90 3.50
4.40 1.50 2.93 5.60
4.55 1.50 3.03 3.80
4.60 1.63 2.83 4.10
4.60 1.70 2.70 : 5.50
5.04 1.75 2.90 5.80
5.40 1.90 2.84 6.20
5.50 1.80 3.06 6.30
5.60 1.80 3.10 6.60
5.60 2.00 2.80 6.80
5.66 1.90 2.97 6.80
5.80 1.95 2.96 6.80
5.80 1.90 3.05 6.80
5.86 2.05 2.85 6.80
6.06 2.00 %.03% 6.90
6.16 2.15 2.86 6.90

- 27 -



Table 2.2-1 (Cont'd)

w (cm) h (em) w/h (=) v (cma)

Photographed 40 cm above Cup

4,00 1.50 2.67 2.10
4,00 1.21 2.86 2.00
4,40 1.60 2.76 5.30
4,70 1.70 2.76 5.80
5.10 1.80 2.83% 6.50
5.30 1.60 3.32 6.60
5.40 1.70 3.17 6.60
5.50 1.85 2.97 6.60
5.60 1.85 3.02 6.60
5.80 1.80 3.20 6.70
6.60 2.20 3.00 6.90
6.60 2.20 3.00 6.90

7.20 2.35 3.06 6.90



Table 2.2-1 (Cont'd)

w (em) h (em) w/h (=) v (cm3)

Photographed 50 cm above Cup

2.00 0.67 2.98 0.41
2.10 0.72 2.91 0.82
2,50 0.80 3.12 1.03
3.00 1.00 3,00 1.75
3.00 1.00 3.00 1.50
2.50 1.17 3.00 1.75
3.60 1.20 3,00 2.90
%2.60 1.25 2.88 1.95
4,20 1.40 2.99 3.49
4.30 . 1.39 3.10 3,00
4,70 1.60 2.93% 4.28
4.90 1.60 3.06 3.92
5.10 1.68 5.10 6.08
5.30 1.75 3.03 4.37
5.30 1.80 2.93 6.50
5.40 - 1.82 2.97 6.49
5.50 1.83 3.01 6.20

6.00 2,03 2.96 5.87



Table 2.2-2
Maximum Vertical (h) and Horizontal (w) Dimensions and Volume

(V) of Single Bubbles Rising in Water (0.47 cm Thick Sheet).

w (cm) h (cm) w/h () V (cm?)
Photographed 40 cm above Cup

0.90 0.32 2.82 0.20
1.67 0.67 2.83 0.45
2.30 0.85 2.72 0.80
2.80 0.95 2.83 1.10
2.95 1.00 2.95 1.20
3.00 1.05 2.85 1.%20
3.15 1.02 3.03 1.35
%.30 1.05 3.15 1.%0
3.80 1.30 2.85 1.40
3.85 1.30 2.97 1.50
4,00 1.40 2.87 1.40
4,10 1.25 3.23 1.45
4.10 1.20 3.42 1.40
4,20 1.35 3,10 1.50
4,35 1.50 2.90 1.50
4.40 1.50 2.93 1.45
4.55 1.50 3.03 1.50
4.60 1.50 3.06 1.60
4,70 1.50 3.10 1.60
4.80 1.60 3.00 1.90
5.00 1.60 3.12 2.00

- 30 -



Table 2.2-2 (Cont'd)

w (cm) h (em) w/h (=) V (em?)
Photographed 50 cm above Cup

1.70 0.57 3,01 0.30
1.80 0.60 3.00 0.40
2.20 0.75 2.93 0.50
3.00 1.02 2.97 1.00
3.30 1.05 3.14 1.10
%.30 1.10 3.00 1.30
5,50 1.10 3.16 1.40
5,50 l.12 3.15 1.00
4.00 1.28 3,12 1.30
4,50 1.45 3.10 1.50
4.5C 1.48 3.03 1.60
4.50 1.50 3,00 1.50
4.80 l1.52 3.16 1.60
4,80 1.60 3,00 2.00
5.00 1.60 3,13 1.90
5.20 l.64 3,17 2.10
5.30 1.70 3.12 2.50
5.30 1.75 3.02 2.60
5.50 1.75 3.14 2.40
5.50 1.75 3.14 3.00
5.60 1.80 3.11 2.60
5.70 1.70 3.35 5.10

5.80 1.85 3,13 3.10



B Rising Velocities

Velocities of single bubbles rising in mercury and in
water are reported in Tables 2.2-3 and 2.2-4. ‘
i) Water
In water experiments the volume of gas in the cup
was directly measured by displacement measurement in the
soap film meter. Bubble volumes and maximum vertical and
horizontal dimensions in Table 2.2-3 are at the mid point

of the distance over which velocities were measured.

ii) Mercury
Surging of the gas while filling the cup in the
mercury experiments made direct measurement of initial
volume (volume of the gas in the cup) difficult. It was
possible, however, to accurately measure the change in
volume AV during rise from the cup to the mercury surface.
The volume at any depth in the mercury could be calcu-

lated from cup depth and AV using the ideal gas law (i.e.):

VtPt = V P Eq ° 2 ° 2-1

and
Vt = V + AV qu 202-2

Where Vt, Pt are volume and pressure at the upper

surface of the mercury and Vc, P are volume and pressure

c
in the cup.

Combining Equation 2.2-1 and Equation 2.2-2:

vc = Av qu 202-3
(PC/Pt - 17
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The volume of the bubble (VB) at any point in the liquid

is given by:

v AV Eq. 2.2-4
P5(1/P, - 1/P,)

where PB is the pressure on the bubble.

In the case of rising bubbles each pressure can be

related to the depth below the surface of mercury by:

P =1+ g2 Eq. 2.2-5

where Z is the depth below the surface.
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Table 202—5

Width (w), Height (h), Volume (V) and Velocities (U) of

Bubbles in a 0.47 cm Sheet of Water.

(Velocities measured

between 30 cm and 50 cm above release)

v (cm)

1.72
2.40
2.70
2,70
3.00
3.20
4,50
4.50
4,80
4.86
4,94
5.00
5.30
5.50
555

h (em)

0.58
0.80
0.87
0.90
1.02
1.05
1.45
1.50
1.60
1.60
1.67
1.60
1.70
1.75
1.75

w/h (=)

2.96
3.00
3.10
3.00
2,97
5.05
3.10
3.00
3.00
3,04
2,96
3.13
3.12
3.14
3.17

V(cm?)

0.40
0.60
0.70
0.80
1.00
1.10
1.50
1.60
2.00
1.80
2.00
1.90
2.50
2.30
3.00

U(cm/sec)

19.40
21.50
22.20
22.70
24,00 ,
24,00
25.00
25.50
26.90
25.60
27.80
26.40
28.70
28.00
30.00
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Table 2.2-4
Width (w), Height (h), Volume (V) and Velocities (U) of
Bubbles rising 0.47 cm in a Sheet of Mercury. (Velocities

measured between 30 cm and 50 cm above release)

w (cm) h (em) w/h (=) v (cma) U(cm/sec)
2.00 0.67 2.98 0.41 22.10
2.10 0.72 2.91 0.82 22.40
2.50 ' 0.80 3,12 1.03 24 .80
3,00 1.00 3.00 1.75 24,60
3,00 1.00 3,00 1.50 23 .60
3.50 1.17 3.00 1.75 25.70
3,60 1.20 3,00 2,90 29.20
3 .60 1.25 2.88 1.95 27.20
4,20 1.40 2.99 3,49 27 .40
4.30 1.39 3.10 3.00 29.20
4.70 1.60 2.93 4,28 28.80
4.90 1.60 3.06 3.92 30.00
5.10 1.68 3.10 6.08 29.20
5430 1.75 3,03 4,37 29.60
5,30 1.80 2.93 6.50 29.90
5.40 1.82 2.97 6.49 30.00
5.50 1.83 3,01 6.20 30.20
6.00 2.03 2,96 5,87 31.00
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2.3 DISCUSSION: ROOM TEMPERATURE INVESTIGATION
A Rising Velocities

Rising velocities in mercury and water sheets (Tables
2.3=-1 and 2.3-2) are plotted in Figure 2.3-1 as a function
of radius of curvature of the bubble (Figure 2.3-1, b).
For comparison the U = 2/3 (g Rc}yé Davies and Taylor(ll)
expression for rise in a three dimensional environment and
the Collins(la) expression for two dimensional rise U = % (g Rc)%
are included.

Radii of curvature have been calculated from h and w
assuming that the cap surface is c¢ylindricsl.

The measured velocities are in all cases higher than
predicted by the two dimensional model of Collins (Equation
2.0-7) and in general the velocities fall between the three
dimensional Davies and Taylor Equation 2.0-5 and Equation
2.0-7. This result is in agreement with experiments in a
0.64 cm thick water sheet(l5) in which velocities 9% larger
than Equation 2.0-6 are reported.

Velocities higher than predicted can be attributed to a
partially three dimensional character of flow, that is flow
down the face (or third dimension) of the bubble.

It became obvious during the work that at least one face
of a rising bubble was covered with liquid. This fact was
apparent when it was found that a bubble rising in mercury
could not be seen through. Later tests with dyed water con-

firmed this result.
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Table 2.3-1

Volume (V), Width (w), Height (h), Velocity (U), Equiwvalent

Radius (re), Radius of Curvature (Rc) and Subtended Angle

(&X') of Single Bubbles Rising in a Water Sheet at Level

50 cm.

V(cmB) w(em)

0.40 2+25
0.60 2,50
0.70 2.85
0.80 %.00
1.00 3,50
1.10 2,30
1.50 4.50
1.60 4,30
1.80 4.80
1.90 4,90
2,00 5.00
2.50 5.60
2.30 5.40
2.00 5.00
5.00 5.60

h(em)

0.76
0.85
0.9
1.00
1.20
1.05
1.45
l.44
1.60
1.65
1.70
1.85
1.70
1.65
1.85

U(cm/sec) r

19.40
21,50
22.20
22,70
24.00
24,00
25.00
25,50
25.60
26.40
26.90
28,70
28,00
27 .80
30.00

0.67
C.73
0.82
0.87
1.02
0.92
1.30
1.25
1.39
1.45
1.46
1.63
1.51
1.44
1.65

e(cm) Rc(cm)

1.34
1.35
1.5%
1.62
1.86
1.79
2.46
2.32
2.61
2.65
2.69
3.04
3.00
2.71
3.04

X (deg)

54
67
67
67
70
67
67
63
67
67
68
67
64
68
67
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Table 2.3=2

Volume (V), width (w), Height (h), Velocity (U), Equivalent

Radius (re), Radius of Curvature (Rc), Subtended Angle (Cx:)

of Single Bubbles Rising in a Mercury Sheet at Level 50 cm.

V(cmB)

3.00
2.90
4.28
6.08
6.49
5.87
3.49
6.20
1.75
1.65
1.03
1.95
0.41
0.82
1.50
4,37
6.60
3.92

w(em)

4430
3.60
4.70
5.10
5.40
6.00
4.20
5.50
3.50
3.00
2.50
3.60
2.00
2.10
3.00
5.30
5.30
4.90

h(em)

1.7¢
1.25
1.60
l1.68
1.82
2.03
1.40
1.83
1.17
1.00
0.80
1.20
0.67
0.72
1.00
1.80

1.75
1.60

U(cm/sec) re(Cm) Rc(cm)

29.20
28.80
29.20
30.00
31.00
27.40
%0.20
25.70
24.60
24 .80
27.20
22.10
22.40
23%.60
29.60
29.90
20.00

1.22
1.07
1.36
1.49
1.61
1.75
1.21
1.58
1.05
0.90
0.72
1.05
0.60
0.62
0.86
1.55
1.52
1.40

2.41
1.92
2.51
2.87
2.92
3.26
2.28
2.98
2.02
l.62
1.37
1.95
1.08
1.12
l1.62
2.86
2.87
2.67

X(deg)
63
68
70
63
68
67
67
59
60
67
66
67
68
70
68
68
68

67
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In some cases during rise in mercury, especially at small
volumes, both bubble faces would be covered making observation
impossible. It was not always possible to predict which face
of the bubble would be free of liquid but it seemed that for
some reason (a coating of grease, for example) a preference
for the liquid free face was developed.

Flow of liquid down the face of rising bubbles results
in velocities tending toward the three dimensional rise equa-
tion (Equation 2.0-5).

This effect is accentuated at smaller volumes as the
liquid film on the face is thicker. These bubbles are more
three dimensional and more closely approach three dimensional
flow conditions. When the diameter of the bubble becomes much
less than the sheet thickness, the bubbles should behave as
in a three dimensional liquid.

Velocities of bubbles rising in a sheet of mercury are
5 - 10 percent higher than those in a sheet of water. This
result is a contradiction of the resulfs of Davenport, Bradshaw,
and Richardson(7) who showed that in a 15 cm diameter column
of liquid, velocities in water and in mercury are virtually
identical.

The higher velocities in mercury of the present are
thought to be due to a delay in forming the stable cap shape
after release from the cup. The nitrogen was observed to be
in the form of an unstable "slug" just after release. This
"slug" rises at velocities considerably higher than the cap

shaped bubbles. Stabilization occurs much more quickly in

water.,
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The reason for the delay in stabilization during rise
in mercury is not clear (no delay is observed in wateﬁﬂl6)
but the unstable behaviour may be likened to the rise of
bubbles up vertical wires observed by Grace and Harrison(17).

It is unlikely that surface tension forces are important as

%1) is
c
only 10—3 atmospheres compared with a total bubble pressure

at a radius of 1 cm the surface tension pressure (

of 1% atmospheres.

It appears that the gas first leaving the cup acceler-
ates away from the remasining gas and that 20 to 30 cm of
rise are required before the vertical stream of gas forms
the stable cap shape. More sophisticated studies like the

excellent experiments of Davidson and Walters<16)

on the
initiation of rise will be required before it is known
whether liquid properties, cup rotation, or apparatus

configuration are responsible for this behaviour.

B Shape of Bubbles

Shapes of cap bubbles are similar in sheets of water
and mercury (Figure 2.2-3). Smaller bubbiéé pulsate
rapidly but they appear to be the same shape in both
liquids. This result confirms the similarity between
water and mercury observed in earlier work(7) using

electric probes in a column of liquid (Figure 2.0-4).
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Shapes are also similar in 2 dimensional and % dimen-
sional systems (Figure 2.3-2) but the angle subtended by
the cap surface is larger in the two dimensional environ-
ment (X = 60° to 70°, Figure 2.3-3) than in the three dimen-
sional environment (X = 45° to 6O°)(5’ 11)

The larger angles in two dimensionsl environment are
consistent with the predictions of Collins (15) for rise in
sheets of liquid and of Rippin and Davidson(le) for rise in
columns of liquid. Each of these authors assumes:

(a) an infinite stagnant wake

(b) the velocity of fluid down the outside of the

wake is the free stream (rising) velocity.

Application of these conditions to irrotational flow

around a rising bubble leads £0(12:6)

subtended angles of
60° in thin sheets of liquid and 50° in liquid columns.

These predicted values are within the range of the
present experimental results.

The postulation of Davenport, Richardson and Bradshaw(g)
that the trailing edge of spherical cap bubbles is more
"rounded" in mercury due to the high surface tension forces
is not bornme out in the two dimensional system (Figure 2.2-3).
The edges in mercury appear to be just as sharp as those in
water.

An interesting result of the work is that the surfaces

of the bubbles in mercury are rippled to a greater extent

than in water (Figure 2.2-3). This rippling, if present
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1.

. 2.

N2 in Mercury Sheet

Scale; 5 cm

Alr in 15 x 15 cm Column of Water

Figure 2.3%-2
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1. N2 in Mercury Sheet

Scale: 5 cm

2. Air in 15 x 15 cm Column of Water

Figure 2.3%-2
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‘ during rise in bulk liquid, will greatly enhance mass transfer

rates between bubbles and liquid metals.
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PART II

HIGH TEMPERATURE WORK: HYDROGEN REMOVAL FROM STEEL
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3.0 PREVIOUS WORK: HIGH TEMPERATURE WORK-JET DEGASSING

Frevious work on the removal of hydrogen from steel has
been principally concentrated upon bubbling via submerged
lances or porous plugs.

The experimental results of Spire(ls)

s, Houston and
Death(lg), and the British Iron and Steel Research Associa-
tion(eo) have shown that it is not possible to reduce the
dissolved hydrogen level below 2-1/2 ppm by inert gas bubbling.
This level is too high to guarantee a suitable steel product.

Model studies in o0il and water suggest(zo) that a high
residual hydrogen content after argon bubbling is due to the
intermixing of water bearing slag and metal as a result of
the turbulence set up by the emerging bubbles.

The supposition of these authors is that slag/metal
intermixing results in absorption of hydrogen from the slag
(as water) into the metal.

Jet degassing overcomes this problem, however, by keeping

a "blanket" of argon over the surface of the bath and by

pushing the slag away to the bath edge.
Disadvantage of the Process

The major disadvantage of the jet process is that the
surface area for reaction is very much smaller than the
surface area provided by bubbles during lancing or during

porous plug injection.
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Previous studies(20—2l)

using high velocity Jjets have
shown that gas efficiencies asre of the order of 10% (i.e.,
the effluent gasses are only 10% saturated with hydrogen gas)
as compared to 60% efficiencies reported by Houston and
Death(lg) for bubble degassing.

A svmmary of previous jet degassing work is shown on
Table 3.0-1. As Table 3.0-1 indicates, studies of the use
of jets have previously been restricted to characteristic
velocities (gas flow rate (NTP)/bath surface area) in the
order of 10 to 40 cm sec T.

In the present work, low velocity jets (characteristic
velocity =0-0.3 cm sec-l) have been used to determine:

(a) The lower limit of hydrogen concentration.

(b) The rate at which hydrogen can be removed.

At the outset of the present investigation it was
proposed that the application of a low velocity jet com-
bined with inert gas bubbling might result in the gas

efficiencies of inert gas bubbling and the low residual

hydrogen contents obtainable by the jet degassing technique.
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_617_

Argon Jet Degassing:

Table 3.0-1

Previous Work

Previous Weight of | Gas Flow (Characteristic Time Jets Average
Investigations Steel (1b) Rate Gas Velocity* (min) | Number | Content of
(ft3 min-l) (em sec-l) H, (ppm)
Before After
(20)
Hoyle 20 6 - 8 14 - 40 10-30 1 8.9 2.2
(1962) 80 10 10-20 7 6.5 1.5
Dewsnap(zl)
&
Hoyle 20-780 5=-7 14 10-20 19 4 l.4
(1965)

* Total Argon Gas Flow Rate (NTP) + Bath Surface Area




3.1 EXFERIMENTAL: HIGH TEMFERATURE WORK - JET DEGASSING
The degassing experiments were carried out on 5 kg

melts of steel using a motor-generator induction furnace.
A Apparatus

(1) High Temperature Assembly (Figure 3.1-1)

,A@ induction furnace,30 KW, 10 Kilocycle Tocco Nelt-

master IB-2003%7-7-63 (Tocco Division - The OChio Crank-
. WG5S e-m-\)\o;azl.

shaft Co., Cleveland, Ohio, U.S.A.). The £teel was held
in a zirconium oxide crucible 15 cm high and 14 cm internal
diameter. The crucible was covered with silico-alumina
refractory brick.

Argon was blown onto the molten steel via an alumina
tube inserted vertically through a hole in the crucible
cover.

(ii) Temperature Neasurement and Control

The steel temperature was measured by an optical
Pyrometer (lLeeds & Northrup Co. Philadelphia). The tempera-
ture was maintained between 1550 and 1650°C by manual opera-

tion of the induction voltage rheostat.
B Materials

Steel: Commercial angle steel,
(0.20% C) Drurmond McCall Co. Ltd.,

Montreal.
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Argon: Superpurified
99.997% Ar
2 ppm 0,
Dew Point: 76°F
Canadian Liquid Air, Limited,
Montreal

Hydrogen: Technical grade purified (99.995% H2);
Canadian Liquid Air, Limited,

Montreal
C Hydrogen Analysis

(i) Analyser

The apparatus for the measurement of hydrogen content
in steel (Cambridge Instrument Limited, Grosvenor Place,
London, SW1) consisted of a furnace and a katharometer
connected to form a closed loop in which gas circulates by
thermal convection (Figure 3.1-2). The loop is initially
filled with pure dry argon (Argon superpurified 99.997% Ar,
Canadian Liquid Air).

The principle of the analysis is based upon the effusion
of hydrogen from a heated metal sample and its detection by
the katharometer.

After the analyser has been flushed with dry argon
until a zero hydrogen content is indicated (usually 30
minutes), a sample is inserted into a trap chamber which is

being flushed with dry argon.
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The exit port of the trap is then sealed. The inlet and
outlet valves of the loop are closed and the specimen is
allowed to fall into the furnace (650°C) by means of a release
lever.

The hydrogen effuses from the heated sample into the
gas loop where its concentration (in argon) is measured by
the katharometer.

The hydrogen concentration is registered on a conducti-
vity bridge and potentiometer.

A steady reading representing the final detectable
amount of hydrogen is obtained after about 15 minutes.

The amount of hydrogen in the sample is calculated from
the percentage of hydrogen in the argon and the known volume
of the analyser loop.

(ii) Sampling Techniques

Samples of steel were withdrawn from the molten bath
into a pyrex tube (7 mm ID) using a suction bulb.

The samples were rapidly quenched in water or liquid
nitrogen then placed in a solution of dry ice and acetone
for low temperature storage.

During analysis, samples were immediately transferred
from the cold storage into the analyser to avoid hydrogen
loss.

Sources of error in the sampling technique can be

described as follows:



l. Hydrogen may be lost from the sample as it solidi-
fies and cools to the gquench liquid temperature.

2. Hydrogen may be lost during cutting of the
sample due to localized heating.

5. Hydrogen may be lost during storage prior to
analysis. This loss was minimized by storing the
samples at a low temperature for the shortest possible

time.

Most of the experiments gave reproducible results and
the total error was considered to be less than + 1 ppm.
When very scattered values were obtained the experiment was

repeated.

D Method of Introduction of Hydrogen into Steel

The experimental study of hydrogen removal from steel
consisted of partially saturating the steel with hydrogen
followed by degassing with argon. In practice the hydrogen
was introduced into the molten steel by impinging a jet of
hydrogen, hydrogen and water wvapour, or air and water
vapour onto the surface of the molten steel.

Concentrations of up to 8 ppm hydrogen were obtained by

this technique.
E General Experimental Procedure

5 Kg of commercial angle steel were placed into the

crucible, the crucible was covered, and maximum power
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(17 KVA) was applied to the induction coils. The steel
became molten in about half an hour.

Samples of the steel were taken, and a single jet of
hydrogen, or as in later experiments hydrogen or air
saturated with water vapour, was directed vertically onto
the steel surface,

These gases were blown onto the surface for a period

of 10 to 30 minutes.
F Degassing Procedure

Hydrogen was removed from the partially saturated steel
by impinging a jet of argon on the surface of the steel.

A single lance 0.8 cm ID was held vertically above the
steel surface with the tip of the lance 2.5 cm + 0.5 cm above
‘the steel. The lance was introduced into the crucible through
a loosely fitting refractory lid.

Argon flow rate was measured using a "Precision Bore
Flowrator" (Labcrest, Fischer and Porter Co., Warminster, Pa.)
rotameter type flowmeter. Flow was controlled by a needle
val-2 at the gas regulator. The flowrate was varied between

-1 ana 50.0 qm3 sec” T,

0.C cm5 sec
Samples were taken prior to the impingement of argon on
the surface and at 5 minute intervals during the course of

the degassing.
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3.2 RESULTS: HIGH TEMPERATURE INVESTIGATION

Five successful rate experiments were completed during
the hydrogen removal study.

The main difficulty with the experimentation was
absorbing enough hydrogen into the melt prior to the
degassing trials. Sampling and analysis for hydrogen
leads to accuracies in the order of + 1 ppm so that degassing
runs required at least 5 ppm hydrogen at the start of de-
gassing to obtain meaningful variations in degassing rates.

Initial hydrogen concentrations in the order of 8 ppm
were finally obtained by impinging a jet of water saturated
H2 or water saturated air onto the surface of the steel.

The results of the degassing tests are tabulated in

Tables 3.2-1 to 3.2-5 snd plotted in Figure 3.2-1.

A Mass Transfer Coefficients

The experimental results have been interpreted in terms

of the liquid phase mass transfer coefficientCKL defined by:

4w X Ag (cPL . ¢8Iy Eq. 3.2-1
dt H H
In the process of effusion of a gas from a liquid in which
the molecularity of the effusing species is unchanged (i.e.,
002 in water, 002 in air) the effusicn process can be consi-

dered (where chemical reaction rate at the interface is fast)
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Flow Rate of Argon:

Table 3.2-1

Characteristic Velocity (Flow Rate/Bath Area):

Mass of Steel:
Temperature:

Size of Gas Jet Tube:

Distance of Jet from Metal Surface:
Size of Depression in Metal Surface:

Time
(min.)

0

O O O

N\ o\

10
10
10
10

15
15
15
15

Sample
Number

1

= W P+ = W £ W

£ W -

50.00 cm5 sec"1
0.32 ¢cm sec"l

5 Kg

1600°C
0.8 cm
2.5 cm
C.% cm

ID

+ 0.1 cem

Hydrogen Concentration
(ppm)

5.2
4.7
4.9

e s

5.2

1.2
1.2
1.0
1.6
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Table 3.2-2

Flow Rate of Argon: 50.00 cm’ sec”t
Characteristic Velocity (Flow Rate/Bath Area): 0.32 cm sec-1
Mass of Steel: 5 Kg
Temperature: 1600°C
Size of Gas Tube: 0.8 cm ID
Distance of Jet from Metal Surface: 2.5 ¢cm
Size of Depression in Metal Surface: 0.3 cm + 0.1 cm
Time Sample Hydrogen Concentration
(min.) Number (ppm)
0 1l 72
0 2 5.6
0 3 6.5
5 1 2.0
5 2 2.0
5 3 204
10 1 1.5
10 2 1.5
10 3 l.3%
15 1 1.3
15 2 1.0
15 3 1.3
20 1 0.6
20 2 0.5
20 3 0.4
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Table 3.2-3

Flow Rate of Argon: 40.00 cm’ sec”t
Characteristic Velocity (Flow Rate/Bath Area): 0.26 cm sec_l
Mass of Steel: 5 Kg
Temperature: 1600°C
Size of Gas Tube: 0.8 cm ID
Distance of Jet from Metal Surface: 25 cm
Size of Depression in Metal Surface: 0.2 cm + O.1 cm
Time Sample Hydrogen Concentration
(min.) Number (ppm)
0 1 6.7
O 2 7.1
0 3 7.4
0 4 7.7
5 1 3.2
5 2 2.9
5 3 3.0
10 1 1.5
10 2 1.6
10 3 1.9
10 4 2.1
15 1 1.3
15 2 1.2
15 3 1.5
15 4 1.4



Table 3.2-4

Flow Rate of Argon: 25.00 cmdsec™t
Characteristic Velocity (Flow Rate/Bath Area): 0.16 cm sec™!
Mass of Steel: 5 Kg
Temperature: 1600°C
Size of Gas Tube: 0.8 cm ID
Distance of Jet from Metal Surface: 25 cm
Size of Depression in Metal Surface: 0.1 cm + 0.05 cm
Time Sample Hydrogen Concentration
(min.) Number (ppm)
0 1 7.8
o 2 7.9
0 3 7.1
0 4 6.5
5 1 4.1
> 2 5.8
5 3 4.1
10 1 2.6
10 2 1.5
10 3 4,0
15 1 1.3
15 2 l.4
15 3 2.8
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Table 3.2-5

Flow Rate of Argon: 0.00 cm’ sec™!
Characteristic Velocity (Flow Rate/Bath Area): 0.00cm sect
Mass of Steel: 5 Kg
Temperature: 1600°C
Size of Gas Tube: 0.8 cm ID
Time Sample Hydrogen Concentration
(min.) Number (ppm)
0 l 7.8
0] 2 8.2
0] 3 9.0
0] 4 7.9
5 1 5.9
5 2 6.5
5 3 6.4
> 4 6.4
10 1 5.7
10 2 4.9
10 3 4.9
10 4 4,%
15 1l 3.7
15 2 4.4
15 3 4.3
15 4 4.9

- 62 -



1M

10F
9_
A FIGURE 3-2-1
e CONCENTRATION OF HYDROGEN
S - IN STEEL VERSUS TIME
Z
5 6
d
—
Z
ud
Q
Z
O
O
::‘ | 1 l__
H 5 10 ? )

TIME minutes

3



in terms of an overall mass transfer coefficient ax\o

defined by:
Moo, = -k, 4 (PL - FPP® ) Eq. 3.2-2
dt 002 002
(F, Henry's Law coefficient)
where 1 = 1l + F Eq. 3.2-3
=<6 X1, =g

In the case of a gas dissolved atomically effusing to
form a diatomic gas, o(o is not, however, independent of
concentration and is not, as a result, useful in interpreting
or tabulating results.

It would, however, be equally valid to present the
experimental effusion data in terms of a gas phase mass

transfer coefficient defined by:

PSS Pbs

Ny _ oKX A H - H
E = -2XRg 4g 2 2 Eq. 3.2-4

dt RT RT

rather than by the equation 3.2-1 liquid phase mass transfer

coefficient.

B Comparison of Expected Effusion Rates: Liquid Phase
or Gas Fhase Control

Effusion rates for liquid phase and gas phase transport
control can be predicted on the basis of existing transport
models.

In general it can be shown that under identical fluid
dynamic conditions mass transfer coefficients are proportional
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to the diffusion coefficient to between the 1/2(22’ 23) and
1 power.(24>

Calculations of mass transfer coefficient which assume
a concentration difference of 4 ppm in the liquid (liquid
phase control) or an equivalent pressure gradient in the gas
phase (P§§ - ng) of .022 atmospheres are shown in Table
3.,2-6,

This pressure gradient is calculated from the equili-

brium Sieverts relationship(25>:

(8] ppm = 27 P%[gz Eq. 3.2-5

and is equivalent to a concentration difference between
4 ppm in the bulk metal and O ppm at the gas metal surface
i.e., the PHE, [H] relationship is not linear.

Table 3.2-6 shows that gas phase control cannot be
eliminated from consideration but that, in fact, gas phase
control may be the more important factor if a 1/2 power
dependence on diffusion coefficient is shown.

Diffusion control in the liquid phase will be important
in both models however, hence the results have been treated
arbitrarily in terms liquid phase mass transfer coefficients,

xL.

C Chemical Reaction Rate Control

The preceding analysis assumes that the rate of reaction
is controlled by hydrogen transport to and from the gas metal

interface. This condition is equivalent to assuming equili-
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Table %.2-6

Relative Rates of Transport of Hydroren in Ligquid YtThase and
in Ges Fhace

iData
i Temperature: 16C0°C
i D (] in Te: 1.2 x 10 - cn” sec
| 1y
; D LH2R in 4r¢?®). 11 em® sec? (Lstimated from Dy 1in eir)
' 2
: CbL - CSL = 2.9 X 16_5 c—rtoms cm_3
[x] 1]
1 1% - Py - 1,47 x 1077 g-ntoms em”?
RT Hy  Hp
l'odel: Rate ¢f Transport *131/2
% bL .
. .. . % D¢ (C il)
a : oS ) -
Rate of H2 Effusion (Liauié rhase Control) _ = \H] (JBﬂ
17
Rate of H, Effusion (Gas Phase Control) ¢ 1 (p°% - I °F,
H, RT H H.
2 2 2
' ~-3.% -5 Iiguid Rate
P | _ A
=% (1.3 xﬁlO )* (2.9 x 1077) = 1.1 FEiartorl
(11) (1.47 x 1077)
.« Rates approximately equal
‘ . ~ £
Model: Rete of Transport XD " D(H] (CbLj— CfL ;
Rate of H2 Lffusion (Liquid Thase Control) _ = lﬁl H;
Rate of H, Effusion (Gas Fhase Control) Dy (L) (F°E - 1°8 )
2gp Hp Hp
= % (1.3 x 1072) (2.9 x 1072) = 1.17 x 10”2 Liquid Rate
11 (1.47 x 10_7) Gaseous Rate

;3- The reaction is liquid phase controlled as the rate of
;

L

transport in liquid is much lower than in the gas phacze.
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brium conditions at the interface, hence, an infinitely
fast chemical reaction rate.

El-Tayeb and Parlee(25) in their experimental study of
hydrogen absorption into the liquid steel showed that the
volume of hydrogen absorbed (NTP) into a column of liquid
iron should be:

ae Sm ’CE \’ T Dt

VH = qu 302"6
EOOJ?S

for a diffusion controlled reaction, i.e. volume absorbed

should be proportional to exposure time. This (‘l:)}é rela-
tionship was in fact obtained experimentally by El-Tayeb and
Parlee(25> thus strongly suggesting diffusion control.

These suthors also report an activation energy of % Kcal
rer mole of hydrogen and suggest that this value is also indi-
cative of a diffusion controlled process.

Although these two findings cannot be regarded as con-
crete proof that the hydrogen absorption is diffusion control-
led, there is no evidence to suggest otherwise.

The process of desorption during hydrogen degassing would
similarly be expected to be diffusion rather than chemically
controlled. In this case (argon-hydrogen gas mixture) gas

phase diffusion would be involved as described in section B.
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D Experimental Mass Transfer Coefficient

Mass transfer coefficients have been calculated from
the experimental degassing results from the definitional
Equation 3.2-1. The procedure followed was to determine
dnH/dt for each experiment st t = 2, 5 and 10 minutes from
slopes of hydrogen content in steel vecrsus time curves

(Figure 3.2-1).
Bulk hydrogen concentrations in the steel, CbL were
also obtained at the 2, 5 and 10 minute maéks. .
In establishing a value for the concentration of

sL

hydrogen in steel at the gas/steel interface, C°~, two possi-

bilities were considered:

(a) The hydrogen concentration in the argon at
sL wa
H

the steel interface was zero and hence C S
Zero.
(b) The gas phase inside the covered crucible was
completely and instantly mixed in which case the
. . partial pressure of hydrogen in the gas phase at

any instant is given by the ratio:
1/2 dnH / 4t
Ql ap * 172 dnH/dt)

where ﬁAr is the flow rate of the argon jet

P

H Eqn 302"7

2

(moles sec—l) and dny is the rate'hydrogen
dt
effusing from the steel.

Equation 3.2-7 is developed in Appendix 1 (Page 85)
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Calculations of mass transfer coe{ficients were per-
formed using the latter model with the gustification that
although the metal area immediately beneath the argon jet
is exposed to pure argon, a majority of the metal surface

is exposed to the argon-hydrogen mixture.
sL

H
equilibrium Sieverts

Values of C were calculated from Pﬁ assuming the

(25) 2

relationship:

1%
[H] spp; 20 (PHz) Eq. 3.2-8

which is equivalent to tﬁ;.condition of no mass transfer
resistance in the gas phase.

Figure %.2-2 and Table 3.2-7 show the experimental
values ofCKq‘as a function of the time after the start- of
argon blowing and of flow rate. A trend toward higher mass
transfer coefficient with increasing flow rate is evident.
The trend is in accord with the expressions developed by
Wakelin and Bradshaw(27) who show that under conditions of

radial flow from a central jet:
C>(IJ = const. (ﬁA D/r)y2 Eq. 3.2-9

The constant depends upon the thickness of the radially
moving gas layer.

Unfortunately, the present results are not sufficiently
precise to test the wvalidity of Equation 3.2-9 as the accuracy
of the mass transfer coefficients, based upon the + lyppm
error in hydrogen analyses, can be considered to be in the

order of + 1 x 1072 cm sec” T,
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Table 3%.2-7
Mass Transfer Coefficient Calculations

Time Rate of Hydrogen Surface Bulk Mass
Hydrogen Pressure Hydrogen Hydrogen Transfer
Evolution Eq. 3.2-7 Concentration Concentration Coefficient
a gill b Py, =] ® (1] ® K
(min) (ppm min-l) (atmos.) (ppm) (ppm) (cm sec'l)
Flow Rate: 25 cm’ sec'l; Characteristic Velocity: 0.16 cm sec™l
2 0.610 0.0222 4.05 5.80 0.026
5 0.425 0.0156 2,39 4.50 0.029
10 0.210 0.0078 2.40 2.80 0.039
Flow Rate: 40 cm5 sec-l; Characteristic Velocity: 0.26 cm sec-1
2 0.800 0.0184 3.66 5.00 0.045
5 0.320 0.0070 2.25 3.00 0.033
10 0.142 0.0033% 1.57 1.80 0.047
Flow Rate: 50 cﬁgrgec‘l; Characteristic Velocity: 0.32 em sec-1 oo
2 0.750 0.0138 3.16 4,00 0.067
5 0.2%0 0.0043 1.75 2.10 0.049
10 0.140 0.0026 1.37 1.51 0.071
Flow Rate: 50 cm? sec—1; Characteristic Velocity: 0.32 cm sec-1
2 0.500 0.0092 2.58 3.20 0.061
5 0.096 0.0017 1.11 1.30 0.037
10 0.052 0.00096 0.84 0.065

0.90




It can be seen, however, that a doubled flow rate
(25 to 50 cm? sec-l) raises the mass transfer coefficient
by a factor of 2-1/2 at t = 2 minutes, and a factor of
approximately 1-1/2 at t = 5 and 10 minutes. These values
can be compared with theV?2 factor predicted by Equation
3.2-6. |

Mass transfer coefficients obtained from the present
degassing results appear to vary with time (Figure 3.2-2)
in opposition to constant values expected for well stirred
systems. No satisfactory explanation for the()(L minima at
5 minutes of exposure has been developed. The variations are,
however, within the accuracy range (+ .0l cm sec'l)'suggested
for the mass transfer coefficient results.

An attempt to relate the present mass transfer results
to earlier work of Wakelin<27) has been made by plotting mass
transfer coefficient as & function of nozzle to liquid dis-
tance and jet momentum per unit surface area, Figure 3%.2-3.
Because Wakelin's data is for the system CO2/water the pre-
sent H2/ steel results have beeﬁ adjusted for diffusion
coefficient using Equation 3.2-9.

i.e. °<If:°<LH Pco, in Hyo
2/Fe Dp in Fe

%

Adjusted
to Coz/water - X

-5 o (25>
results Ly 1.25%10 ~ (15°C)
2/Fe \1.28x1077 (1550)¢%¢)

2 o

H2/Fe
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The present mass transfer coefficient results are
higher by a factor of about 10 over those which would be
predicted from Wakelin's experimental results. Two con-
tributing factors are:

(a) In the case of the He/steel experiments

the space above the metal was enclosed
possibly permitting a larger amount of cir-
culation in the gas phase.

(b) More importantly, the melt was induction
heated and the melt surface was, therefore,
inadvertantly stirred by induction current
forces.

An estimate of the effect of induction stirring can
be obtained from the zero argon flow rate experiments for
which o(L (calculated on the basis of C3T is zero) has a
maximum value of 0.4x102 em sec™t. Mags transfer co-
efficients calculated on a similar basis at t = O for the

various argon flow rates are:

Argon Flow Rate c‘Iﬁ t = o, C;L = 0
25 .9 x 1072
40 1.3 x 1072
50 1.6 x 1072
50 1.3 x 1072

The induction stirring can be expected, therefore, to con-
tribute about 1/2 of the mass transfer at the lowest flow
rate (25 cm5 sec_l) and 1/3 or 1/4 at the higher flow rates.
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E Depth of Depression

The depressions beneath the Jjets during the argon de-
gassing were clearly visible and the depths could be readily
estimated. The depth estimates were 0.1 cm + 0.05 cm (25 cm3
sec'l); 0.2 cm + 0.1 cm (40 cm’ sec_l); and 0.3 cm + O.l
(50 cm’ sec_l).

These data have been applied to the dimensionless plot

.

M VS O, /h suggested by Banks and Chandrasekhara(28),
o

cYLsho
(Figure 3.2-4).

The exberimental data of Wakelin(27) and Collins and
Lubanska(29) are also shown in the Figure 3.2-4,

The depressions in the present work are in general
agreement with the earlier dimensionless correlations, thus

confirming their applicability to liquid steel.
F Rate of Hydrogen Removal - No Argon Flow

The rate of hydrogen removal when no jet of argon is
being played on the bath is shown in Figure 3.2-1. In this
case the crucible was open to the atmosphere.

It is interesting to note that the rate of hydrogen
removal with no argon jet is never under a quarter of the
maximum rate of hydrogen removal, i.e., at 50 cm3 of Ar per
second. In the no jet experiment it became apparent, however,
that between 4 and 5 ppm of hydrogen remained in the melt

after 15 minutes of exposure.
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As previously mentioned, the rapid rate of hydrogen
effusion is most likely due to turbulence created by the

induction stirring.

The limited amount of hydrogen removal is due to the

presence of water vapour in the atmosphere.

G Degassing Efficiency

(21)

Dewsnap and Hoyle in their study of the efficiency

of hydrogen removal showed that the minimum amount of argon

required for degassing is
AI‘273 = 00131 PM ( 1 - l ) qu 302—10

I: 4P [E],

where Ar273 minimum volume of inert gas

(£t° at 272°K)
This expression assumes that the argon gas leaving the
system is at equilibrium with the hydrogen in the metal.
Figure 3.2-5 shows a comparison of the Equation 3.2-10,

Dewsnap and Hoyle(zl)

results, and the results of this work
(basis - amount of argon to reduce hydrogen content to

1.78 ppm). The Dewsnap and Hoyle results are those for

75 lbs. of steel with a multiple lance of 20 holes placed
1-1/2 inches from the steel surface. Their argon flushing

rate was 6.5 ft3/min or in terms of characteristic velocity

(NTP flow rate/bath area) 14 cm/sec.
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Average efficiencies in the present work were:

Argon Flow Rate Characteristic Velocity Average Efficiency
em? sec” cm sec™t Percent
25 0.16 82
40 0.26 82
50 0.32 85

It is interesting to note that with the present arrange-
ment, the efficiency of the argon gas is at least 70% of that
predicted by Equation 3.2-10 (Figure 3.2-5). The Dewsrnap and
Hoyle(al) results, on the other hand, show that with high flow
rate jets efficiencies of only 10% of theoretical are obtain-
able.

Earlier work of Hoyle(zo)

using a single lance 3 - 4
inches above the metal surface (lance inside dismeter .2 cm)
at a flow rate of 6 - 10 ft° min~ % (characteristic velocity
14 to 40 cm/sec) showed efficiencies similar to the Dewsnap
and Hoyle results.

Argon flow rates in the Dewsnap and Hoyle work are some
60 to 100 times larger than the 50 cm3 sec:—l of the present
work but even at only 10% efficiency their hydrogen femoval
rates are some 6 - 10 times those found in the present work.

In an industrial process the time of treatment for

hydrogen removal is restricted by the amount of superheat in

the steel. It is clear, then, that low velocity jets alone
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cannot be used for hydrogen removal orn 2n industrial scale.
It may be possible, however, to combine argon bubble flushing
for rapid hydrogen removal with low velocity argon jets to

ensure a low final hydrogen content.

H Combined Bubbling and Flushing Process

The most important result of the present work is that
even with a flow of 25 cm5 of Ar per second, the hydrogen
concentration was brought down to below 2 ppm.

It is of interest to determine the flow rates necessary
to give equivalent treatment to ladles of steel having various
top surface areas. A suitable criterion for equivalence is
that the radial velocity at the crucible edge should be the
same as that in the present tests.

If the jet is comsidered to be a point source and if
the flow from this point source is planar, Urr will be con-
stant with radius and proportional to the mass flow rate of
the jet. The following flow rates would be required to be
equivalent to 25 cm3 sec—1 and the experimental 14 cm crucible

diameter, i.e. for equivalent Ur at the outside radius of the

crucible.
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Argon Flow to Maintain

RRadius Up at Outside Radius
Exptal 7 cm 25 cm? sec”t
1 foot (30 cm) 107 cm? sec”t
2 feet (60 cm) 214 om? sec”t
3 feet (90 cm) 321 em” sec”t

The amount of argon required to reduce the hydrogen con-
tent by bubbling and to simultaneously protect the melt sur-
face with a low velocity jet can be calculated from these data
and from previous inert gas bubbling work.

The following conditions, which are similar to the
Houston and Death(lg) experimental argon bubbling conditions,
have been chosen for the calculations:

Weight of steel: 2,000 1lbs.
Hydrogen elimination: 10 ppm to 2 ppm

Radius of Melt Surface: 12 inches
(depth 17 inches)

Time of exposure: 10 minutes
The amount of Argon (273°K, 1 atmospheres of argon
pressure) theoretically required to reduce the hydrogen

content from 10 to 2 ppm can be calculated using Equation
3,2-10 from which A1é73° = 105 1% (2.97 x 10° cmB)o If the
argon is 60% efficient as reported by Houston and Death(lg)

the amount of gas required will be in the order of 5 x 106 cm3°
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Over the same time period (10 minutes) the amount of argon
introduced via Jjet to ensure a final 2 ppmH level will be
(from the velocity-radius correlation on page 81 for a 1 foot
radius) 600 seconds x 107 cm’ sec™ T ¥ 6 x 107 cm5, i.e.,
equivalent to an increase of approximately 1% in total argon
flow.

The relative amount of gas introduced via the jet will
vary with the shape of the vessel (surface area/depth ratio)
and with the rate of bubbled gas introduction, but the gas
jetted onto the surface will only be in the order of a few
percent of the bubbled gas.

Until industrial test results become available there is
no guarantee that a bubbling process accompanied by a jet
surface protection would be successful in producing steel of
less than 2 ppm hydrogen. If the present results are wvalid
for large scale degassing tests, however, low flow rate

jetting may find some industrial importance.
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4.0 CONCLUSIONS

Studies of bubbles rising in thin sheets of mercury and
thin sheets of water indicate that the dynamic behaviour of
bubbles is similar in aqueous and liquid metal systems.

Rising velocities in thin sheets of liquid are larger
than predicted by Collins most likely due to a partially
three dimensional character of flow around the bubble, i.e.,
down one face of the bubble. At small volumes the rising
velocities approach the three dimensional predictions of
Davies and Taylor.

The angles subtended by the cylindrical surfaces in thin
sheets of liquid are 60° - 70° as compared with 45° - 60°
observed in three dimensional systems. This result is con-
sistent with theoretical analyses of two dimensional and
three dimensional flow.

Studies of hydrogen removal from steel have shown that
it is possible to reduce hydrogen contents below 2 ppm by
means of low flow—rate Jets.

Mass transfer coefficients based upon diffusion of
hydrogen in steel as the rate controlling step are an order
of magnitude larger than would be expected from earlier
model studies at room temperature due in part to induction

and convection stirring in the melt.
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The tests showed that argon efficiencies in the order of
80% of theoretical can be obtained as compared with 60% for
bubbling and 10% for high flow rate Jets.

Calculations based upon argon bubbling for hydrogen
removal and low flow rate argon jetting for surface pro-
tection have been made. The argon required for surface
protection and a resultant low H concentration (2 ppm or
less) is shown to be only a few percent of the argon in-
jected as bubbles.

Industrial tests of argon bubbling plus surface pro-
tection with low velocity argon Jjets are required to prove

the viability of the process.
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APPENDIX

The gas inside the covered crucible may be considered

as in the disgram.

Gas Mixture Argon in via lance
out through [ Rate =n
incomplete seal Ar Oﬁge:eg{l)
gas rate = Lidf
n,. .+ % dnH |
dt
(moles of gas
sec”1)
Y
— Steel ?
l Flow rate =
¥% dng
Hydrogen in from IT
steel (moles of H,
sec—1)

If the gas is completely and instantaneously mixed then the hydrogen

concentration in the effluent gas is the same as in the en-

closed space, i.e., Ny (moles of H2 per mole of gas)
2
n +n
Ar H2
which at 1 atmosphere total pressure is PH o

2
From the equation of continuity:

Rate of H2 in - Rate of H2 out = Rate of Accumula-
tion of H2 in enclosed space.
or: % dng _ B, . % dng Py = d Py v
ax It 2 -—-d-t-?- BT

where V "¢ the volume of the enclosed space.
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If the rate of accumulation of H2 in the enclosed space

is small compared with the exit rate in the effluent gas

then:
¥% dnH -\ % dnH PH2
dt dt
angd:
% dn
E, T —E— B 30277
nAr+% dnH

(Page €8)
at

Proof that rate of accumulation in the gas space is
small compared with the total amount of hydrogen evolved is
obtained by considering the present case of degassing 5 Kg
of steel from 8 to 2 ppm.

2

Total hydrogen evolved in the gas is 1.5 x 10 < moles.

The maximum that PH2 can change over this concentration range
is the difference in equilibrium with 8 and 2 ppm, i.e., 0.08
atmospheres (Equation 3.2-5). With a 1000 cm5 enclosed space,
the maximum possible moles of hydrogen accumulated is 51:10"4

moles or only 3 percent of total quantity of hydrogen evolved.
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NOTATION

Apparent area of bath surface (cm2)

Volume of inert gas at 273°K (ftB)

Saturation concentration of H at 1 atmos.
H, pressure (wt%)
Overall bulk concentration of hydrogen in

the steel bath (g-atoms cm™2)

Concentration of hydrogen in the steel bath

at the metal surface (g-atoms cm-B)

Concentration of carbon dioxide in the bulk

liquid (g-moles cm'a)
Concentration of carbon dioxide in the bulk

gas (g-moles cm-a)
Diffusion coefficient (cm® sec™t)
Diameter of absorption tube (ﬁquation 3.,2-6) (cm)

Henry's Law equilibrium coefficient

C002/PCO2 (g-moles em™2 atmos-l)
Gravitational acceleration (em sec_2)
Hydrogen concentration (ppm)
Bulk hydrogen conceﬁtration (ppm)
Surface hydrogen concentration (ppm)
Maximum vertical dimension of bubble (cm)
Height of nozzle exit above liquid surface (em)
Weight of steel - (1bs.)
Momentum of jet per unit time (gr em™t sec-z)
Depth of surface depression below Jjet (em)
Quantity of CO, in system (g-moles)
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Gram atoms of hydrogen in steel bath (g-atoms)

Argon molar flow rate in jet (moles sec-l)
G-moles of i in the systenm (g-moles)
Total pressure on system (atmos)
Pressure of bubble in the cup (atmos)

Pressure of bubble at the upper surface

of mercury (atmos)

Pressure of hydrogen in the gas at the

gas metal interface (atmos)
Pressure of hydrogen in the bulk gas (atmos)
Velocity of fluid on bubble surface (cm sec-l)
Radius of curvature (See Figure 2.3-1) (cm)
Gas constant (cm? atmos ox~1 g-moles ~% )
Radius of spherical bubble (em)
Equivalent radius (em)

(i) two dimensional system

(area of bubble %
av

(ii) three dimensional system

<%rea of bubble seen by czanmera)’é

T
Absolute temperature (°K)
Time (sec)
Terminal rising velocity (cm sec_l)
Radial velocity (cm sec™t)
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R 2

'\

(o}

Bubble volume in the cup (cma)

Bubble volume at the upper surface of mercury (cm3)
Maximum horizontal dimension of bubble (em)
Depth below the liquid surface (em)

Angle at a point on bubble surface

(from the vertical) (=)
Subtended angle described by bubble surface (=)
Density of liquid metal (8 Cm—a)
Density of gas (g Cm-a)
Density of liquid (g Cm—B)
Viscosity (g et sec™)

Mass transfer coefficient (liquid phase

control) (cm sec-l)
Mass transfer coefficient (gas phase

control) (em sec-l)
Overall mass transfer coefficient (liquid

and gas phase control) (cm sec™l)
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