Finding Boundary Conditions: A Coupling Strategy for the
Modeling of Metal Casting Processes: Part |. Experimental
Study and Correlation Development

MICHAEL TROVANT and STAVROS ARGY ROPOULQOS

A generalized temperature boundary condition coupling strategy for the modeling of conventional
casting processes was implemented via experiments and numerical simulationswith commercial purity
aluminum, aluminum alloy, and tin specimens in copper, graphite, and sand molds. This novel strategy
related the heat transfer coefficient at the metal-mold interface to the following process variables:
the size of the air gap that forms at the metal-mold interface, the roughness of the mold surface, the
conductivity of the gas in the gap, and the thermophysical properties of both the metal and mold.
The objective of this study wasto obtain, apply, and evaluate the effect of incorporating an experimen-
tally derived relationship for specifying transient heat transfer coefficients in a general conventional
casting process. Theresults are presented in two parts. Part | details theimplementation of a systematic
experimental approach not limited to a specific process to determine the heat transfer coefficient and
characterize the formation of the air gap at the metal-mold interface. The heat transfer mechanisms
at the interface were identified, and seen to vary in magnitude during four distinct stages, as the air
gap formed and grew. A semiempirical inverse equation was used to characterize the heat transfer
coefficient—air gap relationship, across the various stages, for experimental data from the literature

and this study.

[. INTRODUCTION

A moderate change in the boundary conditions imposed
at the metal-mold interface in many casting simulations can
severely affect the validity of the resulting numerical predic-
tions. This is especially evident with temperature boundary
conditions defined by heat transfer coefficients for anumber
of reasons. First, temperature boundary conditions are inher-
ently transient during most commercial casting processes.
Heat transfer coefficients are initially high and tend to drop
off at lower temperatures. Second, not one, but several mech-
anisms of heat transfer occur at the metal-mold interface
during solidification and cooling, some of which may or
may not be present at any given time. In addition, the specifi-
cation of atemperature boundary condition is highly depen-
dent on the casting and mold configuration. For instance,
certain metal-mold interfaces will remain in contact, while
others will develop extensive air gaps depending on their
orientation with respect to gravity. Finally, heat transfer coef-
ficients are very sensitive to both mold and metal materials
and the surface characteristics of each. If one wishes to
minimize these errors, the next step toward unification of
the complex phenomena associated with modeling casting
processes is the coupling of boundary conditions among all
related governing equations in a given system. The proper
definition of temperature boundary conditions hinges on
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determining the effect on boundary conditions of certain
process variablesdictated by coupled governing phenomena.

Accurate heat transfer coefficients are hitoricaly difficult to
obtain experimentdly for al points on the metal-mold interface,
especialy when theinfluence of therma contraction isacknowl-
edged. The main focus of this sudy is an attempt to remedy
some of the pitfalls associated with the specification of heet
transfer boundary conditions at the outer boundary of the metal.
The ultimate goal isto dlow the modder to estimate the effect
of changes in the heat loss a the metd-mold interface, and
ultimately to alow the time-dependent hest transfer coefficient
for aparticular metal-mold system to be assessed viaanumerical
correlation, without resorting to a specific experiment. To
achieve this god, the processes that take place a the metal-
mold interface need to be examined. More specificaly, the
transent mechanisms of heat transfer at the interface and the
formation of the air gap between metd and mold must be
understood.

Part | of this study will focus on the following experimen-
tal issues:

(1) todevelop an experimental technique to characterize the
formation of the air gap at the metal-mold interface
during casting;

(2) to develop and refine a unique experimental technique
to determine the heat transfer coefficient at the same
metal-mold interface;

(3) to take a systematic approach (not limited to a specific
casting process) to quantify the heat transfer coefficient—
air gap/thermophysical property/surface roughnessrela
tionship across a varying range of metal-mold systems,

(4) tocorrelatethe heat transfer coefficient—air gap relation-
ship using a semiempirical for al systems, including
data available in the literature; and

(5) to quantify the error in heat transfer coefficient and air
gap measurements.
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Fig. 1—(a) through (c) Development of the air gap at the metal-mold
interface.

A. Air Gap Formation and Heat Transfer at the Metal-
Mold Interface

Considerable attention has been given to measuring the
formation of an air gap at the metal-mold interface during
casting. Early techniqued*?? relied on avariety of different
strategies, including cooling curve inflections, capacitance
sensors, and Vycor probes. Modern techniques for accurate
air gap measurements*~29 rely on the linear variable differ-
ential transformer (LVDT). Details into the development of
the LVDT as an air gap measurement device are described
elsewhere.*l As air gap measurement techniques became
well established, subsequent attention was directed to the
mechanisms responsible for the drop in heat transfer. It was
initially anticipated by Mackenzie and Donald® that the
governing mechanism for heat transport across the gap was
radiation. Ho and Pehlkel'? have shown that conduction and
radiation (but not convection since the gap thickness and,
hence, the Grashof number are minuscule) are both responsi-
ble, and, today, this is the generally accepted view.

Studies have been done for decades estimating the heat
transfer coefficient in a variety of casting systems. Basic
measurements were conducted by Kumar®3 with aluminum
aloys and by Hao* with steel and iron for specific casting
situations. The effect of certain variables on the heat loss at
the metal-mold interface has also received some attention.
El-Mahallawy!*>1¢ examined the effect of melt superheat
and chill material on heat transfer, and Song!*” conducted
similar studies by varying gap gas pressures and mechanical
loads applied to the castings. Heat transfer coefficients have
even been estimated during mold filling by Chiesa.[*®l

B. The Four Stages of Interfacial Heat Transfer

Casting isintrinsically atransient process, and the mecha-
nisms of heat transfer at the interface change during the
solidification process. This can have significant ramifica-
tions for the modeler who fails to take these mechanism
changes into account when estimating heat transfer coeffi-
cients. The changes can be outlined as occurring in stages
as illustrated in Figure 1 with equivalent circuit diagrams.
Note that when one speaks of an overall heat transfer coeffi-
cient, one is referring to a net coefficient incorporating the
sum of al heat transfer mechanisms that determine heat
flow from the outer surface of the metal to the inner surface
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of the mold. Stage | occurs immediately after liquid metal
is poured into the mold and is shown in Figure 1(a). Here,
the only mechanism of heat flow is conduction from the
liquid metal to the mold wall. Note that an interfacial resis-
tance Ry, may exist between the liquid and solid, although
this term is usualy very small for liquid metal-mold
interfaces.

Stage |l is characterized by the solidification of a thin
shell of metal next to the mold wall, asin Figure 1(b). The
mold and metal show intermittent contact at asperities, and
the overall heat transfer scenario becomes quite complex.
Heat flow from the metal to the mold occursvia three mecha-
nisms, and because this flow will take the path of least
opposition, the overall resistance occursin parallel, as shown
inthe equivalent circuit of Figure 1(b). Explicitly, the mecha-
nisms can be described as follows. The first mechanism is
conduction through the contacting asperities. Here, Ry, is
the resistance due to the thickness of the metal asperity
(proportional to the conductivity of the metal and inversely
proportional to the length of the path of heat flow through
themetal asperity). Rysisthethermal contact resistanceat the
asperity interface. Ry istheresistance dueto the thickness of
the mold asperity (proportional to the conductivity of the
mold and inversely proportiona to the length of the path of
heat flow through the mold asperity). The second mechanism
is conduction through the air pockets in between the asperi-
ties. Here, h., isthe equivalent heat transfer coefficient repre-
senting conduction through the air pocket (proportional to
the conductivity of the gasin the gap and inversely propor-
tional to the width of the pocket). Ry, and Ry are the thermal
contact resistances between the metal-air and air-mold,
respectively, and can usually be neglected. The final mecha-
nism is radiation, which occurs between the metal and mold
wall, with h, representing the radiative heat transfer
coefficient.

During stage |1, the roughness that exists at the interface
complicates the estimation of a heat transfer coefficient by
using analytical equations. Some statistical expressions, such
asthose published by Sridhar,*% Yovanovich,!?” and Schnei-
der,?Yl have been derived for the special case where two
surfaces remain in contact under pressure with each other.
In these studies, the heat transfer coefficient between two
surfaces is defined as a function of the harmonic mean of
the conductivities of the mold and metal, the pressure applied
between the metal and the mold, the hardness of the metal
and mold, and the roughness of the metal-mold interface:

Neontact = T(Knarm-means Peontact, hardness, roughnessyface)  [1]

As soon as the pressure between the surfaces drops to zero
(and the slightest gap begins to form), the expressions are
no longer suitable. This instant represents the start of stage
Il (Figure 1(c)).

Stage |11 occurs as the casting first pulls away from the
mold wall forming an undivided air gap between metal and
mold. Here, heat flow occurs via conduction through the air
gap and radiation between the metal and mold surfaces.
Though the metal and mold asperitiesare no longer in contact
with each other, they till dictate the path of heat flow from
metal to mold.

Finally, stage IV is arbitrarily defined as the stage where
the gap grows to a size where the asperities, or surface
roughness, can be effectively neglected in estimating the
flow of heat. This distinction is important in defining the
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analytical expressionsthat oneis permitted to useto estimate
the overall heat transfer coefficient during each stage. For
real surfaces, the following analytical expressions are
applicable:

1

Stagel: h = R [2]

Stage Il: h = hgyae (8510 EQ. [1]) [3]

Stage I11: no expression available [4]

Stage 1V: h = heonggas + Dragiation [5]

_ kar N o(Taaaint + Taodind Tmeaint + Tmodint) (6]
A 1 1

-1

J’_
Emetal Emold

Here, oisthe Stefan—Boltzman constant and € isthe emmisi-
vity of the wall surface.

Alternatively, the assumption that the mold and metal are
“perfectly flat” can be used to simplify the complexity of
the problem. The following analytical expressions define
the problem for a perfectly flat interface:

Stagel: h = 1 [7]
Rry

Stage 11 h = Negract (8]

Stege ”I and IV h = hcond,gas + hra;iiation [9]

_ % 4 o (Theaint T Iﬁwold,int)ELTmetal,int + Troldiint) [10]

+
Emetal Emold

-1

Note that all stages, including stage 11, can be characterized
for flat surfaces. Neglecting the radiative component will
not introduce significant error for low-temperature systems
and small gaps.

[I. SPECIFICATION OF EXPERIMENTAL
APPARATUS

An experiment to correlate heat transfer coefficients to
air gap size is realy two separate experiments conducted at
once. The first experiment requires an examination of the
system on a “therma” basis, and the second experiment
considers the system on a “mechanical” basis. The key
device for analyzing the system thermally is the thermocou-
ple, and mechanicaly, it is the LVDT.

The diameters of the thermocouple wire and the sheaths
used in this study were 0.05 and 0.254 mm, respectively. The
thermocoupleswere contained within hairlike 304 stainless stee!
sheaths with AWG 30 to 0.254 mm o.d.s. K-type modules on
the data acquisition board specified the numerica cdibration
relationships. In the present experiments, the time lag problem
does not become anissue, because the thermocouples ultimately
used possessed aminute wire diameter (AWG 44 to 0.050 mm),
liquid metal has a high heat diffusivity (the ability to heat/
cool a thermocouple tip quickly), and most importantly, the
temperature transients experienced during casting are suffi-
ciently smdl to ensure that no gppreciable lag occurs. A second
issue that requires consideration relates to the errors generated
by the thermocouple at steady state. These errors include the
manufacturer’s limits of error for the thermocouple wire used,
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cold junction compensation error, the anaogue-to-digital con-
verter resolution (significant digits), and error generated by the
converson of thermocouple emf to temperature. The overdl
contribution of these errors can be estimated by examining the
cooling curves at severd known temperature calibration points.
The data acquisition system was used to measure the meting
points of pure water, pure tin, pure lead, and pure auminum.
Upon examining each of the cooling curves, the approximate
error observed was seen to increase with higher temperatures.
The anticipated error asafunction of temperaturewas calculated
by fitting a straight line through the plotted errors. Another
source of error related to the use of thermocouples concerns
the accurate placement of the thermocouple beads. Thermocou-
ple bead placement error was minimized by specifying that the
mold be manufactured within minima tolerances (£0.2 mm
for drilled holes). Thistolerance was verified usng a Mitutoyo
Model CD-6BS digitd cdliper. The strategy of adopting minute
diameter sheaths minimizes any error associated with thermo-
couple conduction, as suggested in the NANMAC Temperature
Handbook.[? 1n addition, because the thermocouples are only
used to messure reldive temperature differences, if a small
error is present, it will be factored out when the difference in
temperatures is calculated.

The two LVDTs used in this study were identical Schaevitz
model 100DC-D LVDTs with nomina linear ranges of 6 mm
using the manufacturer’s recommended CALEX Model 21550
15VDC Power Supply. Four main sources of error were identi-
fied and properly quantified: nonlinearity error, stability error,
resolution error, and relative connecting rod expansion error.
The nonlinearity error for the Schaevitz modd 100DC-E LVDT
is 0.25 pct of full range (manufacturer’s specifications), which
corresponds to an error of +0.015 mm. The stability error
relates to the excitation circuitry and was specified as 0.125 pct
of full range (manufacturer’s specifications), or +0.0075 mm.
For the LVDT, the resolution error is only limited by the elec-
tronics used to carry sgnds to the data acquisition system. In
our case, for a 14 bit A/D converter, this results in an error of
about +0.00003815 mm, which is not in the vicinity for being
acausefor concern. Therelative connecting rod expansion error
is estimated to beless than one one-hundredth of amillimeter.™

A. Calculating Heat-Transfer Coefficients from
Thermocouple Data

In order to calculate heat transfer coefficients during cast-
ing, one of two techniques can be employed. The first tech-
nique involves measuring temperatures in the bulk mold
and metal at various internal points and using an inverse
technique to estimate the surface temperatures and tempera-
ture gradient. This is known classically as the inverse
method.[?3?4 The energy balance technique, alternatively,
attempts to monitor the temperatures at the inner and outer
surfaces of the interface and a short distance into the mold
to calculateagradient. By performing an approximate energy
balance at the interface, for small Ar,

Oconv,int = Ocond,int [11]

Trnotcine — Trotc
hint(TmetaI,int_TmoId,int):kmold( molains Armdd'(mt m)) [12]

_ I<'mold (Tmold,int - Tmold,(int—Ar)) [13]

hint -
Ar Tmetal,int - Tmold,int
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In comparison, the inverse technique is very stable but is
computationally more intensive and has a slower response
time (since any heat change must penetrate to the first
embedded thermocouple to be detected). The heat balance
technique can be more erratic at times, yet it isvery efficient
and has a fast response to changes in heat flux. In this study,
the heat balance technique is employed.

B. General Experimental Procedure and Apparatus

A graphite crucible was packed with solid slabs of metal
and placed within a Bradely coreless induction furnace. The
furnace was used to melt the metal and elevate its tempera-
ture to 800 °C for auminum and aluminum alloys and 400
°C for pure tin. These superheats were specified relatively
high to allow for sufficient time in transferring the liquid
metal to the mold for pouring. Thus, the pouring temperature
was assumed to be about 750 °C for a uminum and aluminum
aloys and about 350 °C for tin. When the desired superheat
was reached, the power of the induction furnace was turned
off to minimize any electrical interference between the fur-
nace and the data acquisition system. The graphite crucible
was raised from the furnace using a pair of tongs and placed
on the pouring pocket of the special tilt apparatus. The mold
was filled immediately within about 3 seconds, and any
transient mixing subsided within a second or two. The metal
was allowed to cool for at least 250 seconds as the thermo-
couples and LVDTs collected data every 0.5 seconds. The
analogue signals from the thermocouples and LVDTs were
sent to a uMac-6000 data acquisition systeml® and ulti-
mately to a PC host for permanent storage. The uMac-6000
contains its own dedicated CPU and is programmed via
uMac Basic. The data acquisition system, with 14 bit resolu-
tion, was more than adequate for our purposes. The bottom
of the mold was constructed with a thin base of the same
material as the mold walls (to maintain uniform structural
continuity during expansion), and ultralow thermal diffusiv-
ity insulation was placed immediately below the thin base
(to supply a sufficient insulating effect).

Studiesfrom thework of Vicente-Hernandez,?® Bellet,[?7)
and Gunasegaram!®® indicated that experimental tempera-
ture and LVDT readings taken in a cylindrical mold, with
a casting bound at the axis of symmetry, did not differ
according to the # angle (around the axis of the cylinder)
for agiven radia position. These studies employed multiple
LVDT setupsto confirm the radial symmetry of the cylindri-
cal geometry. Thus, the preferred orientation was selected
with both LV DTs on the same side of the casting, one dlightly
above the other. Three independent trials were conducted in
the same metal-mold system in this study to further validate
this assumption. In the worst case, symmetry error will not
exceed the ratio of the pin diameter to the casting diameter,
which trandates to 0.75 cm/6 cm or 12.5 pct error for the
sand mold and 0.5 cm/6 cm or 8.3 pct error for the graphite
and copper molds.

The mold interior thermocouples were placed in precision
drilled holes, with the mold interface thermocouple less than
a millimeter from the inner mold wall. The holes drilled to
house the thermocouples (and, hence, the thermocouples
themselves) were of minimal diameter so as to cause the
least possible disruption to the resulting thermal field in
the mold wall. The technique used to properly place the
thermocouple measuring the metal outer temperature
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Fig. 3—Mold dimensions for sand casting.

required adopting auniquetrick perfected after several trials.
The thermocouple was passed into a hole drilled completely
through to the inner wall of the mold cavity until the thermo-
couple tip protruded just enough into the mold cavity to
alow the liquid metal to weld the tip to the outer wall of
the casting. The thermocouple was alowed to dide freely
S0, as the casting contracts, it pulled the thermocouple with
it. Here, the proper positioning of this thermocouple could
be verified afterward via an inspection of the cast surface.
The thermocouples were spring loaded to ensure that, as the
mold expanded and contracted, intimate contact between
the thermocouple and the mold would be maintained. A
schematic of thefinal experimental setupisgiveninFigure?2.

For sand molds, the use of insulation was not practical
(since sand is a good insulator itself). Thus, the dimensions
of the mold were extended by afactor of 2 in the zdirection.
The mold dimensions for sand are given in Figure 3. The
dimensions for graphite and copper molds are about half
the height of those shown for sand with a 0.5-cm diameter
pin hole, but otherwise are identical (i.e., inner diameter of
6 cm, outer diameter of 20 cm, and height of 30 cm). The
experimental trialswere conducted without the use of washes
at the mold inner surfaces. No welding occurred, as the
aluminum did not readily diffuseinto the copper wall during
the time it was in its liquid state.

C. Check for One Dimensionality of the System

As mentioned previoudly, the requirement of one-dimen-
siona heat flux radially outward is essential for obtaining
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Fig. 4—Modeled cooling histories of a cylindrical casting.

Tablel. Order of Experimental Trials

1 pure aluminum casting graphite mold
2 pure tin casting graphite mold
3 A356 aluminum casting graphite mold
4 pure aluminum casting sand mold

5 A356 aluminum casting sand mold

6 pure aluminum casting copper mold
7 A356 aluminum casting copper mold
8 A206 aluminum casting copper mold
9 aluminum 4 wt pct copper casting copper mold

meaningful results. Eventually with time, despite efforts to
change aspect ratios and insulate, end effects will cause
the system to behave two-dimensionaly. Idedly, one has a
limited time in which to take temperature measurements,
after which the datawill begin to show appreciable departure
from one-dimensionality. Usually, this can be seen when the
normally monotonically decreasing val ue of the heat transfer
coefficient startsto increase, but thisisnot areliable measure
by any means.

To solve this problem and estimate the duration of “one-
dimensional conditions,” a numerical model to the conduc-
tion problem in a cylinder considering only the thermal
properties and the geometry of the metal-mold system was
employed. The results for aluminum cast in a graphite mold
are shown below in Figure 4, where

T-— Tambient
T = — S0 14

Tinitia — Tambient [14]
is the dimensionless average temperature of the casting,
equal to 100 pct at initial pouring and equal to O pct at room
temperature. Note that at T* = 85 pct, the temperature
isocontours are essentially vertical at the top axis of symme-
try (where experimental measurements aretaken), indicating
that heat flow is radially outward, perpendicular to the iso-
contours. This pattern continues strongly until T = 30 pct,
which isthe last point where our 1D approximation is good.
If one continues beyond this point, two-dimensional effects
become apparent soon afterward at T* = 20 pct, with a
change in the slope of the temperature isocontours at the
top axis of symmetry. For aluminum/graphite systems, this
corresponds to about 500 seconds, which is reduced to 250
seconds to be completely safe.

1. EXPERIMENTAL RESULTS

The material combinations used in the experimental trials
are given in Table |. The metals are essentially aluminum
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Fig. 5—Heat transfer coefficient and air gap size measurements for the
aluminum-graphite system.

aloys, with tin used for comparison purposes. The molds
were selected based on their average thermal diffusivities
(equal to the mold thermal conductivity divided by the den-
sity and specific heat), which ranged from extremely high
to very low (1.1 X 10~* m?s for copper, 6.8 X 10°° m?/s
for molded graphite from lampblack, and 6.6 X 107 m?/s
for green sand). Thermal diffusivity determines the type of
temperature profile one would expect in the metal and the
mold. This profile can range from cases where the casting
can be treated as a lumped mass soon after pouring, as with
sand molds, to cases where the gradients in the casting are
greater than those in the mold, as with copper molds. Trials
with A206 were accompanied by trials with a two-phase
dloy, auminum 4 wt pct copper (smilar to A206), for
comparison. The surface roughness of the molds was esti-
mated as 1.5 um for copper, 5 um for graphite, and 500
um for sand.[2930:31

A. The Aluminum-Graphite System

The first system considered was the aluminum graphite
system. In Figure 5, a combination plot of the measured
variables during the early stages of the casting is shown;
one can notetheinverse relationship betweenthe air gap size
increase and the overall drop in the heat transfer coefficient.
Initially, the drop in the coefficient is steep during the forma-
tive stages of the gap. This suggests that the heat flux from
the casting is sharply reduced from the moment the air gap
forms at the transition from stage |1 to stage I11. Subsequent
increases in the air gap size continue to decrease this heat
flux but not with the sameintensity asat the moment of initial
formation. This observation makes perfect sense because
the extreme insulating nature of air will naturally show an
immediate jump in resistance to heat flow through the gap,
even at very small thickness, and a lower increase in resis-
tance with a change in thickness during stage I11.

In Figure 6, the magnitude of the heat transfer coefficient
is plotted against the size of the air gap, and the analytical
solution for a perfectly flat interface based on Egs. [7]
through [10] isshown for comparison. Theanalytical expres-
sions adopt the temperature varying thermal conductivity of
airt® and the emmisivities of each metal and mold surface.
The experimental curve can be broken into three zones of
different slope from stages 11 to IV. Stage Il involves asharp
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Fig. 6—Heat transfer coefficient—air gap size correlation for the aluminum-
graphite system.

drop in heat transfer coefficient before the air gap has begun
to form. Resistance to heat flow increases greatly despite
no appreciable gap formation. Here, the contact heat transfer
coefficient term hgnaee iN EQ. [3] can be thought to be pro-
gressively decreasing. Equation [7] for perfect surfaces
approaches infinity as the air gap approaches zero. For red
surfaces, thislimit is never reached, and the roughness pres-
ent between real surfaceswill prevent Eq. [7] from predicting
a representative value for the heat transfer coefficient. The
transition from Eq. [2] to [4] for a real surface will occur
not at an instant, but over a range, which can be observed
as a change in the slope of the curve in Figure 6 as the air
gap grows from aminute size to about 0.06 mm. Thistransi-
tion zone represents stage 111.

During stage 1, it is believed that two competing factors
are most influential in atering the magnitude of the heat
transfer coefficient at the interface: the thickness of the air
gap and the degree of surface roughness relative to the air
gap size. The air gap size has an inverse effect on the heat
transfer coefficient, and the roughness has an effect that is
strongest at extremely small gap sizes and diminishes as the
gap size becomes larger. This trend is evident in Figure 6
as the difference between experimental and analytical solu-
tions is seen to diminish with increasing air gap size.

The curve appears to enter stage |V at larger gap sizes
(>0.06 mm). The “roughness aspect ratio” (the size of the
surface roughness peaks relative to the magnitude of the air
gap) no longer changes as drastically as it did when the
air gap size approached zero. Thus, the transient effect of
roughness becomes more and more negligible for larger air
gap sizes asthe surfaces behave more and more as “ perfectly
flat” surfaces. If the air gap continuesto grow, it will eventu-
ally reach a magnitude where the roughness of the surfaces
can be neglected, and Eq. [5] can be used to estimate the
heat transfer coefficient more accurately. This study will
concernitself with characterizing the heat transfer coefficient
at timeswhen the surface roughness cannot be neglected. The
three-zone change in slope pattern has also been observed by
other researchers, Gunasegaram®® and Bellet,[*” in other
metal-mold systems. For each correlation plot in this study,
the slope of the curve during stage Il is greater than during
stage I11, which in turn, is greater than during Stage IV.

The equivalent plotsfor each metal-mold system are given
in Figures 7 through 23. In graphite molds, A356 exhibits
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Fig. 7—Heat transfer coefficient and air gap size measurements for the
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Fig. 9—Heat transfer coefficient and air gap size measurements for the
tin-graphite system.

different solidification/air gap formation behavior than pure
aluminum; most of that behavior difference can be attributed
to the existence of a mushy zone and to the fact that A356
experiences less thermal contraction than pure aluminum.
Tin was the only nonaluminum casting material examined,
chosen for its tendency to form small air gaps, as seen in
Figure 9. Notwithstanding this scatter, upon closer examina
tion, oneis able to distinguish the stages here as well in the
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Fig. 10—Heat transfer coefficient—air gap size correlation for the tin-graph-
ite system.
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Fig. 11—Closeup of heat transfer coefficient—air gap size correlation for
the tin-graphite system.
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Fig. 12—Heat transfer coefficient and air gap size measurements for the
aluminum-copper system, trial |.

closeup plot of Figure 11. The size of the air gap remains
small so only stages Il and Ill are observed. Therefore,
the analytical curve (stage IV) is completely inadequate in
predicting the heat transfer coefficient, as is obvious from
Figure 10.

In copper molds, the three trials conducted with pure
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Fig. 13—Heat transfer coefficient—air gap size correlation for the alumi-
num-copper system, trial I.
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Fig. 14—Heat transfer coefficient and air gap size measurements for the
aluminum-copper system, trial I1.
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Fig. 15—Heat transfer coefficient—air gap sizes correlation for the alumi-
num-copper system, trial 1l.

aluminum produced highly repeatable data. In each trid,
the difference between experimental data and the analytical
expression is drastically reduced compared to the graphite
mold trials. Thisisalogical observation, since the average
roughness of polished copper (1.5 um) was over an order
of magnitude smaller than the average roughness of the
graphite (20 um). Similar differences to those observed
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Fig. 16—Heat transfer coefficient and air gap size measurements for the
aluminum-copper system, trial I11.
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Fig. 17—Heat transfer coefficient—air gap size correlation for the alumi-
num-copper system, trial Il1.
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Fig. 18—Heat transfer coefficient and air gap size measurements for the
A356-copper system.

between A356 and pure aluminum cast in graphite molds
were also evident between pure aluminum and the alloys in
copper molds. This difference may again be attributed to
the mushy zone effect in aloys and higher error than in the
pure aluminum-copper system.
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Fig. 19—Heat transfer coefficient—air gap size correlation for the A356-
copper system.
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Fig. 20—Heat transfer coefficient and air gap size measurements for the
A206-copper system.
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Fig. 21—Heat transfer coefficient—air gap size correlation for the A206-
copper system.

IV. CORRELATION DEVELOPMENT

The heat transfer coefficient at the metal-mold interface
of a solidifying casting contracting from the mold wall is a
function of several parameters, as shown in Figure 24. The
width of the air gap is the most dominant variable and has
been stressed up to this point. Additionally, the thermophysi-
ca properties of the metal and the mold can affect the
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Fig. 22—Heat transfer coefficient and air gap size measurements for the
4 wt pct Cu aluminum-copper system.
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Fig. 23—Heat transfer coefficient—air gap size correlation for the 4 wt pct
Cu aluminum-copper system.
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Fig. 24—Most significant variables affecting the heat transfer coefficient
at the metal-mold interface during casting.

equivalent heat transfer coefficient in two ways. Firgt, the
metal and mold thermo-physical properties influence the
temperature of the metal and the mold interfaces at any
given time during solidification. The temperatures of these
interfaces can affect the thermophysical properties of the
gas in the gap causing heat to flow out of the mold at
different rates. Second, a change in surface temperatures
will influencethe rate at which heat islost viaradiation. This
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effect will become increasingly influential only at higher
temperatures because heat flux due to radiation variesto the
fourth power of temperature. The effect of thermophysical
properties on the proposed general correlation is discussed
in detail in Part 1l of this study. Radiation constitutes a
maximum of about 5 pct of the overall heat transfer coeffi-
cient value in auminum castings and far less in tin, so it
can safely be neglected in these systems. The thermophysical
properties of the gas in the gap (or, more importantly, the
conductivity) will greatly influence the heat transfer coeffi-
cient, as heat will conduct through the gap from metal to
mold surfaces. The influence of this variable is not explored
in the present study, since al of the work is conducted
with asingle gap gas, i.e., air. The thermophysical property
variation of air with temperature, however, is considered.

The metal-mold interfacia roughness, a measure of the
initial roughness of the mold inner wall prior to casting, will
further effect the heat transfer coefficient. Initially, when the
mold and metal surfaces are in contact, the roughness of the
metal-mold walls can add considerably to the equivalent
resistance of the interface. After a gap begins to form,
roughness will still have an important effect, as rough
“peaks’ jutting out of either the metal or the mold will act
as fins, distorting the paths available for the flow of heat.
This effect is accounted for in Part 11.

Other variablesthat can generally influence the heat trans-
fer coefficient (but can be neglected in the metal-mold sys-
tems examined in this study) include the emmisivities and
hardness of the mold and metal walls and the pressure at
the metal-mold interface. The emmisivities become influen-
tial in higher temperature systems, such as steel castings,
wheretheradiative component of the heat transfer coefficient
is significant. The hardness of the metal and mold walls and
the pressure at the interface will become influential only in
cases where the mold and metal surfaces contract toward
each other (i.e., a mold cores), and no air gap forms.

Though the magnitude of the air gap size undoubtedly
plays a dominant role in determining the overall heat trans-
ferred from metal to mold (because it represents the greatest
single source of resistance), neglecting the effect of the other
variables can render comparative studiesineffective. Casting
in a hydrogen environment, for example, instead of air can
increase the heat transfer coefficient fourfold, as noted by
Campbel .33 Indeed, a patent already exists for this process.
Whereas unwanted variables can be kept constant for a par-
ticular trial, a set of correction factors is needed to extend
results to other systems where these variables change
significantly.

B. Correlation of Experimental Data

Having established the most general form of the equation
for the heat transfer coefficient at the interface as

HTC = function (air gap size, roughness of mold surface,
conductivity of gasin the gap, thermophysical prop-
erties of the metal, thermophysical properties of the
mold, emmisivity of the metal and mold walls, hard-
ness of the metal and the mold, contact pressure at
the metal-mold interface)

[15]

and, by neglecting the variables that are not influential for
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low-temperature (< 800 °C) casting process where a gap
forms, this equation reduced to

HTC = function (air gap size, roughness of mold surface,
conductivity of gasin the gap, thermophysical prop-
erties of the metal, thermophysical properties of
the mold)

[16]

A specific functional form for the relationship can be formu-
lated to correlate both experimental data from the present
study and data available in the literature. Unfortunately, the
literature data did not include all of the essential variables
of EQ. [16] for comparison. As a result, the correlations
devel oped inthis section will adopt asemiempirical relation-
ship based on the dominant variable of interest, the air gap
size. The relationship will allow comparisons to be made
between a wide variety of studies. Part Il will present a
more general analysis based on the complete set of defined
variablesin Eq. [16]. Theform of the equation was chosen as
1

HTC k-A+r+C [17]
Though partially empirical, Eqg. [17] can be used to bridge
the void in estimating HTC between stages Il and 1V
described by Egs. [3] through [6]. Since stage Il cannot be
mathematically defined, Eq. [17] serves to approximate the
transition between stages Il and |V by approaching Eq. [3]
for stage Il as A approaches 0 and Eq. [6] for stage IV
as A approaches infinity. The egquation accommodates the
dominant air gap size variable and alows for variations in
roughness, radiation, and other uncontrolled variables pres-
ent between differing literature studies to be “absorbed” by
the k, r, and C constants. The greater the effects of these
variables, the more the constants k, r, and C will differ from
trial to trial.

The variables k, A, r, and C are input with the units W1
m? K mm~%, mm, W= m? K, and W m~2 K™%, respectively.
The coefficients r and C can be negative in the correlation
because these values represent the “calibration” parameters
used to fix the inverse relationship to its maximum (initial)
and minimum (final) vaues. The coefficient k must never
be negative because this parameter determines the influence
of an increase in air gap size on the resulting heat transfer
coefficient. A negative k value would imply the heat transfer
coefficient is increasing with an increase in air gap size.

The correlations from the experimental work of this study
are presented in Figures 25 through 31 and are summarized
with respect to previous literature studies in Table Il. The
valuesin bold were obtained from data in the literature. The
results from many of these experimental trials indicate that
the value of heat transfer coefficients and air gaps measured
can vary substantially from trial to trial where experimental
procedures are not conducted inaconsistent fashion. Equiva-
lent measurements in three-dimensional systems are further
complicated by several factors, including a superposition of
effects in the vicinity of adjacent walls and the need for
precise tracking of the air gap along each metal-mold inter-
face. The use of a numerical model becomes essential with
these complicated geometries.

V. SUMMARY AND CONCLUSIONS

In this study, an investigation to determine the most influ-
ential factorsresponsiblefor inducing achangein thecooling

84—VOLUME 31B, FEBRUARY 2000

3000 T "———— T T T
Correlation Coefficient = 0.9305

r=6.14x104 .
k =0.064
Cc=131

1500 J

T

2500

T eT TeTe

2000

Regression Equation

\.‘\i/ Experimental Data Points 7

1000 F

500 |

Heat Transfer Coefficient (W/m%/K)

[1) SUPRRFN ST S RS S R S
0.0e+00 2.0e-05 4.0e-05 6.0e-05 8.0e-05 1.0e-04 1.2e-04

Air Gap Size (m)

Fig. 25—Correlation plot for commercial purity aluminum cast in agraph-
ite mold.
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Fig. 26—Correlation plot for A356 aluminum alloy cast in agraphite mold.
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Fig. 27—Caorrelation plot for pure tin cast in a graphite mold.

rate of a casting was undertaken. The formation of an air
gap at the metal-mold interface was isolated as the most
significant variable, and a systematic approach (not limited
to a specific industrial process) was undertaken to quantify
the heat transfer coefficient—air gap relationship across a
varying range of moldswith varying thermophysical proper-
tiesand surface roughness. The experimental work necessary
for implementing the boundary condition coupling strategy
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Fig. 28—Correlation plot for commercial purity aluminum cast in a cop-
per mold.
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Fig. 30—Correlation plot for A206 aluminum alloy cast in a copper mold.

was described, and it was observed that heat transfer coeffi-
cients and air gap sizes could be more accurately measured
using experimental techniques designed and optimized in
this study.

Error analysis was used to confirm the reliability of the
experimental results and identify significant limitations. The
expected inverse relationship between the wall heat transfer
coefficient and the air gap was observed for al metal-mold
systems. Also noted was the intense reduction in the overall
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Fig. 31—Correlation plot for A1-4 wt pct Cu aluminum aloy cast in a
copper mold.

heat flux out of the casting with the initial formation of the
air gap, an important consideration for mold designers. A
semiempirical inverse equation of the form htc = [(L/k - A
+ r) + C] was found to best characterize the relationship
between the heat transfer coefficient and air gap for all
metal-mold systems considered. This equation accounted for
the uncertainty present when the surface roughness asperities
are of similar magnitude to the air gap size. Previous compa-
rable documented studieshad relied on at | east three different
straight-line segments, fit from data obtained by means of
aprocess specific experimental setup. Thegeneral heat trans-
fer coefficient equation was aso applied to data from the
literature, and it was determined that this inverse function
was able to accurately describe the relationship. Part 1l of
this study will apply the findings of this work to complete
the coupling strategy.

NOMENCLATURE

air gap width in air gap correlations, mm

consIaInI in the air gap correlations, W m~2
K-

expansion rod error, m

heat transfer coefficient, W m™2 K1

heat transfer coefficient, W m=2 K~*

conductivity, W m~! K~! or conductivity
related parameter in the air gap correla
tions, W™ m? K mm™1

nonlinearity error, m

any variable of interest

pressure, N m—2

r coordinate or resistivity related parameter
in the air gap correlations, W1 m? K

thermal resistance, W2 m? K (for the heat
transfer equations) or A/D resolution
error, m

stability error, m

temperature, K

x coordinate

Greek Symbols
€ emmisivity (for the heat transfer equations)

o Stefan—Boltzman congtant, 5.67051 X 108 W
m2K-*

m O>»

tc (HTC)

pu) <4 Foy= =

X 4w
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Tablell. Summary of Experimental Results and Correlations

System Stage 11 Stage |11 Stage IV
Metal/ Nimaximum Ninimum Maximum Effectiveness of Eq. Effectiveness of Eq. Effectiveness of Eq.
Mold* Wm2K™) (Wm2K™Y) Gap (mm) [1MaA=0 [17] at Int. A [17] at Large A
Al/graphite 2400 250 0.1 good good good
A356/graphite 1700 400 0.04 good good poor
Sn/graphite 900 170 0.01 good good good
Al/copper 5000 600 0.25 good good fair
5000 2000 0.03 poor good poor
2400 100 4.6 good good poor
*coating 3200 200 0.05 poor good good
A356/copper 3200 500 0.12 good good good
A206/copper 2500 400 0.1 good good good
Al-4 pct wt Cul/copper 2800 400 0.1 good good good
Al alloy/copper 8000 1000 0.015 good good good
Al dloy/copper* coating 3000 400 0.07 good good fair
Al aloy/steel 400 100 0.5 fair good poor
Al dloy/steel 260 100 0.37 good good poor
Al aloy/steel 10000 1700 0.03 poor good good

* Datain bold indicate values derived from the literature data.

Subscripts
cond conduction

conv convection

harm harmonic

i ith direction, coordinate

int interface

T1 through identifiers for thermal resistance terms
T6

Superscripts
* dimensionless
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