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ABSTRACT

Fluidity.‘, in the foundry sense, was investigated in an attempt
to expr‘eés it quantitatively. Experiments were made on the tin-lead
binary system to verify the analytical findings and to define the nature
‘and extent of various mechanisms of solidification.

By use of heat‘flow and fluid flow equations, the fluidity of a
pure metal at its melting point was expressed in the form of a differ-
ential equation. The effect of superheat was indicated, but this equation
was more difficult to solve. The shape of the solid—liqﬁid interface was
found to be parabolic. The effect of superheat for pure metals ahd alloys
depended on the fluid life of the metal stream: with a short fluid life the
effect was limited to the length for initial removal of superheat.

Experimentally three distincf areas of fluidity were found in the
tin-rich side of the tin-lead binary system. The highest fluidity was
found at pure - or nearly pure - tin where ''plane front' freezing is typi-
cal. At higher lead content the fluidity dropped rapidly. Above about 1%
lead the fluidity was low and practically constant. In the last area the
mechaniém of freezing was shown to be caused by dendrites choking the
flow off very rapidly at the mold entrance if the metal was poured at the
liguidus tem:perature.

Thesis Supérvisor: Merton C. Flemings, Jr., Assistant Professor

i of Metallurgy
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I INTRODUCTION

The "fluidity" of molten metal is defined as the distance it will
flow in a channel of specified size and shape before freezing stops the
flow; fluidity is measured in units of length and depends on the physical
properties of metal and mold materials as well as the conditions of the
test.

There is little disbute over t’ne.fact that metal stops flowing due
to the effecté of freezing. Certainly a pure metal which freezes with a
smooth and definite solid-liquid ihterface (commohly known as "plane
front" freezing), ceases to flow because of the growth of solid from the
mold wall into the flowing liquid. However, wi th alloys which freeze
urider otheri mechanisms (not well understood), the exact nature of the
soli(i which stops the flow is not well known. In fact théfe is much
discussion over this question of the nature of the solid.

Until one has a basic understanding of the formation of solid in
a tesf piece used to measure the fluidity of alloys, no fundamental ana -
lysis of the characteristics of fluid flow is possible. In general the
following points are known about alloy solidification: 1) the typical shape
of >the solid is dendritic characterized by irregular needle-like or pine-
tree-like shapes, 2) a large freezing interval, or distance between the
liquidus and solidus temperatures, increases the tendency to form den-
drites and/or accentuates the sharpness of the needle-like shape, and 3)
Va high temperature gradient decreases the extent of dendrite formation

and may change the solidification to the '"plane front" type.



One of the objectives of this thesis is to increase the understanding

of the process of alloy solidification under fluidity test conditions.
Obviously thermal and other conditions that control freezing are of

great importance as well as the mode of freezing itself.

uk




II LITERATURE SURVEY

The recorded study of fluidity of metals started many years ago
(1898) and has had numerous contributors. All have used a mold channel
of small cross section and measured fluidity as the length or amount of

metal the mold contained after pouring.

Bibliographies

Excellent bibliographies on the subject of fluidity have been com-

piled by riggss, Ragone et al. 4-2, Clar'k6 and :Kl;yn.itskyz‘,’

Types of Fluidity Testers

The first tester used was a sand wedge53. The early part of
this century saw horizontal straight channels of round cross section used

by many investigators. The mold materials have been sand45 40, 33,

, metal
and glass43. A new ''star-type'' tester has been recently develbped con-
sisting of radially oriented flat, horizontal channels in a sand moldzo.
U-shaped testers have been used by Evéns 12 and Nekhendzi and Samarinlg.
The most popular and most developed tester in this country by far is the
spiral tester. The history of this tester is excellently described by
Kryn-i'cs:‘lz:y‘;23 ana Clarké. There have ‘t\)een many modifications to the
spiral tester to increase reproducibility. The accepted standards for
iron and steel are those designs by Saeger and Krynitsky47 and Taylor

49

et al. The cross-sectional shape of the mold channel has also been

changed, the most radical being a change from a bulk shape fo a flat

11, 30

shape to emphasize surface effects in aluminum alloys The




vacuum fluidity t'este:r'43 used tubes as mold channels, and instead of

pouring metal, it was pulled into the mold by a partial vacuum.

Variables of Testing

In general these variables are gating method; control of casting
head; mold properties such as surface characteristics, physical pro-

perties, permeability of sand, etc.; rate of pouring; and superheat.

These are adequately described and discussed by many authors5’ 20, 23,

6, 21, 45. In general the problems of testing control and measurement
have been solved with reasonable success for practical purposes and, to

a lesser extent, for research purposes. Measurement of metal velocity

has been accomplished by three different means: photographic motion

25, 45, 40 7, and by measﬁring

the length the stream travels horizontally for a given vertical dropéls.

pictures , closing of electrical circuitszs’

Metal Variables

Probably most of the disagreement in the study of fluidity comes

in this area. The factors of importance have been reviewed adequately

. — .37 42 8 . 19
by Portevin and Bastien™ ', Ragone et al. °~, Desch”, and Kondic ’. In

general the most re'liable conclusions are that superheat is of prime im-

6, 21, 54, 35, 44, 42

portance in the f luidity of alloys and that fluidity

varies Vinversely as the freezing interval (liquidus to solidus temperatures)

36, 43, 21, 3, 33. Other variables are generally of minor importance.

24, 19, 44

Surface tension is of minor importance in general;

however, aluminum may be an exception as Klyachko and Kunin18 claim

to have observed an increase in fluid velocity of almost 100% due to surface

' . . 30
N . temsion of aluminum™ .
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Surface films may be important in fluidity because they may in-
crease the effective surface tension, if solid they may cause mechanical
interference to flow, or they may change heat-transfer coefficients at

the metal-mold interface’”? 37 8,

Viscbsity is now considered to be of minor importance in fluidity42.

Solidification characteristics certainly have an important effect on
fluidity, These characteristics are the result of freezing interval. In
short, round or convex faced crystals yield a much higher fluidity than

37, 217 due to lower frictional energies encountered with

dendritic crystals
round crystals. Eutectics may solidify in round crystals and alioys with
a wide freezing interval solidify dendritically. The applicability of these

theories of crystal shape to freezing of metals in fluidity tests has yet to

be proven.

Fluidity of Iron and Steel

The fluidity of iron and steel has received much attention. As in
other fields, iron and steel seems to have its own particular problems.in
addition to its fluidity variables. In order not to complicate the study of
fluidity itself, only a bibliography of iron and steel will be given here.

Those who have contributed most to this field are refs. 45, 15, 3, 2, 52,

48, 55, 22, 4, 51, 12, 26, 34, and 46

GQuantitative Analyses of Fluidity

Due to the fact that a recent review of analyses has not been found
in the literature, and also because this thesis is, in part, a quantitative
analysis, a detailed review of the literature in this area has been prepared

and is presented in Appendix A.




III PLAN OF RESEARCH

This research is to be divided into two general headings: 1) the
analytical approach and (2) experimental. These sections are not in-
tended to be isolated, but a mutual interchange between the two exists
such that the conclusions of the one section aid or support the other
section. Briefly the objectives of each section are:

If Analytical Approach

A, Derive a valid general equation governing heat
flow in fluidity channels of circular cross section.

B. Using the laws of fluid flow and the results of the
heat flow analyses derive a relation fof fluidity of
a pure metal at its melting point, and at any degree
of superheat.

C. Attempt to find a relation for the fluidity of alloys
with superheat.

I1I1. Experimental Approach

A. Build a suitable apparatus for measuring fluidity as
well as measufing velocity of the stream;

B. Measure fluidity and length versus time of various
alloys of a typical eutectic system and attempt to
identify composition limits for various fluidity

mechanisms.




Determine effect of pressure, size of channels, and

superheat on fluidity.

Attempt to determine the mechanism governing the

solidification of mushy alloys in fluidity tests.




Iv ANALYTICAL APPROACH

In addition to physical properties such as heat of fusion, viscosity,
dénsity, etc., the factors of importance in fluidity may be classed as
1) those which affect the heat flow through metal, mold, and mold wall,
2) those which affect the fluid flow, and 3) the solidification characteristics

of the metal. Fluid flow and heat flow have been investigated in connection
42,44

with other fields and these results have proven applicable to metal flow
Most studies have over-simplified these relations especially where heat

flow is concerned. The solidification characteristics of alloys in fluidity
tests are still under debate and therefore any basic aﬁalysis of fluidity of
alloys is necessarily debatable. The experimental section of this thesis

will throw some light on the mechanism governing the solidification of

alloys in fluidity tests.

Heat F'low Analysis

The energy or heat which enters the mold may arise from super-
heated liquid metal, heat of fusion, or cooling of the solid metal below the
freezing temperature. Appendix B shows that the energy involved in
cooling golid metal before flow ceases is negligible. i

The heat flow path for metal in a fluidity mold embraces resis-
tances in 1) the liquid metal, 2) the liquid metal boundary layer, 3) the
solid (or stationary liquid) metal, if any, 4) the mold wall boundary, and
5) the mold. Where turbulent metal flow is encountered, as in practically

all fluidity tests (see Appéndix C and ref. 44), the radial heat flow resis-

tance in the quuid metal is negligible due to convection. Turbulence,
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relatively high coefficient of heat conductivity of metals, and the fact that
‘most of the heat originates from heat of fusion all tend to make boundary
layer resistance negligible compared to other factors. Appendix B shows
that, prior to cessation of flow, heat flow resistance in the solid metal is
negligible. Thus a good approximation of heat flow assumes heat flow re-
sistances at the metal—fnold interface and in the mold.

Assuming a round mold channel and a mold material with low heat
conductivity (such as sand or glass), equation (1) for the removal of heat

as a function of time can be derived. (See Appendix D for det.eils.)

@ 2RI G M- 4B - 01l 2]}

where @ = energy removed in cal/sec/c¢m of length
A = 2R/ [Fa7 sec!/?
B = (1+2Rh/k')

Equation (1) defines tbhe heat removed as a function of time. The
physical properties required are those of the mold material (p', c', and k')
and the interface heat transfer coefficient, h.

The mold physical properties do vary with temperature, especially
the heat content and the thermal conductivity. In Appendix I it is shown
thaf average effective values of these properties are at a'temperature
closer to the metal temperature than to the original mold temperature.
This fact was shown for tin freezing between pyrex glass plates, and the
results are applicable to this work. The glass 'properties’ for 2009C are
the effecti#e values for the freezing of tin.

The value of h must be found empir.ieally, similar to the method of
Ragoneéz, by letting @ equal the heet of fusion for unit length of pure tin;

9 then equals the final freezing time, Gf. The value of 8¢ must be found
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experimentally.  When R was 0.193 cm, 0; for pure tin at the melting
temperature was 1. 45 sec. These values used in equation (1) give. h

2

equal to 0.18 cal/cm?, O¢, sec, a reasonable value which is used through-

out this work.

- Fluid Flow Analysis

The fluid flow analysis stems from an energy balance using
Bernoulli's equation siﬁilar to that done by Ragoneéz. Acceleration
ef.f‘ects are assumed negligible and metal head is assumed constant. If
"'plane front'" freezing is assuined - characteristic of pure metals - the

result is equation (2) (see Appendix E):

Vi
JLC \/e / /4 qu Led[ 1 ' | (2)

< (/ t ¢lnt) 7._5'

The values of ¢ent and f were evaluated empirically. From motion
' ' 2gZ

1+ Pent ’ ¢ent
found to be about 0. 95, which is a reasonable value considering that the

pictures of the metal stream and equation (E5), Vj =

entrance loss (usually taken as 0. 8) and the energy loss in the bend in

the tubes are lumped in ¢ent° The evaluation of f required the solution
of eqﬁation_ (2) and then comparison with an experimental fluidity test (see
Figure 1). A value of f equal to about 0. 05 was found to satisfy the com-

parison.

Case of no Freezing

Equation (2) is a general form. If no freezing occurs, as is the
case for initial parts of fluidity tests with superheated metal and alloys,

r is constant and equal to R, the channel radius. Then equation (2) becomes:

dLe \/e - lf .
// ’ R(1+Bent) R Le

(3)
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which can be integrated (see Appendix E):

L, - z(/+¢m)ﬂ (3 fhe /)2/3_/ ”

4 7+ ¢¢'nt)R

Case of no Superheat

A pure metal freezes in a characteristic manner, that is the liquid-
solid interface is an isotherm - the freezing temperature. This mode of
freezing usually results in smooth interfaces. Hence the name 'plane

front". Such a mechanism yields a solid, smooth cylinder of metal in a
~cylindrical fluidity mold. Thus r, the radius of the liquid metal channel,
is a definite and determinéble- quantity. If r can be expressed in terms of
L, then the integral in équation (2) may be solved.
In Appendix F, equations (1) and (2) were used in a nﬁ_merical
- solution. Curve fitting showed that r and L wvere related parabolically

as expressed in equation (5): |

R-W/Le-L )

W'here‘K is a function of V. The function may vary as the conditions

of the fluidity test change. As explained in Appendix F, equation (5) does
not apply as the metal velocity approaches zero, that is; toward the end
of the fluidity run. Therefore numerical solutions based on equation (5)
are not valid for velocities lower than about. 15 cm/sec. However, at
this velocity the metal has run about 95% of its total distance.

Substituting (5) in (2) and integrating yields:

4 K Lc _/
f "'/2/(‘(/+¢enz) (/ <L)
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Equa-tionh (6) is the general solutien for fluidity of a pure metal, or
| any metal that freezes in a "plane front" manner, poured at the freezing
temperature. Equatidn (6) may be solved numerically and has been solved
for the conditions of the experimental approach which are set forth as con-
ditions for analysis in Appendix E. The comparison between experimental

and analytical results is shown in Figure 1.

Case with Superheat - Pure Metal

In general, there are four zones in the length of a fluidity test:
1) the zone where no freezing ever occurs due to superheated metal, 2) the
zone where freezing once occurred but where superheated metal has
caused remelting so that no solid remains, 3) the zone where solid metal
éxists but where remeltingﬁis occurring, and 4) the zone where solidifica-
tion is progressing. In flow analysis when turbulent flow is present,
zone (3) is assumed to be small, that is, the mixing of turbulent super-
heated metal with solid metal is expected to eliminate either the superheat
or the solid very rapidly. Neglecting zone (3) and realizing that zones (1)

and (2) are identical from a friction-loss standpoint, equation (2) becomes:

b B3

where L1 is the distance from the channel entrance to the beginning of

solid metal.

Substituting equation (5) in (7) and integrating yields:

i | %
ae . \; = = (8)
) / f _FR* Lo 1 . 4/\’./1.0 7, —R

Z1+0ere)| R¥TeK'R® T G ‘(R-K/LeL)*




Unfortunétely, to evaluate (8) an extremely laborious numerical
procedure is required. Equation (7) must first be solved to determine

how L1 and K are related to 9, Le, and/or Ve-

Case with Superheat - Alloys

Certainly no quantitative analysis of fluidity of -alloys may be made
unless the mechanism of freezing can be put in quantitative terms. A
rough analysis of the effect of superheat on the fluidity may be made,
however.‘

Fluidity is composed of Zones I, Ii, and IV since Zone III has been
shown to be small. Zone I may be calculated by use of 1) equations (1) and
(4), 2) a simple relation expressing the loss in temperature of liquid
rﬁeta_l per unit 1engfh:

AQ = Cem R AT o
and 3) assuming that there is no heat convection or conduction longitu-
dinally relative to éhe metal, that is the heat content of the metal travél.s,
with the average metal velocity by convection aﬁd radially toward the mold
by convecfion and conduction. The details of the analysis are in Appendix G.
The result is that fluidity should increase 0.227 cm for each degree of
superheat for R equai to 0.193 cm. The minimum slope (and thus mini-
mum Zone II) of the fluidity versus superheat curves for this tube size
is 0.178 (see Figure Jl). Zone IV is assumed to be constant (see Figure 10).
The discrepancy is accounted for largely by the inaccuracy of the third
assumption above and by the use of small values for the computations in

Appendix G.
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V EXPERIMENTAL APPROACH

Apparatus

The apparatus for measuring fluidity was essentially the same as
that ﬁsed by Ragone43, the vacuum fluidity tester., This tester was
chosen because of the excellent control over the applied pressure and
metal temperature. Modifications included a solenoid valve wired with
a telechron timer so that pressure could be applied as consistently as
possibie and so that an accurate record of distance and time could be
recorded on movie film. A schematic sketch of the apparatus is shown
in Figure 2.

Thé mold channel consisted of glass tubes specially chosen for
their dimensional accuracy, 10, 002-inch inside diameter. The tube

sizes chosen were:

Tube Inside Diameter Wall Thickness
M5 mm!" 0.386 cm 0.093 cm
"7 mm: 0.483 cm 0.103 cm

By necessity the tubes had to be bent so they could reach the metal.
This bend, even though done very carefully and purposely made to a large
radius (about 6 inches), caused the inside diameter at the bend to become
somewhat reduced causing small variations in frictional resistance and
also variafions in freezing time due to the smaller cross-sectional area.

In order to simplify heat flow analysis a tube with a large wall
thickness was desired to insure that the heat flow was always of the 'in- |

finite mold" type - that is, flow was stopped before the outside of the tube
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was heated appr'eciably. ‘The "infiniteness" of the tﬁ.be sizes chosen is
shown in Appendix H. The tubes resemble infinite molds as long as flow
time does not exceed 1. 5 secs for the smaller tubes and 1. 8 secs for the
larger tubes.

The tin-rich end of the tin-lead binary system was chosen for
this study because 1) no scatter in results from surface films or dissolved
gas, 2) physical data for tin, 1ead, and the whole binary system are better
kn'c.wvn than any other suitable metals, and 3) low melting temperatures
make for better control and ease of handling.

All alloys were made from C. P. materials., Maximum impurity

limits are listed in weight percent:

Metal ImEurities
As Cu Bi Fe Pb Ni Zn Ag
Tin . 0001 . 001 - . 005 . 005 - . 005 -
Lead .0001 . 0003 . 0001 . 001 - . 001 - . 0002
Procedure

Varying Chemistry

The chemistry was varied from pure tin to 5% lead - .‘95% tin.
The intervals were kept small at low alloy concentrations (below 2% lead)
so as to be able to detect the concentration at which the "plane front"
mechanism deteriorated. For each alloy a series of at least four tests
were made at different temperatures. Only the small tﬁbes were used in
this series.
Varying Pressure

The pressure was Varied from about 3 inches of metal headto about
30 inches of metal head fqr 1) pure tin in small tubes, 2) tin - 5% lead in

small tubes, . and 3) tin - 5% lead in larger tubes. Again each pressure
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was tested over a range of temperatures excep‘t’for pure tin at high pressures
when the length of flow became dangerously long.
Varying Temperature

The temperature was varied between 310°C and as close to the liquidus

temperature as possible.

Results

The fluidity and fluid life of all fluidity tests as a function of super-
heét is presented in Appendix J. In general the larger tubes seem to yield
more consistent data than the small tubes. Also, the longer the fluid life,
the less consistent are the results; and at fluid life above 1. 5 secs there
seems to be very little consistent behavior. This is in keeping with the -
results of the heat flow analysis.

Figure 3 sho‘ws a comparison of Ragone's results 42 with tin ahd
the results of this investigation. The initial slo_pes of the same size tubes
are identical, but the fluidity of pure tin is twice that obtained by Ragone.
Figure 3 also shows a comparison of 0. 4% lead which coiﬁcides at the
melting poiﬁt with Ragone's data for a slightly smaller tube. If the curves
are comparable, then the conclusion must be that Ragone used a lower
grade of tin, probably commercial purity.. The curves of Figure J1 show
the difference that a fraction of a weight percent at low concentrations can
have on fluidity.

Effect of Alloying

The data for low alloy tin, e)itrapolated to the liquidus temperature,
are shown in Figure 4 as a function of composition. The composition is in
logarithmic scale only to show better the results at very low concentrations.

Between 0. 1% and 1% lead a curve can easily be drawn through the fluidity
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points and the fluid life points, but at 0.07% lead there is a definite dis- -
continuity in both curves. This composition is the ““critical“ composition
above which plane front solidification deteriorates rapidly.

There is definite evidence that the plane front mechanism is
modified from 0. 004% lead (C. P. tin) to 0. 07% lead. This trend is shown
in Figures 4, 5, and 7. But rapid deterioration does not occur til 0. 07%
lead. There is another discontinuity in Figure 4 at about 1% lead, although
this one is not as marked as the other. Above 1% lead the fluidity changes
very little with composition. This behavior is shown better in Figure 5
which presents fluidity és a function of composition. Figure 5 also shows
the behavior of freezing time and the slope of the fluidity-temperature
curves as a function of composition,

Varying Metal Head

The laws of fluid dynamics require that initial velocity of fluidit.}7
tests be proportional to the square root of metal head (Z). Figure 6
shows that this is true for all alloys, temperatures, and tube sizes. The
initial velocity was measured from motion pictures. Much more remark-
able is the excellent linear relation between fluid length and the square
root of metal head (or initial velocity) as shown in Figure 6.

Figure 7 is a combined chart showing variation of fluidity with
fluid life at the liquidus temperature. Composition, metal head, and tube
siie are parameters. All data are shown for liquidus temperature.

Motion pictures were made of all runs. Figures 8 and 1 are
samples of the results of the motion picture analysis for a tin - 5. 1%
lead alloyiin a large tube and for pure tin in a small tube. respectively.

Figure 8 shows a characteristic behavior for the alloys with more

than about 2% lead. The leading end of the stream separated and filled
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only part of the giass tube. This leading runner of metal was sometimes
over seven cm long. It often developed in the early part of those runs

with metal head over ten inches; it‘d,eveloped in the last part of the run

for most runs with under ten inches metal head. A.S'Figure 8 shows, some-
times the runner would étdp, apparently frozen, then the tube would con-
tinue to fill up in the runner section till the liqﬁid metal ran ‘past the old
runner only to form a new runner and eventually a cascade of runners.

It appears that under certain conditions this effect can propagate itself.

Discussion
Effect of Alloying
Figures 4 and 5 indicate three distinct areas of fluidity corres-
p.onding to the three areas mentioned in the Introduction. The plane
| front" mechanism is located at very pure tin and little, if any, improve-
ment in fluidit_y is to be expected for purer metal since the '"plane front"
mechanism assumes the behavior of very pure metal. Of course, it is
possible to encounter undercooling effects which become more probable
w.'ith purer metal, but the extreme agitation of fluidity tests would be
~expected to limit undercooling to negligible effects.
The critical concentration which marks the end of pure ''plane
front" freezing should be given by Hucke's equaLtion17 for a condition of

"perfect' stirring:

| - Co ("“K)
Gmin = e D (10)

where Gmin = minimum temperature gradient in the liquid

to maintain "plane front' interface

8
I

slope of liquidus

u = g—g , rate of advance of liquid-solid interface.

g e T - eEEEEt -1 <~ s av—— e e e
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c = bulk solute concentration in the liquid

o)
K = partition ratio
D = diffusion constant for solute atoms in liquid solvent

Using data for lead in tin (m= -1 299C/%Pb>, (1-K)=.9344, D=3.10"5
cmZ/sec49), assigning a value of 0.1 cm/sec for u (the value found using
the data 6f Appendix F), and using 0.07% for cgy gives a liquid temperature
gradient of 28.4°C/mm. This figure could be low due to 1) imperfect.
sfirring,  2) co actually higher than 0. 07% which could be true at any peint
. downstream from freezing metal which is rejecting lead. This value of
Gmin may be further inaccurate due to uncertainfy of D at 2329C for the
concentration of lead involved. (Ref.49 gives D=3.7 - 10-5cm?/sec at
500°C. ) It seems that equafibn (10) vﬁll not be conclusive in supporting
the statement that plane front freezing breaks down at about 0.07% lead
until data is better established and until the effect of temperature gradient
in the liquid on solidifica:tion processes is established.

Figure 9 shows the effect of alloy additions on the dynamics of the m
metal stream at only a few degrees superheat (69 to 8°C). It can be seen
that no radical change in dynamics occurs before 0. 092% lead, but above
this content, the stream stops very suddenly. This behavior has also
been shown by Feliu13 with aluminum-tin alloys. A sudden stop can be
explained by a mechanism which provides for the formation of dendrites
which flow downstream and eventually cause enough friction to stop the
flow. Lips and NipperZT have described this mechanism. Another
b,.__;nechan'si_m provides for the sudden growth of stationary dendritic needles
reaching into the metal stream - conditions for this met of dendrites are
more favorable with a wide temperature range of freezing. The former
mechanism thebretically is.tops the flow only at the tip of the stream, the

latter conceivably could stop the stream some distance back from the tip.
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The separation of the tip from the glass wall, observed in many of the
5.1% lead all_oys, is not possible with the mechanism of moving den-
drites, but is possible with the stationary dendrites or a combination
of the two.

Above about 1% lead the fluidity at the melting point does not
change (see Figure 5). In fact there is very little change in the points
on the L versus 8¢ plot, Figure 7. As mentioned in the Results section
of this paper, there is not expected to be much change in this region of
the phase diagram until the effects of the eutectic are felt.

By use of equation 1 and the distance versus time curves from the
motion pictures, it Wa-s possible to graphically find the heat removed
through each part of the mold prior to time of freezing as a function of
distance along the mold. These curves were then graphically integrated
to find total energy removed from the metal. These values are plotted
for 5.1% lead alloy in small tubes in Figure 1l as a function of superheat
for three values of metal head. By extrapolation the tot‘al energy re-
moved for fluidity tests at the liquidus was found. . This may be compared

“with the total energy of fusion in the length of the fluidity test.

Z Energy Removed Energy of Fusion Ratio
10 in 48,5 cal 310 cal 0. 1565
6 36,5 192 0.19
3.5 29 161 0.18

This ratio is very close to the 0.2 ratio which Klyachko and Kmlin18 used
as the empirical ratio for alloys.
Effect of Superheat

The effect of superheat is shown in Figure 5 where g—#f is plotted.
This slope (measured at the liquidus) varies almost identically with the

fl’uidity and the fluid life (see Figure J5). As mentioned in the Introduction,

e - e I © e m—— oL e
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a long fluid life allows for a maximum of decrease in heat flow rate which
gives superheated metal an opportunity to affect more and more of the
fluidity length. Iﬁ effect Zone II, the zone where complete remelting of
solid metal occurs, is much larger with longer fluid life. Schematically
this effect is shown in Figure 10.

Effect of Metal Head

V The effects of metal head are shown in detail in Appendix J and
are compiled for tin and tin-lead alloys at the liguidus temperature in
Figures 6 and 7.

Figure 6 shows the linear variation of initial velocity with the
square root of metal head, a relation which was expected from hydrodynamic
analysis.
| Linear variation of fluidity with initial velocity for pure tin and
for 5.1% lead alloy in both size tubes is shown in Figure 6.  In Figure 7
the same alloys show practically no variation in fluid life. The only con-
clusion that can be drawn is that velocity of the fluid has no effect on the
freezing time at the point in the metal stream where freezing causes
cessation of flow. Logically, if the moving dendrite mechanism controls
the fl}iid life by accumulating dendrites at the leading end, then a rapid
stream will have shorfer life than a slow stream. On the contrary, fluid
life being independent of stream velocity indicates that the controlling
mechanism is one wherein the dendrites remain stationary, attached to
the mold wall. This mechanism requires that freezing of the stream
occur first at a point near the entrance to the fluidity mold where the most
solid ‘shou.ld have formed provided, of course, that there is no superheat.
Using equation (1) and the freezing times from Figure 7, Qg of 3,15 cal
and 4. 8 cal were found for the small and large tubes respectively. These

energies corfespond to about 25% solid in each case.



VI CONCLUSIONS

From Analytical Approach:

1L General equations for heat flow and fluid flow may be applied
to fluidity of pure metals, but usually the result is not easily integrable.

2. In molds with low heat conductivity, eg. glass and sand, the
shape of the liquid?solid interface for pure metals has been found to be
parabolic, where the latus rectum is a function of stream velocity and
test conditions.

3. In alloys or pure metals the effect of superheat is two-fold.
That part associated With initial cooling to the melting point (Zone I) may
be approximated. The second part associated with remelting of solid

metal (Zone II) is more difficult to analyze.

From Experimental Approach:-

1. As more lead is added to tin, the character of fluidity passes
through three stages which are separated by critical compositions. The
first stage (up' to about 0. 1% 1ead) is that of pure or nearly pure metal
characterized by ''plane front' freezing, high fluidity, and long fluid life -
there is little, if any, improvement in fluidity with purer tin. The second
stage sees the bréak down of "plane front" freezing accompanied by rapid
decrease in fluidity and fluid life. The third stage (over about 1% lead) is
c‘haracter}ized by very low fluidity and fluid life and a "net dendritic"
mechanism. Again the fluidity does not change with changing composition

up to 5% lead.
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2. The effect of superheat parallels the curves of fluid life
(and/or fluidity). The second section (Zone II) where remelting occurs
depehds on fluid life - the longer the fluid life, the larger is Zone II.

3. For alloys of over 1% lead in tin: |

The fluid life at the liqui.dus is very small and does
not change with varying initial velocity.

The cessation of flow is x}ery rapid and often accom-
panied by separation of the metal stream at the tip due to
'inertia.

The mechanism of freezing seems to be one
characterized by ''net dendrites" choking the stream near
the mold entrance. The amount of sclid near thée mold
entrance at the moment of cessation of flow was calculated

to be 25% of the volume.
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SUGGESTIONS FOR FUTURE WORK

L Other metallic binai'y eutectic systems should be investigated
to determine the applicability of the ''net dendritic mechanism to cother
alloys. A plof of L versus 8¢, or a comparison of the percent solid at
the freeze-off point, would give an indication of changes in the
mechanisms,

2. Detailed knowledge of the mechanism of solidification is still

. lacking. . Expériments should be developed to more firmly establish

the mechanism.

3.‘ The point of breakdown of the '"plane front'" freezing should be
investigated for other alloy systems.

4. A good method for solving equations for elements of fluidity .
is by use of a computer. Detailed effects resulting from parameter

changes could be presented in the form of families of curves.
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— Solution of Equation (6)

O Experimental Points

| L L L | — 1l l 1 [ 1 1 | L I

0 05 10 | 15
O (sec.)———

FIG.1 CURVES OF FLUIDITY VERSUS TIME COMPARING ANALYTICAL
(EQUATION 6) TO EXPERIMENTAL




26

)

10N J

}

SALVYVAAVY ALIAINTA WANDVA A0 HOLEMS DILVINIHDS 2 °DIA

11404
9S9y ,

.

)

T 1T T

L

T T

9|Hod
buibioyn

WNNJDA

SA|DA
pIoUs|0g

\BEEOCDE AIN2JaN

SAIDA U}IM padim Jswil |

9|D2g

Jsuing cmmc:m“»r

N
4

[

j_._______

/

o _|_\\4 : ﬁ

\mpﬁ SSD|9)

HBN 404§
19yDag




27

38 — , T |

54 e—R=0.28/cm

R=0.93 CP Sn
~ X

| X Present Work

8 i | ] | 1
230 250 270 290 310 330
| T (°0)—=
FIG.3 COMPARISON FLUIDITY OF PURE TIN WITH DATA
FROM RAGONE




28

T 'l |
—15
"
70 -
60
—10
50 - T
Q 16
e 5
h 4
40 @
—05
30 -
20
: J - : | | | | 0
000! 00l 0.l | TS

FIG. 4

Co (WT 0/0 Pb)—)‘

FLUIDITY AND FLUID LIFE AS A FUNCTION OF
LOG COMPOSITION




<29

. — ——
/ Of
dLf o
dT,

— ] e

liquidus

Phase Diagram from ref 3l

8 + Liquid

Of (sec) —

/ af+€3

| | 1 l

2 3 4 S

| wt% P —=

FiG. 5 FLUIDITY, FLUID LIFE, AND SLOPE OF FLUIDITY-
TEMPERKATURE CUKRVES AS A FUNCTION OF COMPOSITION
AT T UGIDUS TEMPERATURE




S

90 T T T T
80Ff
70+
— 60F CP Tin
L »
>0 51% Pb
— 40}
30F 0 A
O -300
20}
|OF
O —250
—200
41509
L
£
o
400>
—450
| | 1 1 1 0
O l 2 3 4 5

1
JZ (inf)—
FIG. 6 FLUIDITY AND INITIAL VELOCITY AS FUNCTIONS OF THE
SGUARE ROOT OF METAL HEAD

R R e IR TP RE—

§ N — e v



CP Tin

o\

0009%P

\
‘l
\

0.092%Pb

0.145%Pb

0.4%Pb

155% Pb o
©Z=10

O Z=149" CP Tin
%fz:3.95“
Z=35"

0 R=0.241, ¢,=5.%Pb

A R=0193, ¢,=51% Pb

| o
1.0 1.5
Of (sec)

FLUIDITY AS A FUNCTION OF FREEZING TIME FOR VARIOUS
METAL HEADS AND ALLOYS AT LIQUIDUS TEMPERATURES

w3 a—— o o——e



32

35H

301 |
Z=10""
R=0241cm

25 Ti=263°C

20

3 Z=35"

&)

] R=0.193cm
15 = 303°C ’
10 T
5 —
0 | I 1 |

- 0.l 0.2 03 04

O (sec) —

FIG.8 DISTANCE AS A FUNCTION OF TIME FOR TIN - 5. 1%
LEAD ALLOYS



33

70 T T 1 ‘ T T |
) CP Tin
o0 0009% Pb
50l 0.092% Pb |
a0k 0.145% Pb |
€
L2301 049% Pb -
_
51%Pb
201 _
Z=10',R=0.193cm for All Curves
10O ’ —
| | | . | ] | 1 | | [
OO 05 10
O (sec)——
FIG. 9

1.5

DISTANCE VERSUS TIME FOR TIN-LEAD ALLOYS AT 240°C




34

FIG.10 SCHEMATIC CURVES SHOWING THE INCREASED INFLUENCE
OF ZONE 11 WITH INCREASED FLUIDITY
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APPENDIX A

QUANTITATIVE ANALYSES IN THE LITERATURE

Few theoretical analyses of metal flowing and freezing in a mold
have been rigorously made. The history is as follows:

Flrst 1nvest1gators to arrive at an explanation for fluidity were
Portevin and Bas’cien?’6 who said that fluidity was a product of average

.velocity and fluid life (time before freezing-off). They derived:.

I_ | c f’ (TL Tm) b P H
g . -Tr Tim -Tr

(Al)

where the first term represents velocity (incorporated in constant a) and
time prior to any solidification and the second term represents velocity
(in constant b) and fluid time during solidification. However, equation (Al)
soon proved too simple in that Lf did not depend on (Ti - Tm) and H in the
predicted manner.

Klyachko and Kunin]‘8 in 1949 reviewed Russian work on methods

of determining fluidity. Essentially these analyses are extensions of
equation (Al). B.D, Khakhalin assumed that flow ceased when a charac -
teristic quantity of metal crystals was suspended in the liquid. He derived

equation (A2).

y 4, e, L
L, - TR Hou P[0 (R =Tm)] ° is(arf /ehy AL
- * @ab)“/a T T\ ) 5T
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where Hg = hydrostatic head minus head due to surface tension
a, b, and n are constants
Vs = quantity of suspended crystals (fraction of total
" heat of fusion)
Then Nekhendzi and Samarin assumed that flow ceases whenca: definite
quantity of solid phése exists; this quantity being characteristic of the

metal. They derived:

L{ - A(’ c(T'L"To) + H; (A3)
Ta-Tr

where Ta = average metal temperature between Tj and T,

A

constant

H; = latent heat of that quantity of solid required to
yield zero fldidity

Using equation (A3) Klyachko and Kunin derived equation (A4).

Ly K - c
Lin Kt H(K+c)

where Lf rel

Lfvel = (Ti-T.)

Yrelative fluidity"

Lf g = "unit fluidity" or fluidity when superheat is
numerically equal to latent heat (T} - To = H)
K = fraction of latent heat required to yield zero

fluidity (K = Hi1/H)
Using equation (A4) and actual fluidity points, Figure Al was constructed.
From this graph it was concluded 1) that K=.2 applies at low superheat,
2) for Zn which crystallizes with highly developed dendrites K=. 2 fails

to apply, and 3) at high superheat, when proximate order is apparently
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disturbed, fluidify no longer varies linearly with superheat. But also,
care must be used in interpreting a graph such as Figure Al where
fluidity curves have been normalized about one point, in this.c._ase the
poiﬁt where Lf rei=1. |

This type of appreach, use of velocity times time in the fluid
state, is subject to criticism. Firstly, an average velocity, usually
equal to half the maximum velocity, was used as an approximation. It
haé been shown that under certain conditions the velocity gradually de-
creases and most of the flow occurs during the time of maximum velocity.
But under other conditions there is negligible decrease of velocity until
a sudden cessation occurs. In either case using an average velocity of
half the maximum is a poor approximation. The velocity is determined
by pressure applied and hydraulic resistances to flow. None of the
analyses above have considered these factors. ‘Secondly, a constant. heat
flow rate was assumed. In fact, the heat flow was not constant but
varied with time. ‘“i‘his effect caﬁ be large as will be shown.

The second‘approach to the mechanism governing fluidity has
been from the fluid flow standpoint. In 1938 Lips and Nipper27 investiga-
ted the viscosities of melts with various amounts, shapes, and sizes of
solid particles. For a certain size and shape particle there existed a
"eritical" concentration of solid which caused an inordinate increase in
viscosity. This critical concentration was. lower for smaller particles
and for more complicated shapes. These investigators also followed the
freezing procedure of flowing solutions of potassium nitrate in wafer.

(It is interesting that with an equilibrium solid concentration of only 14%
the water solution became mushy and stopped flowing.) The solid was a
White precipitate and could be easily observed. Streams of varying con-
centration of KNO3 flowed identically as long as no precipitate was seen.

The precipitate originated near the tip of the stream and was alwéys
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densest at that péint. The authors concluded that flow was divided into
two sections; the first section had no solid and flow was determined only
by viscosity against the mold wall; the second section had solid particles
and flow was predominantly determined by internal friction due to these
‘particles. Flow ceased when the critical concentration was reached -
this conc_entr'étion depended on size and shape of the solid particles.
This analysis seems quite advanced for the time, 1938; however, it is
baéed on the assumption that solid particles form and flow in the liquid.
As yet this assumption has not been pfoven for solidifying metals.

The first real analysis was made by Ruff in 193645. He measured
velocities and determined friction factors under various conditions. He
concluded that the flow of steel and’ cast iron resembled that of an ordinary
turbulent liqﬁid. He assumed that a stat'ionary wall of liquid and solici

existed next to the mold. Assuming steady state heat flow, he derived:

V 8 (T -Tu) € |
w Cc (Ti-Te) 4rianF

(A5)

where Vw = velocity in the direction of flow of turbulent
molten particles next to the stationary wall
Ts = temperature in stationary zone
Tk = mold wall temperature
€ = thermal conductivity of metal in stationary zone

Varying the parameters Ts - Ty, Ti-Tg, R and € , Ruff plotted the
thickness of the stationary zone, §=R-r, versus Vw. This graph, |
Figure A2, shows that as & increases above 0.2 mm, the velocity de-
creases rapidly. Ruff assigned 6 =.2mm as the end point of flow.

In 1946 Rabinovich41 reviewed Ruff's assumptions and found his

results as concerns friction factors to be in error. Unfortunately,
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Rabinovich's equétion for friction factors is .not correct. However, he
did measure velocity distribution in flowing metals and found metals to
exhibit properties typical of liquids.

In 1953 Rightmire and Taylor44 published an authoritative analysis
of the flow and solidification of iron and steel. Ruff's data for iron and
steel was analyzed and found to correspond to turbulent fluid flow in rough
‘pipes as far as friction factors were concerned. By assuming steady heat
flo‘}v the following equation was derived for fluidity at ""high' superheat:

'H_{ 31(PCV% T! _l_l__'_l_‘h((’c\/c XD[BF&,VL T H’J(Aé)

D_ Kz 1+Z 384 ¥ k| 8Y '*f

where X = coefficient of heat transfer from surface of
~ fluid to mold

p = coefficient of hea‘t transfer for the fluid stream

k = thermal conductivity of the non-fluid metal.
The heat of fusion. ‘do.es not appear in this equation because the theory
provides that the flow stops before éiny appreciable quantity of solid forms.
The frictional force which impedes and eventually stops the flow occurs at
the boundary between the f10wing core and non-flowing wall of metal, the
latter being almost all liquid. The logarithmic terms of equation (A6) go to =
zero and negative values when the relative superheat, T', equals (1+ ¥/8)
or drops below (1+ $/B). Thus equation (A6) holds only when T'D (1+ 8/8).
Since Rightmire and Taylor report expected values of (1+ $/8) to be 1. 01
to 1. 02 for steel, a new analysis for low superheat was needed. They
assumed that flow ceases due only to the increase in viscosity which was
said to increase logarithmically as the temp‘eratur'é decreased to the

melting point. Equation (A7) was then derived for the case of low superheat.

f Fee Ve
__Zl;f___‘("c(l )

(A7)
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Equationé (A6) and (A7) were very advanced at the time although
they are quite applicable today. The following limitations should be men-
tioned: 1) The analysis was made for, and checked by data from, steel
fluidity tests by various inyggtigatprs using widely varying conditions.

Its applicab‘ility to ofher élloys has not been attempted or checked.

2) The heét flow was assumed to be steady, that is independent of time.
After Adam's1 analysis of freezing in molds it is well known that heat
f10§v rate deci'eas’es with time. 3) The analysis for low superheat is
questionable due to the assumed behavior of the viscosity with tempera-
ture. Fisher and Phillips]‘4 have shown that viscosities of Sn, Sb, Cd,
and Pb do not 'increaSe in the manner assumed.

In 1953 Ragone et al. %2 conducted ‘an analysis éf fluidity of pure
metals. By assuming 1) that a solid ring freezes off and stops the flow,
and 2) that heat flow was independent of time, they developed equation (A8)
for fluidity at the melting point: |

| ViR PH Vif PH ,
Li= S o= F(% == =

where F(x) is a modifying function resulting from the applica-
tion of Simpson's Rule to solve numerically differential

equation (A9).

_— Vi
2 [dle) _ :
Ve *(T38) = +'-‘{,4(—-——R; = n‘*) Le -

where r; = liquid metal radius at L= 0.

With superheat, Ragone et al. assumed, as did most others, that an initial

length, Lj, was provided by the metal losing heat till the melting




46

t.em,peratﬁre was reached. Then fluidity proceeded according to equation (A8)
using the velocity, Vi, of the stream at the time the melting temperature

was reached.
I/

L, was determined using the same analysis as Rightmire and Taylor:
. 2
|, - £ 3 feeVh, 1 07 ~
|- _F 6 h (A11)

Equation (All) is identical with the first half of equation (A6). Once Lj was

]

known, Vj could be found using (Al0). Then Ly was the sum of L] and Ly:

| . ViR CH c/wf eH
Lf = Lo+ 2h Tm‘TrF 2h r.,.-Tf)

(Al12) |

Ragone et al. applied Adam's equationl for time-dependent heat flow
in molds such as sand. Using this condition he derived equation (Al13) for
a pure metal at its melting point.

. 2
-L VLR 77" ,(V; R’ﬂ" eH (A13)
{ ' ’P'c/ Tm 'Tr

where G(x) is a modifying function resulting from the application

of Simpson's Rule to solve numerically differential

equation (Al4):

(Al4)
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Unfortunatély two approximations used in equation (Al4) were
derived and validated for the case in which heat flow was assumed inde-
pendent of time. These approximations were 1) that the liquid -solid inter-
face was conical in shape, and 2) that stream velocity decreased linearly
with time. The present work will show that these approximations are not

valid for the case of time dependent heat flow.

[ — e ¢ svem——— - L
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APPENDIX B

DET.ERMINING ENERGY LOST FROM SOLID METAL BEFORE
FLOW CEASES FOR A PURE METAL

Figure Bl shows an expanded cross section of the fluidity s”tr.eam
at the instént ﬂdw ceases. At the completely solid cross section the
solid metal w.ill have lost more benerg’y than at any other cross section.
This analysis is fof a volume of unit length at the solid cross section.
| ' 'From;‘Adamsl foif solidifying cylinders at the instant of final freezing:
Q¢ . _R
QR 4 o B

where Q¢ = heat lost from solid metal

Qg = heat of fusion of solid metal.

Figure B2 shows Qc/CQH as a function of 8; for pure tin in the two

sizes of tubes used in this work. Since only the small size was used for

pure metals, it can be seen that Q¢ is only 2% of Gy if the freezing time
is close to 1.5 sec. In the experimental section of this paper all freezing
times for pure tin were above 1. 4 secs. |

| Equation (Bl) shows that metals with a high heat diffusivity lose
very little heat ffom the solid prior to the cessation of flow. Since tin
has a low heat diffusivity relative to other pure metals, it follows that
other metals will lose-less energy from the solid prior to completion of

- a fluidity run.
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APPENDIX C

EVALUATION OF FRICTION FACTOR

The Reynolds number, NRe’ may be easily evaluated for the por-
tion of the mold channel where there is no freezing on the wall of the

cha.nnel.

Neo = 255 e

Wh.en a layer of stationary metal is adjacent to the mold wall, the

radius of flow is reduced. Egquation (Cl) for any cross-section becomes:

NRe = Z:a\/() | (C2)

Conservation of matter requires that:

mril = TR Ve

or.

/= R - (C3)

2

F

Substituting (C3) in (C2) yields:

| NRe __."3 ij«%P | (c4)

Since R/r is always greater than one, it follows that the minimum
Reynolds number results when r is a maximum or when r équals R; then

e:quétion (C4) reduced to (Cl).
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Figure Cl shows values of NRe from equation (Cl) at the start of
fluidi’.cy tests for typical values of R as a function of Vi' Note that
Vi equals Ve at the start of a fluidity test. According to experience in

turbulent flow, once turbulence is established a transition period is

necessary to eliminate it even though conditions are favorable for laminar -

flow. It is ‘generally considered that a Reynolds number below 2,100 always -

results in laminar flow. Figure Cl shows that initial velocities of over
106 cm/sec always result in turbulent.flow. Ideally this vel‘o;:,ity Corres-
ponds to a metal head of 3.26 cm, but in practice it is somewhat larger
due to energy losses in the initial flow. Even so, metal heads of 5 cm
(about 2 inchesi are much smaller than common practice. Figure Cl
shows Reynolds number for tin in the s;nall fubes used in this research.
The flow may be considered only as turbulent.

The friction factor for turbulent flow depeﬁds on the surface -
roughness and, to a much lesser extent, the Reynolds number. Figure C2
Show,s the relation between friction factor and Reynolds number. For

friction faCtor of 0. 04 and above, there is practically no variation in

friction factor.
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APPENDIX D

HEAT FLOW IN CYLINDRICAL CHANNELS

Figure D1 shows temperature distribution according to the
aséumption that resistance to heat flow arises only at the metal-mold
interface and in the mold itself. At the interface the rate of heat flow

per unit length of cylinder from the metal is:
C& = ZTT'RLL (T "'—T5'¢> (D1)

Using Adams's equation1 the heat flow rate per unit length into an "infinite"

cylindrical mold is:

y T ! '
Cz = 2TK (Tse—'Tr)k [E‘R‘ +J—7;;;J—é:] (D2)

Rearranging so that the temperature terms alone are on the same sides

of (D1) and (D2) and then adding yields:

l
Z?Rh 21RK [_ﬁ- m'?ﬁﬂ

Combining and using «'s= % gives:

(D3)

| (T"'Tr (T"'Tsc)'l'(Tsc T\) CL
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(D4) is a differential equation in terms of Q and 0+ The variables are
separable and the equation may be integrated by simple substitutions.

~For simplification let

A = 2K sec.-":

e (D5)

(+22h

]

Thén {(D4) reduces:to:

| J6n A
aQ = Zﬂ'Rk.(T‘T") Be, +A + Blo, +A_} (D6)

Integration between the limits 0 to @ and 0 to 6y yields:

Q - ZﬂRAB(T—F)[GA + ZA( ‘TA)‘[@: - %{/—é)ﬂ,ﬁffﬁ)}m, (D7)
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APPENDIX E

FACTORS AFFECTING VELOCITY

If 1) acceleration effects are neglected, 2) the pressure at the end

of the metal stream is constant, 3) energy losses occur only in "entrance

loss' and wall frictional losses, and 4) solid (or stationary liquid) forms

‘only at mold walls, then the flow can be related by Bernoulli's equation

for an energy balance:
. 2 Le

A AN ', B oy g Y, (AL
Zl+2f 7L(° —Ze‘it’z-f?l' 2 ¢entzj 7“0 Zj o7

or:

| ‘ Le
Zj(zi 7, + ﬁe'g)= l/e (/f@ng) 7“’]‘-2{?}-/0//. | (E1)

where P = pressure
Z() is height above a datum
1 refers to pouring end of liquid metal system

e refers to the end of the metal stream.
Let 7 = (Z/"Ze + P;;'Pe) (E2)

Conservation of matter requires that volume flow rate be constant
at every point in the mold for a particular time. Then, since the end of

the stream has no solid:

7V - TR
v/_ R - (E3)
V- Ev |

or

P Wramer—— e o Ao e —
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Substituting (E2) and (E3) in (E1) and rearranging yields:

Ve . JXLy / | (E4)

- ' ! ‘ [R4 | Le
// s ¢enz* // 7‘2—-——-(H¢”t) _:’/_;_
o

At the start of the flow Le equals zero (i.e., there is no wall

frictional loss) and Ve equals V;, and (E4) reduces to:

, .
Vi =/ 72 (E5)

/ 7“. ¢ent

Substituting (E5) in (E4) gives:

clLe _ ‘/ | l/c o
Jo [+ 72 [ra e
.Z(l+¢ant)o P
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APPENDIX F

EVALUATING SHAPE OF SOLID -LIQUID INTERFACE
FOR PURE TIN

In order to determine the shape of the solid-liquid interface one
must solve equation (2) which can be solved numerically by an iterative
process. r may be found as a function of time by use of equation (1) and
equation (Fl) which relates the energy removed to the heat of fusion for

the amount of solid metal formed per unit length: |
2
- Q = eHT(R™>-r?) (FD)
For éolving equation (2) numerically, it is modified to:
Vi
% - L Libe a4 (F2)
// + _FfAaL R
0

where AL is the constant control interval,

Schematically the iterative process is represented by flow diagram:

From Vj find Ae, | |From Ve find AGy,
_AL _ AL -
from 4@ =T by Ae; = Vo Sclve
Equation (F2)
’
for new Ve'
. From eq. (1) and (F'1) _ +
find r for each AL.
Le
; 5
4
Evaluate — / ) 2r’
5
Ay

for each AL.
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This loop process is continued until Ve- is reduced to zero. The
start of one solution using this iterative process is shown in Table I.
The results of solutions of equation (2) are shown in Figure F1
which shows the solid-liquid interface for various times for a medium

velocity (Vi: 180 cm/ sAec) fluidity test for tin with no superheat, in

Figure F2 which shows the same except that velocity is low (Vi= 100 cm/sec)

and in Figure F3 which shows the variation of velocity for the conditions of
Figure Fl.
Analysis of Figures Fl and F3 showed that r was a parabolic

function of L. of the type

r- R-KJ/Le-L | (5), (F3)

where K is a function of V. For instance, for the curves of Figure F1:

00045 ' | |
K = — 0.00002 (F4)
Ve -4

Unfortunately the parabolic r‘eiationship breaks down as the ve locity

approaches zero. For equation (F4), the relationship is indeterminant
- when Ve is 4 cm/sec.  Equation (F3) is shown on Figure F1; and the coinci-
dence with the analyzed curves is excellent till @ is at least 1. 06 sec (or

till Ve is about 15 cm/sec).
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. TABLE 1
START OF SOLUTION OF EQUATION (2)
USING ITERATIVE PROCESS
Conditions:
R =0.193cm p' = 2,53 gm/cm3 (Pyrex)
h = 0.18 cal/cm? °C sec piy = 106 cal/cm3 (Tin)
c' =0.228 cal/gm°C f = 0.04
k' =.00295 cal/cm? sec °C/cm ¢ent = 0.95
Vi =180 cm/sec AL =2cm
r B T-T, = 207°C
21> *
L
0 2 4 6 8 10 Ve
o | . 0111 2.7 168
L0111 | . 1917
F 2.7
. 0119 .0230}.0110
. 188 1.917 5.7 157.5
3.0 2.7
.0357 | .0246 | .0127
. 0127 . 1865 | . 188 . 1917 8.8 148.5
3.1 3.0 2.7
.0492 | .0381 | .0262|.0135 :
. 0135 . 184 . 186 . 188 . 1917 12, 15 140
3.3 3.1 3.0 2.7 '
.0635 ] .0524 | .0405 |.0278 | . 0143 15,75 132
. 0143 . 182 . 1836} . 1855 | . 1875 | . 196 _ :
3.5 3.3 3.15 3 2.8 K/\
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APPENDIX G

CALCULATION OF MINIMUM INCREASE OF FLUIDITY
DUE TO SUPERHEAT

Zone I is composed of entirely superheated metal so equation (4)
~ governs the length as a function of time. If it is assumed that an element
of liquid metal of length AL broceeds down the mold channel intact, then
at sucessive intervals the decrease of temperature may be found by use of
é‘quafti[ons (1)- and (9).
The procedure is: 1) find the time for the stream to flow AL,

| 2) determine the element of energy extracted from each AL for this time
(note that Oh is used for this calculation when equation (1) is used),

3) determine the decrease in temperature for each AL, and 4) advance
tAhe stream another A L and start with 1) again. This process is carried
out in Table II, Note that (T -T,) is maintained constant and equal to

Ty - Ty in eqﬁation (1). If the initial metal temperature is not much above
Tm’ then equation (1) i accurate 'enough for these purposes. The maxi-
mum mgtal temperature in Table II is Tyt 19; 08°C. The metal stream

L
has lost its superheat when Lg=5 cm, and the value of T_—e—T— is
: 17 m

0.227 em/°C.
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TABLE II

=CALCUI‘_,ATION OF DECREASE IN TEMPERATURE

FOR SUPERHEATED METAL

Conditions:

R =0.193 cm £ = 0. 04
-0 ' 2 o _
h ooF 0.18 cal/cm® °C sec ¢ent = 0.95
c! = 0.228 cal/gm°C AL =1lcm
o' =2.53 gm/cm?3 pc  =.0.425¢al/cm’
k'  =0.00295 cal/cm? sec °C/cm T-T, = 207°C
A . =180 cm/sec Q = solution of equation (1)
: L{cm)
8(sec) 1 2 3 4 5
op | 0.005
Q |o. 15
0.005| R |0l 15
T | 3.01
0.015 | 0.005
0.4 | o0.15
6. 01 0.25 | 0.15
5.02 | 6.02
0.018 | 0.013 | 0.008
0.5 0.35 | 0.25
0.018 0.1 | o.2 0. 25
2. 01 9.04 | 1l.04
| 0.025 [ 0.02 | 0.015| o0.007
- 0.63 | 0.53 | 0.4 0.2
0.025 0.13 | 0.18 | .15 | 0.2
2. 61 5.62 |12.05 | 15.06
0.032 | 0.027 | 0.022| 0.014| 0.007
0.75 | 0.7 0.6 0.4 0.2
0.032 0.12 | 0.17 | 0.2 0.2 0.2
2. 41 6.02 | 9.64 | 16.07 | 19.08

A ———
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APPENDIX H

- LIMITS OF VALIDITY OF EQUATION (1)

To be valid, equation (D2), which is used to‘deriv'e equation (1),
must be applied only to fnolds which are "infinite'"; that is, heat which
leaves metal and enters the mold 1s inhibited only by the mold and is
never able to 1eéve the mold through any other interface. In these flui-
dity tests the tﬁbe wall is 0. 092 cm thick for the smaller tubes - this
thickness is 'finite" if the oufcsidé wall temperature rises much above
room temperature, because the outside wall is an interface which
"reflects' energy back into the glass. Radiation and convection losses
are consid‘ered hil.

‘To test validity, equation (DZ) is compared to solutions of equa-
| tions for materials of finite thickness. Unfortunately, the later solutions
are not available for cylindrical tubes, so the comparison was made with

plates and slabs. The equation analogous to (D2) for heat flow in an

i : infinite plate is: o | »
Q= AN (Tc-T7)2/8

where A is the area considered.

(H1)

If this heat is absorbed by a hypothetical slab of thickness t, the average

temperature of the slab, Tav’ 1s given by:

QA = FA'tc(m‘ﬁ) (12)

Equating (HIl) and (H2) and rearranging gives:

_ / ,
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Hottel charts29 épplicable to finite slabs heated from both sides

may be used to evaluate the heat into a slab wall heated on one side if the
thickness of the latter is used instead of midplane distance of the former.
Tav-Tr «'fh

The charts then give (1 - T_sﬁ?) as a function of e

In Figure Hl the data from the Hottel chart for the finite slab and

_equation (H3) for an infinite plate are plotted for two thicknesses as a
‘function of time. It can be seen that up to 0.5 secs, equation (H3)
acéurately predicts heat flow; but above 0.5 secs equation (H3) indicates

a greater rate of heat flow than the finite plate can handle.

The time at which this deviation introduces significant errors into
equafion (1) is somewhat longer than the time indicated on Figure HI.
This is so because equation (1) is for cylindrical modls which show more
“infinitenesé” than flat plates of the same thickness and also involve an
interface resistance to heat transfer. It is noted that equation (1) pre,dicté
a time of 2.1 secs for heat séturation of the smaller glass tube, equation (D2)
predicts 1. 39 secs and equation (H3) predicts 1. 3 secs. An arbitrafy limit
to the deviation of the curves of .F'igure Hl1 iS set at iS% difference, which
should be considerably less than 10% for equation ,.(1)' The corresponding
limits of time are about 1; 5 secs for tubes of wall thickness 0.092 cm and

1. 8 secs for thickness 0.1 cm.
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APPENDIX 1

PHYSICAL PROPERTIES OF PYREX GLASS

The density of Pyrex changes negligibly with temperature;
hoﬁever, the heat content and thermal conductivity vary considerably
as shown in Figure Il. It is almost imperative to use an effective
average value for these two properties.

| In order to determine suitable average values, an experiment
was made measuring the freezing times for tin poured between thick
Pyrex glass plates. The freezing times were measured with a thermo-
couple wired to a Sanborn recorder so that short times could be read.
The result is Figure 12.
By using a similar analysis as in Appendix D, equatioﬁ (11) for

glass plate was derived:

Q - Alm-T)2 L[4 (P2 )|

where A is Area

M = [eek

b o

Also the heat lost by the freezing metal to each glass plate is:
't..
Q = AZeH

where 7 is the thickness of metal,

(I2)
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Equating (I1) and (I12) and simplifying:

CH 2 = (2 +) )
4 (Tm=T2) K -6, - kB

X
By using values of T and @ from Figure 12, it soon becomes
apparent that h is very large (over 103) for this experiment. The right side

of equation (I3) reduces to /Gh and (I3) reduces to:

K - /—} o
4 (Tm-Tr) S
From this equation A was found to be 0.0235. The only tempera-

ture for which thé properties of glass satisfy this value for A is 2000C

where:

¢' = 0. 243 cal/gmOC (average of two curves on Figure I1)

k' = 0.00305 c-al/gm‘ sec%C/cm

1

It is reasonable that the effective values correspond to a tempera-
ture in the upper half of the range (Tm - Tr) since all of the heat must pass

through the hottest part of the mold.
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