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Abstract

The external heat transfer mechanisms acting on the external mold surfaces for equiaxed casting processes are very complex. The
mechanisms are multi-mode, transient, and nonuniform, consisting of very complex radiative and convective definitions. In this work,
areal-life mold, SGT6-5000 FD 3/4 Blade 4 cast in Alloy-247, was instrumented with thermocouples and temperature readings were
recorded throughout the entire casting sequence of events. Analytical models based on the first law of thermodynamics, Fourier’s law,
Newton’s Law of Cooling, and diffuse gray radiation for an N-sided enclosure were developed to use the thermocouple data as input
to back calculate the emissivity of the mold, as well as the spatially varying heat transfer coefficients for a number of local regions.
The derived external heat transfer mechanisms are presented as transient Biot numbers. The derived emissivity and nonuniform
heat transfer coefficients for these surfaces were then validated in ProCAST numerical simulation by comparing the external mold
temperature profiles. An extensive iterative, curve fitting, extrapolating, and averaging procedure was exercised to derive an expres-
sion for emissivity across the entire temperature range associated with the casting process. The predicted temperatures on the nodes
corresponding to the thermocouple locations agree within reasonable error with the experimental data. The model also qualitatively
predicted the shrinkage porosity detected via x-ray imaging for this casting. The current study confirms the hypothesis of previous
work by the current authors with respect to the transient nonuniform boundary condition concept. Unique values of heat transfer
coefficients were observed at different vertical positions along the airfoil. The analytical models were also able to capture phenom-
ena associated with specific sequences of the casting process. This work provides the analytical models, and procedure, needed to
derive these spatially varying conditions. The current authors contribute to the intellectual know-how of the large gas turbine casting
industry which by other foundries is considered highly proprietary and strictly confidential. This paper should be used to set the pre-
cedence for how foundries derive and validate the external boundary conditions used in solidification process modeling.
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1. INTRODUCTION conditions, the model predictions correlated well with the
real-world data. The biggest inconsistency with the correla-

The external heat transfer coefficient and emissivity defini- tions found in the literature and the actual scenario was with

tion in solidification process modeling are parameters that are
either over-looked or considered highly confidential within
foundries. This work is an extension to the previous work of
the current authors [1]. In the previous work, an extensive lit-
erature review was performed, and the correlations provided
in the literature were used to define the transient nonuniform
boundary conditions. Several assumptions were stated for jus-
tifying the application of these correlations. Although many
assumptions were made in defining the external boundary

respect to the initial condition. All the previous work found in
the literature had an initial condition where the surface and
ambient temperatures were the same, hence the surface and
surrounding air heated up simultaneously. The actual scenario
has an initial condition where the surface and ambient tem-
peratures are not the same, a very hot surface is immediately
exposed to cool ambient air. The next most critical inconsis-
tency was with the surface condition, where all the correla-
tions either used a constant surface temperature or constant
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heat flux boundary condition. In investment casting no surface
ever has a constant condition and one would expect different
transient behavior in this scenario. Therefore, this work pres-
ents experimental data and analytical models which are vali-
dated numerically with the ProCAST FEA simulation package,
which has an uncommon initial condition and a transient spa-
tially varying surface condition.

It is known that the natural convection heat transfer coef-
ficient depends on several geometrical, surface, and ambient
parameters. The heat transfer coefficient associated with nat-
ural convection is arguably the most complex heat transfer
mechanism for investment castings. The driving mechanism
for natural convection are the buoyancy forces which are
caused by the density gradient normal to the surface result-
ing from the temperature difference between the surface and
the surrounding ambient air. With colder, heavier, and higher
density, air molecules will drop under gravity and with hotter,
lighter, and lower density, air molecules will rise. This bulk
motion of air molecules dropping and rising is the buoyancy
force which drives natural convection.

The reader is referred to Gebhart [2] for a conceptual over-
view of natural convection and its applications. The Grashof
number [3] represents the ratio of buoyancy forces to viscous
forces. This dimensionless number is proportional to the char-
acteristic length by a power of three, Equation (1).

or, - PIT)E M
A%

where:

g - acceleration of gravity [m/s?],
B - coefficient of thermal expansion [K™],
- surface temperature [K],

T

TO: - ambient temperature [K],
L - characteristic length [m],
v - kinematic viscosity [m?/s].

The Grashof number is also one of the dependent variables
for many natural convection Nusselt number correlations.
The dependency is typically captured by the Rayleigh number
which is simply the product of the Grashof number with the
Prandtl number. In work by [1] several of these natural convec-
tion correlations are presented which are typically in the form
of a coefficient multiplied by the Rayleigh number to some
power. The coefficient and the power of the Rayleigh number
are unique for each natural convection mechanism. The reader
isreferred to [1] for examples of these various Nusselt number
correlations. Therefore, locally we expect to have a unique heat
transfer coefficientfor aunique characteristiclength. Hence, the
natural convection heat transfer coefficient will be a function of
vertical height. Ostrach [4] was the first to obtain a numerical
similarity solution to the coupled, nonlinear ordinary differ-
ential equations resulting in a correlation of Nusselt number
as a function of Grashof number for various Prandtl numbers.
The correlation is applicable to constant surface temperature
laminar flow. Sparrow and Gregg [5] derived Nusselt number
correlations by similarity solutions for a constant surface flux
condition. They found that the Grashof number was propor-
tional to the surface heat flux. Eckert [6] used an approximate

integral solution for laminar flow over a constant temperature,
vertical, and semi-infinite flat plate to derive the Nusselt num-
ber correlations. The derived correlations by [6] align very
closely with those derived by [4]. Bayley [7] used a two-lay-
er, laminar sublayer and a constant turbulent diffusivity layer
temperature model to derive Nusselt number correlations for
turbulent flow over a vertical, constant surface temperature,
on a semi-infinite flat plate. Vliet and Ross [8] used experimen-
tal heat transfer data to develop a Nusselt number for constant
surface heat flux condition for vertical and inclined plates. The
vertical plate Nusselt number derived by [8] is almost identical
to that derived by [7] for gases. Vliet and Ross [8] also uncov-
ered some interesting phenomena with respect to the inclined
plate. They concluded that the transition distance decreased
for increasing angle with the vertical vector for unstable case
(inclined upwards facing) and increased with increasing angle
for stable case (inclined downwards facing). They found that
the Nusselt number was independent of angle for the unstable
case for angles up to 30 degrees and that for the stable case
the gravity component should be modified by cosine square
of the angle for angles up to 80 degrees. For the unstable case
the buoyancy component is in the direction away from the sur-
face and could lead to flow separation. The available literature
is quite extensive and also covers horizontal cylinders [9-12],
vertical cylinders [13-15], differently oriented cubes [16], and
horizontal flat plates [17-19].

Another important convective mechanism which is appli-
cable to the investment casting process is mixed free and
forced convection. During the mold transfer from pre-heat
oven to furnace, the mold is translating horizontally in space
and may also be rotating right side up. Depending on the
speed and size of the mold, mixed convection could certainly
have an impact on mold temperature drop from mold trans-
fer event to mold pouring event. This phenomenon has also
been extensively investigated [20-28]. One thing all the pre-
vious work cited have in common is that the Nusselt num-
ber is a function of some characteristic length through the
dependency on the Grashof number. Therefore, the current
work seeks to define a relationship between the heat transfer
coefficient and the characteristic length, specifically vertical
height.

This work provides the guidelines of an experimental con-
trol volume energy balance analysis used to derive the tran-
sient spatially varying external heat transfer conditions for
solidification process modeling. The experimental setup is
defined in as much detail as permitted, due to intellectual
property restrictions of the foundry. The derivation of the ana-
lytical models is then presented with detailed explanations on
the mathematical manipulation of the governing equations.
A thorough description on how to exercise the analytical mod-
els to derive physics driven boundary conditions for reliable
solidification process modeling predictions is then discussed.
Afterwards the results are described which illustrates the
derived spatially varying external heat transfer conditions as
transient Biot numbers before presenting the model predic-
tion and real-world x-ray data comparisons. The paper then
concludes with a summary of the phenomena uncovered by
the analytical models and suggested topics which could serve
as a continuation of this work.
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2. EXPERIMENTAL SETUP

The casting setup, instrumentation, and process are discussed
in this section. The experiment consisted of a 1x3 equiaxed
SGT6-5000FD 3/4 blade 4 casting, which is gated from the
bottom side of the root end face. The wax pattern assembly
is illustrated in Figure 1. The instrumentation consisted of
K-type thermocouples with a MicroDAQ battery powered
data logger which recorded temperature values in intervals
of 1 second. A temperature dependent error function was de-
rived based on the thermocouple vendor specifications. The
maximum reading error across the process temperatures
was ~0.1%. Thermocouples were placed in-line vertically
with three along the airfoil (TC1-3) and one on the side of
the unmachined fur tree surface of the root (TC4), Figure 2.
The wrapping scheme consisted of a three-step graded wrap
along the airfoil with a single layer around root and gating.
For each external thermocouple there was another thermo-
couple on the inside of the insulation layer perpendicular to
the external thermocouple. This was done for the purpose of
obtaining a volume average temperature and for an approxi-
mation on the heat transfer into the insulation layer through
conductive mechanisms. More details with respect to this
topic will be discussed in the following sections.

Fig. 1. Wax pattern assembly

Fig. 2. Thermocouple location with wrapping scheme

The general sequence of events for the casting process are
illustrated in Table 1. It should be noted that for this proc-
ess event #5 was a whole order of magnitude greater in time
than event #3. As the mold was transferred from the pre-heat
oven to the furnace the data logger was also transferred to the
furnace. The data logger began recording data before the pre-
heat oven door was opened and continued recording until the
mold was at room temperature. From this point on a data point
will be defined as the resulting combined data of an external
thermocouple with its corresponding internal thermocouple
underneath the insulation wrapping. A step-by-step guide for
an experimental setup with key notes is provided below:

¢ Define thermocouple placement based on spatially varying
parameters (vertical position, curvature, angle/orientation,
upward/downward facing, etc.). There should be at least one
thermocouple placed in a region where its view factor with
the surroundings is almost unity (this is needed for deriving
the initial approximation for the emissivity).

 Create a complete data point by placing an internal thermo-

couple at a known distance perpendicular to the external

thermocouple (for bare shell surfaces the interior thermo-

couple must be embedded into the shell).

Have enough wiring to extend the wires through the pre-heat

oven door to be connected to a battery powered data logger.

¢ Begin recording before pre-heat oven door opens for the
mold transfer event #1. The battery powered data logger
follows the mold throughout the entire casting process.

Thermocouple data will be used to define the cooling rate of
the control volumes, the external and internal temperatures,
which are used as input to the analytical models.

¢ Take measurements of room temperature, surroundings, and
interior furnace walls. These readings will be used to define
the ambient and surrounding temperatures at which the
mold exchanges heat with.

o Take note of the mechanism used to fix thermocouples to
mold and its expected influence on the data.

¢ Take a video recording of the entire casting process to ref-
erence exact times for each sequence in Table 1. Event #1
consists of the mold flipping right side up, translating to the
furnace, and securing the mold to the furnace fixture. The
subevents which include motion will consist of mixed free
and forced convection while the stationary subevent will
consist of only free convection. The mixed convective phe-
nomenon will be uncovered by the analytical model.

In general, the above step-by-step guide should suffice for
most cases. There may need to be some modifications based
on the specific constraints of certain foundries.

Table 1
Typical sequence of events for general investment casting process

I+

Event
Mold transfer from pre-heat oven to furnace
Furnace pump down
Furnace vacuum hold
Mold fill
Furnace vacuum hold
Furnace vacuum break
Mold transfer from furnace to cooling zone
Alloy solidification in cooling zone

QI[N [UT | |W N[
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3. ANALYTICAL MODELS

The analytical models consist of an energy balance control vol-
ume analysis. The energy balance is defined by the first law of
thermodynamics, Equation (2).

o - . . ..
mCE - QM_WOW = QCOﬂd_Qconv_de_Waut (2)

where:

m - mass [kg],

C - specificheat [J/(kg- K)],
T - temperature [K],

t - time [s],

Q'm - rate of heat transfer into the system [W],
Q.. — rate of conductive heat transfer [W],
Q,, — rate of convective heat transfer [W],

Q. - rate of radiative heat transfer [W],

7« — rate of work done by the system [W].

There is no work done on or by the system so the last term
on the right-hand side of the equation goes to zero. The heat
transfer into the system is a positive value, making the heat trans-
fer out of the system a negative value. The heat transfer
into the system is approximated as the conductive mecha-
nism acting through the control volume. This mechanism is
described by Fourier’s Law, Equation (3). The heat transfer
out of the system consists of convective and radiative mech-
anisms, which are described by Newton’s Law of Cooling and
diffuse gray radiation for an N-sided enclosure, respectively
represented by Equations (4) and (5). It should be noted that
representing the heat transfer into the control volume as the
conduction acting through it is merely an approximation.
This is a transient process and a portion of the heat trans-
ferred into the control volume is being stored. Therefore, this
approximation is expected to give a larger estimate for the
actual heat transfer into the control volume. It is a larger esti-
mate since the temperature difference across the control vol-
ume would be less if there were no heat being stored. Hence,
the temperature at the exterior of the control volume is the
resulting temperature after the heat wave has transferred
through the volume, with heat being stored along the way.

Fourier’s Law which is a function of the thermal conduc-
tivity, cross sectional area, length across the control volume,
and the temperature difference is illustrated by Equation (3).

=—(T,-T,) ()

where:

k - thermal conductivity [W/(m - K)],
cross-sectional area [m?],

length [m],

temperature of interior [K],
temperature of exterior [K].

ST = ru:b
I I I

Newton'’s Law of Cooling which is a function of the convec-
tive heat transfer coefficient, the wetted surface area, and the
temperature difference is shown by Equation (4).

Quny =hAy (T,~T,) )

where:

h - heat transfer coefficient [W/(m? - K)],
A, - wetted surface area [m?],
T, - temperature of ambient air [K].

The diffuse gray radiation for an N-sided enclosure is
depicted below, Equation (5). It is a function of the tempera-
ture, the emissivity, and the surface area of interest along
with the view factor of that surface with all other surfaces it
has a line of sight with. It also depends on the temperatures,
emissivity, and surface area of those surfaces which have
a line of sight with the surface of interest.

cs(Tj4 —Tj‘*)

Qua=2, e, 1 1—s, (5)
+ +
e A, F A g,

]

where:

o - Stephan Boltzmann constant [W/(m? - K],
A - wetted surface area of surface j [m?],
A, - wetted surface area of surface k [m?],

T - temperature of surface j [K],

T, - temperature of surface k [K],

g - emissivity of surface j,

€, — emissivity of surface k,

F,, - view factor from surface j to surface k.

Inserting Equations (3), (4,) and (5) into Equation (2)
and rearranging it to solve the heat transfer coefficient gives
Equation (6). All the parameters in Equation (6) are either
obtained from the thermocouple data, are dimensional mea-
surements, ambient parameters, or material properties of the
control volume besides surface emissivity. The emissivity, as
a function of temperature, of the external mold surface must
be known before deriving a transient heat transfer coefficient
definition. This relationship can be derived during the vacuum
hold events (#3, 4, and 5) of the casting process. During these
events, the convective mechanism is assumed to be zero, or
close to zero.

3 o(T-Ty)
Q _mcal 1—ge+ 1 +1_Sk (6)
_ e ot gA FLA g4
AT-T) AT
where:

g, - emissivity of external data point,
F - view factor from external data point to surface k.

Now we insert Equations (5) and (3) into Equation (2)
and rearrange it to solve the emissivity issue which gives us
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Equation (7). We now have one equation with one unknown,
the one equation being Equation (6) and the unknown being the
heat transfer coefficient. It should be noted that Equation (7)
assumes radiation exchange is only between the data point and
the furnace walls. It also assumes that the convection mecha-
nism is zero. Therefore, the strategic placement of thermocou-
ples is necessary for utilizing the proposed analytical models.
The expression for the emissivity based on the assumption
described above is shown below, Equation (7).

-1

ofT!-T)) 1 1-e
p— + w
‘- oT F A, ¢,A,

—mC—
Qcand 8t

e=| A +1 (7)

where:

T - temperature of internal furnace walls [K],
€, - emissivity of internal furnace walls,
F,_, - view factor from external data point to internal fur-
nace walls.

The analytical models are covered by Equations (6) and (7)
and can be used to derive emissivity of insulation wraps and
shell as well as the spatially varying heat transfer coefficients.
The engineer using the analytical models must have an under-
standing of the assumptions and approximations. These
include, but may not be limited to, the approximation that the
heat transfer into the control volume is the conduction through
the control volume, the negligible radiation between non fur-
nace wall surfaces, the heat transfer coefficient is zero during
vacuum hold events, and the impact on heat transfer from the
mechanism used to fix the thermocouples to the mold.

4. TRANSIENT NONUNIFORM HEAT CONDITION
DERIVATION

In this section, the procedure for exercising the analytical mod-
els is presented. The focus of this work is to derive the spatially
varying heat transfer coefficients and to uncover phenomena
associated with natural and mixed convection mechanisms
for equiaxed investment casting processes. Therefore, the first
thing that is needed is the emissivity of the external surface of
the mold. This can be obtained from the use of Equation (7) or
from a pyrometric camera.

If we are using Equation (7), the procedure consists of an
extensive iterative, curve fitting, extrapolating, and averaging
process. An initial estimate for the emissivity relationship with
respect to temperature is the first requirement. Temperature
dependent specific heat and thermal conductivity of the con-
trol volume mustalso be available. At each second, Equation (7)
must be solved during the vacuum hold events (# 3, 4, and 5).
The partial derivative of temperature with respect to time can
simply be calculated by taking the derivative of the trendline
through the volume averaged thermocouple data. The event
time scales are sufficiently large and therefore a one second
data rate is sufficient to adequately calculate the partial deriva-
tive. The control volume’s volume was simply the thickness of
the insulation layer multiplied by the surface area. The surface

area was the suction-side chordwise span by approximately
38 mm since one of the objectives of the study was to observe
phenomena associated with the heat transfer coefficient at
various vertical positions.

The derived emissivity as a function of temperature should
now be plotted across the temperature drop associated with
the vacuum hold events. A trendline must be created through
the data to derive a definition of emissivity as a function of tem-
perature. There will not be any available raw data to derive the
emissivity for higher and lower temperatures outside of vacu-
um hold events. Therefore, this function will be extrapolated to
populate the missing data. Again, the purpose here is to derive
an initial estimate for the emissivity knowing that the true
emissivity may be somewhat different than the extrapolated
expression. For this experiment data point TC4 was selected
since this data point had the least amount of errors associat-
ed with the assumptions for the derivation of Equation (7).
Figure 3 illustrates the normalized raw calculated data, with
the best fit extrapolated trendline corresponding to the data,
as a function of temperature. The temperature axis was nor-
malized by the pre-heat temperature.

—e—Raw

0.2

0 L L L n L L L
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Fig. 3. Raw calculated emissivity and extrapolated trendline for TC4

Now that there is an initial expression for the emissivity,
Equation (6) can be utilized to complete the definition of the
external heat transfer mechanisms acting on the mold during
all events. Iteration is required on the trendline type and curve
fitting sections for the change of temperature with respect
to time. Engineering judgement will help in selecting which
trendlines best describe the event. For example, Equation (6)
should have peaks during the mixed convection events.
Therefore, a trendline for the change in temperature with
respect to time should be selected which generates the desired
parabolic profile for the heat transfer coefficient. The entire
casting process will be divided into three separate simulations.
Event #1 for the first simulation, events #2-5 for the second,
and events #6-8 for the third. This allows for the necessary
calibration of the emissivity, for relatively long vacuum holds,
and heat transfer coefficients. The three simulations may be
combined into a single simulation for short vacuum holds but
caution should be used when applying the derived emissivity
to models with longer vacuum holds. The dominating exter-
nal heat transfer mechanism acting on the mold during the
vacuum hold to this point is assumed to be radiation and it is
highly dependent on emissivity. For the first simulation, the
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combination of heat transfer coefficients with initial emissivity
must be iterated on until the temperature profiles match the
external data point within reasonable error. For this study an
error of -10% to +10% was targeted. Further investigations
are required to quantify the actual degree of process variation
for this specific process.

For the second simulation Equation (7) is used for each data
point to derive a unique expression for the emissivity. This is
necessary if the emissivity is a piece-wise function with various
functions at different temperature intervals. Recollection of the
assumptions made on Equation (7) are necessary for making
sense of the fine-tuned emissivity expressions for each data
point during iterations. These external data points exchange
radiation with different surfaces, so there will be errors in
the raw calculation of Equation (7) for these data points.
Therefore, unique expressions for emissivity are expected for
each data point. Figure 4 illustrates the raw calculated and the
calibrated normalized emissivity for each data point across the
temperature ranges associated with the vacuum hold events,
#3-5. The calibrated expressions have been extrapolated
across the temperature scale.

, .
- ©--TC1Raw
091 — *--TC2Raw |
~ %~ TC3Raw
08l = - TC4Raw | |
’ ——TC1Mod
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x 071 ———TC3Mod| |
© ———TC4Mod
£ o6
w
-
[
05
04
03} \\R_;
%
o i el
0.2 : : . ; : : ] i X
06 061 062 063 064 065 066 067 068 069 0.7
pr

Fig. 4. Raw calculated emissivity and calibrated emissivity for all
data points across temperature ranges associated with vacuum hold
events

Aftertheraw calculated emissivity from Equation (7) foreach
data point has been calibrated, an iterative, trendline fitting,
extrapolating, and averaging procedure is needed to collapse
all emissivity expressions, of insulation or shell material, into
a single expression with use of Equation (8). Equation (8) is the
same as Equation (7) with the addition of a convective mech-
anism. This removes the assumption of a zero convective mecha-
nism during the “vacuum hold” events. The convective mech-
anism will be derived by Equation (6) and iterated simultane-
ously with the emissivity.

The modified form of Equation (7) is presented by Equation (8).

-1

o -T! _
e, =4 (eaTW) —FlA 41 S l1l @)
. - €
and—meat “Quony M TV

Engineering judgement must be practiced for defining the
expression of emissivity for temperatures outside of the tem-
perature range of events #3-5. For example, the combination

of conductive, convective, and radiative terms must be equiva-
lent to the change in internal energy and non-negative values.
A key tip is provided regarding the profile transition illus-
trated for all data points. All the raw calculated data points
illustrated a transition point in their profiles, each occurring
at different temperatures. This implies that each data point
has unique heat transfer mechanisms acting on them. The
profiles of each piecewise function were averaged for all data
points and the transition temperature, which connects the two
piecewise functions, was iterated on until the predicted model
temperatures matched the experimental thermocouple data.
This derived expression can now be used in Equation (6) for
all casting events. The final calibrated emissivity which results
in a best fit in predicted temperatures for all the data points
across all temperatures is illustrated in Figure 5. Equation (6)
mustbe used again with the final expression of emissivity across
all casting events. The process for deriving the emissivity by
Equations (7) and (8) can be very difficult and time consuming.
With use of a pyrometric camera the time and effort in defining
the external boundary conditions could possibly be reduced.

T T
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Fig. 5. Best fit emissivity relationship for all data points across all
temperatures

A high-level summary of the procedure is provided below:

Use Equation (7) for events #3, 4, and 5 to derive an ex-

trapolated initial estimate for emissivity.

Use Equation (6), with extrapolated initial emissivity, for

events #1 and 2 in an iterative trendline, curve fitting

process until all data points are within an acceptable tar-
geted deviation.

e Use Equation (8) for all data points with an iterative
trendline, curve fitting, averaging, extrapolating proce-
dure to collapse all emissivity expressions into a single
expression which best fits all the temperature data.

e Use the collapsed emissivity expression in Equation (6)

to derive local transient spatially varying heat transfer

coefficients across all casting events.

5. RESULTS AND DISCUSSION

The results consist of presenting the time dependent tempera-
ture profiles of the external thermocouple readings overlapped
with the ProCAST predicted temperatures. Separate plots for
each data point will be presented for events #1, 2, 3-5, and 6-8.
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Each event for each plot is separated by a vertical dash dot line.
The transient spatially varying external boundary conditions,
which consist of the emissivity combined with the heat transfer
coefficient, are presented as the Biot number. Typically, the Biot
number is the ratio of conductive heat resistance to convective
heat resistance. In this work the Biot number will represent
the ratio of internal heat resistance to external heat resistance,
where the external heat resistance is the combination of con-
vective and radiative heat resistances. Equation (9) represents
the Biot number and Equation 10 represents the radiative con-
ductance. It should be noted that Equation (9) represents the
external heat resistance associated with the ambient surround-
ings. The radiative heat transfer with other surfaces not being
the ambient surroundings is not considered in this expression.

The total external resistance Biot number is shown by
Equation (9).

(hcunv -I]_(hmd ) Lv (9)

v

Bi=
where:

h, - convective heat transfer coefficient [W/(m? - K)],
h_, - radiative conductance [W/(m?- K)],

L, - thickness of control volume [m],

k,, - thermal conductivity of control volume [W/(m - K)].

The radiative conductance described in Equation (10) is
illustrated below.

hmd zseGF:-?—w (7;2+T;)(7;_Tw) (10)

The Biot number for each data point will be plotted as
a function of time for events #1, 2, 3-5, and 6-8. Explanations
on the convective phenomena associated with each event will
be discussed and reference will be placed on time dependent
plots for the traditional Biot number, which is Equation (9)
without the radiative conductance term. Both forms of the
Biot number will be analyzed to qualitatively evaluate the total
external heat resistance, convective plus radiative, as well as
the isolated convective resistance. To make physics-based
explanations on the local phenomena, the ProCAST model was
used to output the local time dependent solid fractions of the
alloy corresponding to the data point locations in combination
with reference to the temperature dependent specific enthalpy
of the alloy. Finally, the model shrinkage porosity predictions
will be compared to real-world x-ray results.

The time dependent temperature profiles for each data
point for casting events #1 and 2 are illustrated in Figure 6.
The time axis is normalized by the time associated with the
corresponding events and the temperature axis is normal-
ized by the pre-heat temperature. Data point TC3 slightly falls
out of the targeted 10% for a portion of events #1 and 2 but
comes back in within the targeted deviation before the end of
event #2. This deviation is acceptable since the temperature
of the mold is most critical while it is filled with the alloy. For
this reason, the iterative trendline curve fitting procedure
was not used to calibrate the derived heat transfer coefficient
further to better match the temperature results.
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The convective plus radiative Biot number is shown in
Figure 7. The main distinction between the data points is
with the initial values of total external resistance Biot num-
ber. This can be explained by the influence of the radiative
conductance. The radiative conductance will be maximum
for data point TC4 since its view factor is unity. As we move
from data point TC4 to data point TC1 the view factors with
the surroundings for each data point will decrease as the
view factor with the tip shroud becomes more prominent.
Figure 8 illustrates the convective Biot number to isolate the
convective mechanism and analyze the transient nonuni-
form heat transfer coefficient. If we refer to Equation (1), we
expect that the data points with a higher vertical position to
have a higher heat transfer coefficient.
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Fig. 7. Time dependent convective plus radiative Biot number
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Consideration must be placed on the fact that the mold is in
motion during a portion event #1, with a time corresponding
to the dimensionless time of approximately 0-0.3. With this
consideration we know that there will be a mixed convective
mechanism acting on the mold. This casting was loaded in
the pre-heat oven pour cup down. This fact also provides
another explanation for the Biot number relationship illus-
trated in Figure 7. As the pre-heat oven door opens verti-
cally, the data points which begin exchanging radiation with
the cooler surroundings will initially have a higher radia-
tive conductance. The motion during event #1 consists of
translation (movement from pre-heat oven to furnace) plus

rotation (flipping the mold right-side up), Figure (9). The
rotational velocity is described by Equation (11):

V, =R, xo (11

where:

R, - rotational arm [m],

w - rotational speed [revolutions/s].

Figure 9 illustrates the two forced convection mechanisms
associated with the mold transfer event. Since data point TC1
has the largest rotational arm, it will have the largest rota-
tional velocity and in return the highest heat transfer coeffi-
cient corresponding to the mold transfer event #1. Another
motion not illustrated in Figure 9 is a 180-degree rotation
about a nonstationary vertical axis. The mold transfer was
done manually, and the rotational speeds were not constant.
This explains why data point TC2 peaks before TC1. Further
evaluation of Figure 8 illustrates a higher rate of increase
in heat transfer coefficient for data point TC1. The increase in
rate of heat transfer coefficient can be qualitatively described
by the slope of the curves in Figure 8. This suggests that there
are some other underlying phenomena. The reasoning for
this behavior is as follows. The mold is stationary after a nor-
malized time of approximately 0.3 and is only experiencing
natural convection. The mold will be radiating large amounts
of heat to the fixture it rests upon as well as the shelled tip
shroud. The upper surface of the fixture, which is one of the
surfaces closest to data point TC1 will heat up. Upon doing
so the upper surface of the fixture will also experience nat-
ural convection. The lower density air molecules traveling
upwards will add another natural convective component
on data point TC1. Data point TC1 is therefore experiencing
buoyancy driven forces from its own surface combined with
the horizontal surfaces below it. The analytical models were
able to uncover the mixed convective phenomena associat-
ed with the rotation of the mold during mold transfer. They
also uncovered natural convective phenomena regarding the
interaction of buoyancy forces between data point TC1 and
the horizontal surfaces below it.

Fig. 9. Forced convection mechanisms acting on mold during event #1
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For events #3-5, the time dependent temperature plots are 12~
shown in Figure 10. All the predicted temperatures fall within I
the targeted deviation of around 10%. Figures 11 and 12 rep- 1 -

= = = = TC1iminus10%

resent the convective plus radiative Biot number and the con- i
L TC1 ProCAST

vective Biot number, respectively. Events #3-5 are the vacuum
hold events. It should be noted that no industrial furnace can
achieve 100% vacuum. There will always be some percent-
age of air in the furnace. This trial was run in a medium grade
furnace thus it is expected that there be some portion of air
remaining in the furnace.

Referring to Figure 12, it is observed that the slope of data
point TC4 is the highest and data point TC1 is second highest.
The slopes of data points TC2 and TC3 are comparable. Again, T
referring to Equation (1) itis expected that the data points with 0 0.2 0'?ime (s/s[)]'s 0.8 1
the highest vertical position would experience the highest heat
transfer coefficient. Let’s refer to Figure 2 for reference to the e
wrapping scheme to explain the phenomenon which the ana-
lytical models have uncovered. Data points TC1 and TC4 have
a single layer of insulation, while data points TC2 and TC3 have
two and three layers, respectively. This implies that the natural
convection heat transfer coefficient for equiaxed investment
casted molds depends on the number of insulation wraps. This
also agrees with findings by [5] where it was concluded that I
the Grashof number was proportional to the surface heat flux. B

Therefore, it is expected that the more insulation layers, the i
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lesser the surface heat flux and in return the lesser the buoyan- 0.2
cy forces which drive the heat transfer coefficient. Data point
TC4 increases at a greater rate than data point TC1 because it 05— o5 5 !
is ata higher vertical position and which agrees with the evalu- time (s/s)
ation of Equation (1). Data points TC2 and TC3 are comparable 12~
because data point TC3 is at a higher vertical height and has an I
additional layer of insulation. 1
The magnitude of the heat transfer coefficients is question-
able since one would assume that under vacuum, or a partial
vacuum for this case, the heat transfer coefficients would be
less in comparison to the non-vacuum events. The following
explanation for this phenomenon is purely an assumption and

TC3

- — — — TC3+10%

- — — — TC3minus10%
TC3 ProCAST

o
o

requires extensive investigation forvalidation. The airmolecules
surrounding the mold are under buoyancy forces which create
aresistance to the pump down. The air molecules far away from
the mold are stagnant and provide no resistance to the pump
down. Hence, during the pump down and vacuum hold events
thereisasheet of air molecules surrounding the mold which are o 0.2
driven by the buoyancy forces. Again, this is purely an assump-

tion which, to the best knowledge of the current authors, no L
previous studies have yet considered. Investigating this phe-
nomenon can serve as a continuation of the current work.
This results in the increase in heat transfer coefficient during
these events. An additional phenomenon driving the increase
in heat transfer coefficient during event #5, which corresponds
to a nondimensional time of approximately 0.1-1.0, is that the
mold is now filled with alloy. As the alloy begins to solidify, it
releases energy in the form of heat into the mold. This addition-
al heat flux is depicted by the transition in slopes of the curves
at the dimensionless time of approximately 0.1 in Figure 12. 0.2
For events #3-5 the analytical models uncovered that the heat
transfer coefficient depends on the number of insulation lay- 05— 75 L 5
ers, the energy released by the alloy during solidification, and time (s/s)
another phenomenon which requires further investigation. Fig. 10. Time dependent temperature profiles for events #3-5
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Figure 13 shows the time dependent normalized tempera-
ture profiles for events #6-8. The predicted temperature
profiles agree exceptionally well with the experimental data.
The analytical models have been successful in defining the
boundary conditions on the exterior mold surfaces, for this
case was the insulation wrapping, to match the experimental
data within the targeted 10%. The experimental tempera-
ture profiles for data points TC3 and TC4 illustrate a small
bump in temperature at approximately a dimensionless time
of 0.55. This bump in temperature will be explained short-
ly. It should be noted that it is the combination of emissivity
and heat transfer coefficient which define the proper external
conditions. There may be some deviation in the actual values
of these properties and the emissivity should be validated by
pyrometry measurements. If pyrometry measurements show
a difference in the derived emissivity from the procedure out-
lined in Section 4 of this work, then the emissivity resulting
from the pyrometry analysis should be used in Equation (6)
to calibrate the derived heat transfer coefficients. The time
dependent temperature profiles were the result of an exten-
sive amount of effort working with the analytical models.

The convective plus radiative Biot number profiles derived
by the analytical models can be seen in Figure 14. The plot
also illustrates small bumps in the Biot number at approxi-
mately the same instance in time for data points TC3 and TC4.
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profiles for events #6-8

The peaks at the very beginning of the profiles corresponds
to the vacuum break period, event #6. The profiles also illus-
trate a secondary, shallower, peak after the vacuum break.
This represents event #7 where the furnace door has opened,
and the mold has been transferred to the cooling zone. The
analytical models were able to capture the transition in sur-
rounding conditions associated with the radiative mechanism.
Data point TC1 experiences a decrease in Biot number at
a dimensionless time of approximately 0.8. This implies that
the conductive mechanism is becoming dominant over the two
external mechanisms, convection and radiation, but this isn’t
expected for Biot numbers greater than 0.01. This suggests
that there is another phenomenon yet to be discovered.

The convective Biot number, which isolates the convective
mechanisms, is illustrated in Figure 15. The vacuum break is
depicted by the initial peaks in the profiles. For this event, #6,
there is a surge of ambient air which is re-introduced into the
furnace. The convective mechanism at this event is a mixed
convection mechanism, forced plus natural. Data point TC2
has the largest peak, followed by data point TC1. The peaks of
data points TC3 and TC4 are comparable. This phenomenon
implies that the magnitude of the forced convection compo-
nent depends on the local surface position with respect to the
furnace vents. Data point TC1 was slightly shielded by the fix-
ture which the mold rests upon and data point TC2 was most
exposed to the surge of air entering the furnace.
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Fig. 15. Time dependent convective Biot number profiles for events
#6-8

The secondary, shallower, peak is also illustrated in this plot.
This event, #7, also consists of a mixed convection mechanism.
In contrast to the previous event, where the forced convection
component consisted of the surge of air entering the furnace,
the forced convection component for event #6 is driven by
the translation motion of the mold transferring to the cooling
zone. During the last event in the casting process, event #8,
the convective mechanism consists solely of natural convec-
tion. During this event, which begins at a dimensionless time of
approximately 0.1, all the data points illustrate unique behav-
iors. Data point TC1 and TC2 are decreasing, with TC1 being
more drastic, data point TC3 shows the greatest increase in
convective Biot number with a change in direction at a dimen-
sionless time of approximately 0.5, data point TC4 illustrates
a continuous increase with a small bump corresponding to
the same time in which TC3 transitions in the slope direction.

According to the natural convection phenomenon uncov-
ered in the previous casting events analyzed, one would expect
to see different behaviors. At this point we will summarize the
discovered and validated phenomenon. The phenomenon val-
idated is that the heat transfer coefficients depend on surface
heatflux, whichis controlled by number ofinsulation layers,and
vertical position along the mold. The phenomenon discovered
is the secondary flow of combined buoyancy forces for surfaces
closest to the fixture or other horizontal surfaces, and whether
the mold is filled with an alloy which provides an additional
heat flux. Further investigation of the latter is now presented.

The alloy will be releasing energy in the form of heat to the
mold. In return this heat will be transferred to the external sur-
face of the mold where it exchanges heat with the ambient sur-
roundings. This heat, released by the alloy, can be quantified
by the rate of change in alloy specific enthalpy multiplied by
the local mass of the alloy. The temperature dependent specific
enthalpy of the alloy is shown in Figure 16. The temperature
axis is normalized by the liquidus temperature of the alloy. The
temperature dependent specific enthalpy was computed by
the ProCAST internal CompuTHERM module. The vertical blue
and red lines represent the solidus and liquidus temperatures,
respectively. From analysis of Figure 16 the slope of the spe-
cific enthalpy is much steeper in the mushy zone, which is the
zone between the solidus and liquidus temperatures. Hence,
the heat being released by the alloy will be much greater while
itis in the mushy phase.
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Fig. 16. Temperature dependent specific enthalpy derived by
CompuTHERM
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To draw some conclusions to the behaviors illustrated in
Figure 15 we refer to the predicted time dependent solid
fraction plots, Figure 17. At these events, #6-8, the local alloy
corresponding to data point TC1 has already been completely
solidified. The change in specific enthalpy in the solid phase
is much less than that of the mushy phase. This results in
less heat flux being transferred to the surface corresponding
to the location of data point TC1. The vertical position of this
data point is also the lowest, which contributes to the drastic
decrease in natural convection.
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Fig. 17. Time dependent solid fraction predictions

At approximately the dimensionless time of 0.5, the convec-
tive Biot number begins to increase and then drops back down
at a dimensionless time of 0.7. This can be explained by the
temperature dependent thermal conductivity of the insula-
tion layer, which is shown in Figure 18. Referring to Figure 13
data point TC1 has the lowest temperature which will result
in the lowest thermal conductivity of all data points. The rate
of decrease in thermal conductivity for this data point, which
is defined by the thermal diffusivity, is greater than the rate of
decrease in the natural convection heat transfer coefficient.
This results in a temporary increase in convective Biot number
illustrated in Figure 15. The rate in decrease of heat transfer
coefficient than overcomes the rate of decrease in thermal
conductivity after the internal energy of the control volume
has decreased due to the thermal diffusivity. This conclusion
was drawn by referencing the quantitative behavior of actual
transient heat transfer coefficient. The quantitative values of
heat transfer coefficient are not presented in this work due to
intellectual property restrictions. The quantitative distribution
of heat transfer coefficient does not illustrate any increase in
heat transfer coefficient during this event. This phenomenon
suggests that the heat transfer coefficient is also dependent
on the thermal diffusivity of the control volume of the exter-
nal mold surface which is driven by the rate of change in alloy
specific enthalpy.

The rate of decrease of data point TC2 suggests that the
heat flux at the surface is decreasing which makes sense from
evaluation of Figure 17. The local alloy corresponding to this
data point is still in the mushy phase up until a dimensionless
time of approximately 0.2. This explains why the decrease in
rate is less than data point TC1 and the fact that this data point
has a higher vertical position. Recall that this data point has
an additional layer of insulation which is expected to have an
increased influence on the decrease in heat transfer coefficient

with respect to data point TC1. One would expect that after the
dimensionless time of approximate 0.7, where both data points
TC1 and TC2 are well solidified, this data point would have
amore comparable rate of decrease in heat transfer coefficient.
One could argue that the heat transfer coefficient dependence
on vertical height is greater than that of the surface flux or
there is another underlying phenomenon yet to be uncovered.

0.3

e o

— o Mo

o ~ w«
B

e

Thermal Conductivity (W/m-K)

&
o
a

Insulation Conductivity

s P SR TOT TRTCN CURTY P e Fee Cer ey T |
0 o01 02 03 04 05 06 07 08 09 1
Temperature (K/K)

0

Fig. 18. Temperature dependent thermal conductivity of insulation layer

This could be explained by reference to the local mass of
both data points TC1 and TC2. When traveling up the airfoil
from tip to root, the local mass increases. The local mass of data
point TC2 is greater than that of TC1 which results in a larger
amount of heat being released locally since the heat is quan-
tified by the rate of change in specific enthalpy multiplied by
the local mass. Therefore, if the local alloy of both data points
had the same temperature and the same cooling rate the data
point corresponding to the larger local alloy mass would give
off more heat. The analysis of comparing both data points TC1
and TC2 suggests that there is a phenomenon which relates
the local heat transfer coefficient to the local mass of the alloy.

An increase in heat transfer coefficient followed by
a decrease in heat transfer coefficient at the dimensionless
time of approximately 0.5 describes the behavior of data point
TC3 for event #8. The rate of increase in heat transfer is great-
er for this data point than for data point TC4. If we evaluate
Figure 13 closely it is seen that the predicted temperature
for data point TC3, which is driven by the derived boundary
conditions presented in the Biot number plots, has a slightly
greater cooling rate in comparison to the experimental data.
This proposes that the trendline curve fitting procedure out-
lined in Section 4 requires further calibration. This proposal
also agrees with the previous phenomena uncovered until
now which would suggest that data point TC4 have the highest
increase in rate of heat transfer coefficient since it has the high-
est vertical position, a single layer of insulation, has the lowest
level of solid fraction, and has the highest mass. The change in
direction of heat transfer coefficient rate at the dimensionless
time of approximately 0.5 for data point TC3 can be explained
by analyzing the behavior of this data point in Figure 17. At
approximately this same point in time is when the local mass
corresponding to this data point has reached complete solidifi-
cation. Again, from Figure 16 it is shown that there is a drastic
decrease in slope magnitude for the specific enthalpy of the
alloy once it reaches the solid phase.

https://journals.agh.edu.pl/jcme


https://journals.agh.edu.pl/jcme

42 An Experimental Derivation of Transient Nonuniform External Boundary Conditions for...

This means that there is a phenomenon which creates
adependency on the heat transfer coefficient to the mushy-sol-
id phase transition of the alloy. After this transition at a nondi-
mensional time of approximately 0.5 to 0.9 the magnitude of
the heat transfer coefficient is greater than that of data point
TC2. Which aligns with the previous phenomena uncovered,
and validated, with respect to vertical position, local specific
enthalpy, and local mass. The rate of decrease in heat transfer
coefficient is greater for this data point, TC3, in comparison to
data point TC2. This also aligns with the phenomenon which
gives a relationship between the heat transfer coefficient and
the number of insulation layers.

Data point TC4 illustrates a continuous increase in heat
transfer coefficient with a greater magnitude in comparison
to the other data points for the majority of event #8. This rela-
tionship is expected since it has the highest vertical position
of all the data points and implies that there is phenomenon
which create a dependency of the heat transfer coefficient
with the number of insulation layers, the local specific
enthalpy of the alloy, and the local mass of the alloy. The time
dependent relationship for this data point, TC4, in Figure 15
illustrates a small peak in the profile at a dimensionless time
of approximately 0.5. The fraction solid relationship of this
data point is essentially in the mushy zone during this entire
event, #8. Further investigation of the mushy zone specific
enthalpy will give insight on this phenomenon. Figure 19
illustrates the specific enthalpy across the mushy zone nor-
malized temperatures. There appears to be a change in the
temperature dependent profile of the specific enthalpy at the
normalized temperature of approximately 0.98. This tem-
perature is represented by the magenta-colored vertical line.
The predicted time dependent local alloy temperature cor-
responding to this data point is illustrated in Figure 20. The
temperature axis has been normalized by the liquidus tem-
perature. After evaluation of the time dependent local alloy
temperature, it is observed that the local alloy temperature at
the same time the convective Biot number illustrates a small
peak corresponds to the same temperature at which the spe-
cific enthalpies temperature profile changes, represented
by the horizontal dashed line. Another phenomenon uncov-
ered by the analytical models implies that the heat transfer
coefficient also depends on a change in the temperature
dependent profiles of specific enthalpy in the mushy zone.

An extensive, thorough evaluation of the nonuniform spa-
tially varying heat transfer coefficients through use of the
analytical models presented in Section 3 have uncovered
numerous convective phenomena associated with equiaxed
investment casting processes, which are assumed to have
been overlooked by foundries in the investment casting
industry. The hypothesis that the heat transfer coefficient
varies locally across the external surface of the mold pre-
sented by the current others in the previous work [1] has
been validated in this work. It is extremely imperative that
appropriate boundary conditions are defined in the cast-
ing simulation model to provide reliable predictions. The
temperature gradient through the mold will not be reliably
predicted if the external conditions on the mold are not
accurately defined. This could result in serious consequenc-
es on the validity of the model predictions. The results and

discussion section of this work will conclude by first present-
ing the x-ray image associated with this casting followed by
the model predictions. The model predictions consist of eval-
uating the fraction solid and total shrinkage porosity results.

1000 Alloy Mushy Zone Specific Enthalpy

Liquidus Temperatura ™

o ©
(=3 @
(=] o

«©
a
(=}

Slope Transition

Enthalpy (kJ/kg)
a 8
o [=]

~
(=3
o

(=2}
a
(=]
\. LN I e ey

Selidus Temperature

R It | VS A W

vl £ |
608. 096 097 098 099 1

Fig. 19. Temperature dependent specific enthalpy across the mushy
zone derived by CompuTHERM

o

-

A}

&
3

Temperature (K/K)
o o
E- (2]

= c
5]
b e e s e oy e o s e ey g o e e e o ey |

1 | - T 1 J
0.2 0.4 0.6 0.8 1
time (s/s)

o

Fig. 20. Predicted time dependent local normalized alloy temperature
for data point TC4

The x-ray image is shown in Figure 21. The x-ray inspection
detected two areas of sponge shrink. A large area in the low-
er portion of the airfoil towards the root and another smaller
region in the airfoil fillet. The x-ray inspector is trained and
experienced in detecting shrink via x-ray inspection. To the
untrained eye it is difficult to determine where the shrink is. For
solid castings it is easier to detect in comparison to cored cast-
ings. The regions of shrink appear as shadows, or darker shades
of gray, in comparison to regions next to it. Several patches of
sponge shrink are highlighted by circles in Figure 21.

The fraction solid model predictions are shown in Figure 22.
There is a large, isolated region of fraction solid in the lower
portion of the airfoil corresponding to the same location where
the x-ray inspection detected the shrinkage porosity. Isolated
regions of fraction solid indicate that inter-dendritic liquid feed-
ing has been cut-off to the isolated regions since the surround-
ings have already solidified past the critical fraction solid value.
For this analysis that value was 0.7 and corresponds to the
defaultvalue of the ProCAST simulation parameter “MACROFS”".
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Fig. 21. X-ray image highlighting detectable shrinkage porosity
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Fig. 22. Isolated region of fraction solid ProCAST model predictions

The critical fraction solid value is another subject which
requires an extensive investigation for derivation. To the
best of the authors knowledge, there are no studies which
have researched this characteristic or its dependencies. It is
assumed that the value most certainly depends on the alloy
properties in the mushy zone and perhaps also depends on
specific details of the geometry such as wall thickness dis-
tributions. The total shrinkage porosity model prediction is
shown in Figure 23.

Total Shiinkage Porosity [%] StepNo / Time Step : 2440/ 1.000e+00
Simuated e :2433.0000 sec
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Fig. 23. Total shrinkage porosity ProCAST model predictions

The model was able to predict the two regions detected by
the x-ray inspection at essentially the exact locations. The reli-
ability of the model predictions also suggests how critical it is
to properly define the external conditions of the mold in the
casting simulation model.

6. CONCLUSION

The current work was a continuation of a previous study by
the present authors [1]. The previous work hypothesized
that the heat transfer coefficient varied locally across the
external surfaces of the mold. An experimental casting trial
was run with thermal couples placed in-line vertically along
the blade. Analytical models were derived with the first law
of thermodynamics, Newton’s Law of Cooling, Fourier’s Law,
and diffuse gray radiation for an N-sided enclosure as the gov-
erning equations. The experimental thermocouple data was
used as input to the analytical models to derive a tempera-
ture dependent emissivity expression and unique transient
heat transfer coefficient expressions for each data point. The
derived emissivity and local transient heat transfer coeffi-
cients were used to define the external heat conditions in the
ProCAST numerical simulation model. The derived external
heat transfer mechanisms were validated by comparing the
predicted external mold temperatures to the thermocouple
data. The model predictions agreed with the experimental
data with exceptional deviation. Phenomena associated with
the convective mechanism for equiaxed investment castings
was uncovered by the analytical model. The phenomena can
be categorized by three subjects: 1) validation of well-known
investigations; 2) working theories which have been sup-
ported by this experiment; 3) pure hypothetical assumptions
which require further investigation. These phenomena are
summarized below.

1. Validation of well-known investigations:

e The heat transfer coefficient depends on vertical
position.

e The heat transfer coefficient depends on surface heat
flux.

2. Working theories which have been supported by this
experiment:

e For molds being flipped right-side up during the mold
transfer from pre-heat oven to furnace the heat trans-
fer coefficient increases as the distance from the axis
of rotation increases.

e The rate of change in heat transfer coefficient depends
on the number of layers of insulation through a depen-
dency on surface heat flux. The greater the number of
layers the lesser the surface heat flux and in return the
lesser the heat transfer coefficient.

¢ The rate of change in heat transfer coefficient depends
on the specific enthalpy and local mass of the alloy
through a dependency on surface heat flux generated
by the heat released from the alloy during solidification.

¢ During the vacuum break event, there is mixed convec-
tion, and the heat transfer coefficient depends on the
relative position of the local exterior mold surface with
the furnace vents.

¢ At the mushy-to-solid phase transition the heat trans-
fer coefficient decreases due to the dependency of
surface heat flux with local rate of change of energy.
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3. Purely hypothetical assumptions which require further
investigation:

¢ For surfaces very close to the fixture which the mold
rests upon, or other horizontal surfaces, there is
a secondary flow effect caused by the combination of
buoyancy forces between the mold surface and the clos-
est horizontal surfaces resulting in an increase in heat
transfer coefficient.

e During the pump down event, the buoyancy forces
driving the bulk motion along the exterior surfaces of
the mold create a resistance to the pump down which
results in a sheet of air molecules surrounding the mold,
resulting in a continuous increase in natural convection
throughout the vacuum hold events.

e The heat transfer coefficient is somewhat sensitive to
a change in temperature dependent specific enthalpy
profiles within the mushy zone.

There is an extensive plan in place to further investigate
all the phenomena mentioned above internally at Siemens
Energy. Perhaps the most interesting phenomena is with
respect to the continuous increase in heat transfer coeffi-
cient during the vacuum hold events which is assumed to be
caused by a buoyancy driven resistance to the pump down
of the furnace. This phenomenon alone could serve as a con-
tinuation to this work for a future publication. The authors
want to reiterate the importance of defining realistic external
heat conditions in the casting simulation model. The model
predictions are only as good as the boundary condition defi-
nitions. The procedure and analysis presented in this study
should set the precedence for how foundries derive and val-
idate the external boundary conditions used for equiaxed
investment casting solidification process modeling.
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