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Abstract

Accurate knowledge of the heat transfer coefficient during casting (between a molten
and/or semi-solid material and the mold) is critical to be able to develop representative
mathematical models for casting process such as Twin Roll Casting (TRC). In this project, an
experimental apparatus was developed to enable to measurement of the interfacial heat transfer
coefficient (HTC) at the interface between aliquid metal asit solidifies against achill surface.

The experimental gpparatus consists of a cylinder and piston surrounded by a heater to
melt the metal samples. Pressure can be applied at the top of the piston so that the pressure of the
liquid metal at the interface can be varied. The apparatus was instrumented with a number of
sensors so that the temperature in both the molten metal and chill surface could be monitored as
well as a force sensor so that the interfacial pressure and how it varies during solidification is
known. Using the measured temperature time history, the interfacial heat transfer was calculated
by using an inverse heat conduction method in conjunction with the known thermo-physica
properties of the chill and solidifying metal. The apparatus was tested successfully by using Sn-
7.5%Sb-3.5%Cu alloy as the casting metal solidifying against H13 tool steel chill block. In
addition, the effect of different values of chill roughness and test metal superheat were
investigated on the heat transfer coefficient.
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Chapter 1 Introduction

There is much interest in the automobile industry to manufacture parts from magnesium
alloys because the weight of the vehicle can be reduced [1]. To date, the use of magnesium in
cars has been limited to die castings. Additional weight savings in cars can be attained if
magnesium sheet were avalable a a reasonable cost and with the correct properties.
Conventionaly, magnesium aloys used in sheet applications, have been produced via
conventional processing routes whereby Direct Chill (DC) cast ingots are hot and warm rolled to
final sheet products. Using this technology, slabs of magnesium are cast with typical dimensions
of 0.3m thick by 1m in cross-section and 2m long. These slabs are then homogenized at high
temperatures (i.e. 480°C) for several hours followed by hot rolling on areversing mill to 5-6 mm
thick [2]. The next step is usually to anneal the sheet (typically at 340°C) before each passin a
final finish rolling mill. Typical reductions in the finishing mill are limited to 5-20% which
causes many rolling passes and annealing treatments in-between. An alternate processing route
which could considerably lower the cost of producing magnesium sheet is to investigate thin
strip casting technologies, such as Twin Roll Casting (TRC). Using this technology, enables
magnesium alloy strip to be produced directly from the melt with a thickness of 4-8mm, thereby
eliminating the need for the costly stages of homogenization, hot rolling, and most of the passes
in the final finishing mill. Also from a metallurgical viewpoint, near-rapid solidification achieved
through twin-roll casting can allow for the design of new alloys which take advantage of the
increasing amount of solute in solid solution, enhanced precipitation nucleation within the matrix
and finer distribution of precipitates [2]. A key aspect to the success of this process is to have a
thorough scientific understanding of the influence of TRC process parameters (e.g. roll velocity,
product thickness, roll material and surface texture) on the evolution of the solidification process
and microstructure. In Canada, the ministry of Natura Resources materials laboratory,
CANMET, has recently commissioned alaboratory twin roll caster for magnesium.

Although twin roll casters have been used for amost 50 years in the aluminum industry,
twin roll casting of magnesium is relatively new. As shown in Figure 1-1, in twin roll casting,
molten metal is fed onto water-cooled rolls, where it solidifies asit is rolled. Solidification of the
molten metal starts at the point of first metal-roll contact and is completed before the kissing
point (point of least roll separation) of the two rollers. A key aspect to the successful



development of twin roll casting of magnesum is the quantitative understanding of the heat

transfer which occurs between therolls.

Soldincatan
_____ front

Figure 1-1 Schematic of the horizonta twin roll casting process.

The heat flux from the molten metal to the chill or rolls is controlled by the therma
contact resistance which is identified as the heat transfer coefficient or HTC. This parameter is
influenced by many things including: the roughness of the chill/roll surface, superheat of the

casting metal and applied pressure on the molten metal .

1.1 Objectives

The objective of this project is to design and build a test gpparatus capable of providing
knowledge about the heat transfer that occurs between a liquid metal and chill block (roll) during
solidification. The effects of parameters such as chill surface roughness and molten meta
superheat will aso be investigated. The heat transfer coefficient at the interface between the
molten metal and chill block will be determined using an Inverse Heat Conduction (IHC)
technique based on measurements of the temperature time history in both the molten (cast) part
and chill block.

The data obtained from the test apparatus can be used to develop a comprehensive
understanding of the heat transfer at the metal mold interface during casting for a range of

casting materials and chill or mold materials.



Chapter 2 Literature Review

2.1 Heat Transfer Coefficient during Casting

The heat-transfer coefficient at the metal/mold or metal/roll interface is a very important
factor in predicting the solidification rate and final grain structure.

There are different parameters which make modeling heat flux and heat transfer
coefficient difficult. One of the most important parameters in modeling of heat transfer
coefficient is analyzing the air gap formation and properties of the air gap at the interface of the
chill and metal. Considering the different techniques of casting and the dependence of the
interface heat transfer on casting geometry, it is can be said that there are so many parametersin
the casting process that the experimentally determined heat transfer coefficients can only be
employed as a guide in solidification modeling [3]. For this reason, there is a need to investigate
the effects of different factors on the heat transfer coefficients at the metal-mold interface
individualy [4,5].

The mechanisms of metal-mold heat transfer have been detailed by Ho and Pehlke [6,7].
As soon as the molten metal contacts the mold surface or roll surface, a metal-surface interface

will be formed.
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a) Perfect contact b) Some contact ¢) No contact
Figure 2-1 Casting-Mold Interface Temperature Profiles[8].

However, because of imperfect contact between the surface and solidified metal at the
metal/surface interface, this boundary can become the greatest resistance to the heat flow [9].
The contact between the metal and mold or roll surface, asillustrated in Figure 2-1 can be perfect

contact, partial contact, or no contact, as in the case where an air gap can form. In the perfect

3



contect case (Figure 2.1a), there is no discontinuity in temperature profile between the
metal/mold interface. Imperfect contact between the metal and the mold can be divided to two
parts: the perfect part and the air gap part. Also the presence of oxide films and mold coatings at
the metal mold interface can lead to imperfect contact between the mold and the meta. The
resistance at the metal/mold boundary, Rr, or more often the heat transfer coefficient h, can be
expressed mathematically as:

1
h:—:i
Ry AT

Where h is the heat transfer coefficient W/(m?.K), q is the heat flux at the interface

2.1)

(W/m?) and AT is the temperature difference across the interface in Kelvin (K).

The heat transfer coefficient values depend mainly on the size and formation of air gap
[10].During solidification of the metal, the heat flow rate will change during different stages. In
the first stage molten meta is in complete contact with the mold and a small resistance to heat
flow can be seen. After that a thin layer of the metal solidifies and because of shrinkage of the
materia during solidification, small air gap forms between the mold and the solidifying metal.
Air gap formation causes an increase in the resistance to the heat flow and decreases the vaue of
the heat transfer coefficient. After solidification of the metal at the metal-mold interface, a
complete air gap will be formed. Since heat flow at metal/mold interface occurs by conduction,
the forming of an ar gap at the interface (with a much lower therma conductivity than metal)
causes a great increase in the heat flow resistance and the heat transfer coefficient will decrease
substantially [9,10,11,12,13].

Ho and Pehlke [7], defined these stages of air gap formation and changing in the heat
transfer coefficient value at the metal-mold interface as:

conforming contact,
non conforming contact, and

clearance gap.

2.2 Quantifying Heat Transfer

It is difficult or impossible to measure the heat flux and heat transfer coefficient directly.
For this reason, inverse methods commonly are employed to estimate these vaues. These
methods can be used to infer a parameter, in case where the parameter is difficult or impossible



to measure directly. Therma properties of materias or interfacial heat transfer are among the
information related to modeling of the materials processing which can be revealed by inverse
methods. In castings, the inverse heat conduction problem is applicable in the modeling and
calculation of the heat flux or heat transfer coefficient at the metal/mold interface. To employ
this method for determination of interfacial heat transfer some information, like the temperature
distribution values at one or more points insde the body, need to be obtained [3]. J.V. Beck has
developed several inverse solution methods to employ in casting processes [14,15,16,17].

Inverse problems most often do not satisfy Hadamard's requirements of well-posedness:
they might not have a solution in the strict sense, solutions might not be unique and/or might not
depend continuously on the data. Hence their mathematical anaysisis subtle and these problems
are described asill-posed [3].

Li and Wells[18], carried out studies to investigate the effect of thermocouple properties
and location during quench operations. By employing a 2-D numerica model it is found that
disturbances in the therma field can lead to predicted higher heat transfer coefficient values
when large temperature gradients exist. To solve this problem, the thermocouple location and
properties were introduced into the numerical method and a compensation technique developed.

Other authors have investigated of sensitivity of the inverse methods to different
parameters like the thermocouple position, noise in the thermocouple reading, thermocouple
bias, mold thickness, and mold thermal properties[19,20,21].

2.3 Thelnfluence of Parameterson Heat Transfer

Much research has been conducted to find and measure the effect of different parameters
on the heat transfer coefficient at the metal/mold interface during casting of a metal. These works
show the heat transfer coefficient values can be influenced by the following factors: air gap
formation, forming and thickness of surface coating [22,23,24,25], orientation of casting surface
[7,26,27,28,29,30], chill/mold material [7,26,29,31], casting size [25,29,32,33,34], tension of
liquid surface [35], superheat [26,31,36,37,38] and chill surface roughness [22,31,36,39,40].



2.3.1 Air Gap Formation

Ho and Pehlke [41], were some of the first researchers to study in detail the heat transfer
in casting at the metal/mold interface. They did this using a permanent mold aluminum casting
and utilizing Beck's method to solve the nonlinear IHC to model the metal-mold interfacial heat
transfer. The experiments were carried out by temperature measurement in top-chilled and
bottom chilled castings of both pure aluminum and a Cu-5 wt.% Al casting. They reported that
heat flux decreases significantly during the early stages of solidification. They also concluded
that the heat transfer is dependent on the interfacia gap size. In later works, they estimated the
contact conductance in Al-13 wt.% Si castings by interfacial gap size measurement. The results
were consistent with their previous work [42].

El-Mahadlawy and Taha [37,43] carried out some HTC research for commercialy pure

Al, Al-Si aloys, and Al-Cu alloys in which air gap formation was investigated which is shown in
Figure 2-2.
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Figure 2-2 Effect of gap size on hesat transfer coefficient [37].

Higher HTC values and smaller gap sizes were obtained with higher superheatsby Tahaet d., in
Al and Al-4.5 wt.% Cu cylindrical castings of 12.5 mm diameter and length of either 95 or 230
mm in a vertical end-chill gpparatus. Later, the air gap formation and interfacial heat transfer
were computed using a numerical model which takes into consideration metal and mold
shrinkage and expansion, gas film formation, and the metallostatic pressure [43].
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Figure 2-3 Air gap vs. time for pure Al with different degrees of superheat [43].

Trovant and Argyropoulos employed experiments and modeling to apply a temperature
boundary condition coupling strategy for modeling of a casting processes [12,44]. In their study,
they used pure aluminum and aluminum aloys A356 and A206 solidifying in graphite and
copper molds. As expected, the HTC was related to the size of the gap formation, mold surface
roughness, conductivity of the gas in the gap, and the thermophysical properties of the metal and
mold. They concluded that the air gap formation is the most significant variable in terms of the
HTC. Figure 2-4 shows a comparison between conventional and coupled models for the
aluminum-copper system and Figure 2-5 illustrates the calcul ated heat transfer coefficient and air

gap predictions for pure aluminum cast in a sand mold.
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Lukens et d. investigated the effect different sands and riser heights have on contact
conductance for horizonta cylindrical castings of aluminum aloy A356 [45]. The heat flux was
calculated using an inverse method [14] and the interfacial gap was measured. Thermal contact
was found to be excellent at the bottom of the mold, but at the top, gap width was reported to be
twice as large as a the side. The amount of the formed air gap is greater in the green sand molds.
This was recognized to be related to moisture and lower rigidity of the green sand molds.

2.3.2 Mold Parameters

2.3.2.1 Mold Material

The chill or the mold material is another factor that affects the heat transfer coefficient
values [7,26,29,31]. The HTC for A356 auminum aloy during solidification was investigated
for different mold materia, mold coating material, and coating thickness [46].

Santos et al. studied the effect of chill material, chill thickness, and melt superheat in
vertica chill casting experiments with different aluminum aloy compositions [47]. The chill
materials were steel and copper. They reported that the HTC could be expressed as a power
function of time defined by the genera form HTC = C;(t)™" where the HTC is expressed in
W/m2.K, tistime (s), and C; and n are constants depending on aloy composition, chill material,
and superheat. The HTC vaues increased by increasing the chill diffusivity value and decreasing
chill thickness.

Muojekwu et al. [31] carried out some experiments by utilizing different types of water-
cooled chills including: copper, brass, carbon steel and cast-iron for Al-Si alloys. It is shown that
the heat transfer coefficient values are dependent to the thermal diffusivity of the chill and there
is a direct relationship between the thermal diffusivity of the chill material and the heat transfer
coefficient values. Between the mentioned materials, copper, as it has the least thermd
resistance, provided the greater heat extraction rate shown in Figure 2-6. Similar effects of the
chill materias are reported in other research works [4,7,39,40,48,49].
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2.3.2.2 Mold Surface Roughness

Chill surface roughness is another parameter which affects HTC values [5,31,22,50,51].
Muojekwu et al. [31] studied the effect surface roughness on heat transfer coefficient values.
They concluded that heat transfer coefficient values are higher for smoother surfaces. They
reported that increasing the surface roughness from 0.018um to 0.30um resulted in a 12.6 pct
decrease in heat flux and a17.1 pct decrease in heat transfer coefficient values.

Schmidt et a.[22] investigated the effect of different mold roughness conditions on heat
transfer coefficient values. Similar to other work, they found that the heat transfer coefficient
values can be doubled when the mold is polished. Chiesa [50] conducted an experiment by
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casting A356 aluminum aloy against a cast iron mold and applying surface roughness from 1.0
pm to 25 pum. They also concluded that higher roughness values resulted in lower heat transfer
values.

Assar [51] studied similar experiment with pure zinc. Pure zinc was poured at a superheat
of 80 K into four cylindrical steel molds of inner diameter 55 mm, wall thickness 10 mm, and
height 56 mm which were preheated to a temperature of 473 K before pouring. These molds
were machined on a centre lathe such that the inner cylindrica surface had R.vaue of 0.043,
0.173, 0.303, or 0.866 mm, shown in Figure 2-7. It is reported that by decreasng mold surface
roughness, heat transfer coefficient values were increased. He also mentioned that there was

some trend between surface roughness and heat transfer coefficient shown in Figure 2-8.
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Figure 2-7 Steel mold dimensions and surface condition[51].
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2.3.2.3 Mold Surface Coatings

Heat transfer can be increased or decreased by the presence and thickness of surface
coating. Schmidt et a.[22] tested the effect of mold coating on heat transfer coefficient for
aluminum-silicon alloys. In their experiment athick layer of ceramic powder was employed. By
using the coating, the measured heat transfer coefficient values were smaler than what were
anticipated. They explained in their research that using a layer of ceramic powder as coating of
the mold can lead to formation of an air gap layer between the mold and the solidifying metal.
Schmidt et al.[22], compared the heat transfer coefficient a the metal/mold interface with and
without coatings and concluded that the heat transfer coefficient values of uncoated molds were
larger than that for the coated molds.

Isaac et d.[25] investigated the effect of using different thickness of coating layer on heat
transfer coefficient values. It was shown that the heat transfer coefficient value can be affected
by coating thickness. As expected, by increasing coating thickness, the heat transfer coefficient
value was decreased. Michel et al. investigated the effect of coating on the heat transfer at the
metal-mold interface for Al-S alloys in steel molds [52]. They reported that the maximum HTC
was achieved by employing graphite coating or no coating and the HTC of the chill with
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refractory-based coatings was higher than HTC of the chill with vermiculite coating. The effect
of coating thickness was investigated in cylindrical castings of auminum aloy A356 by
Venkataramani and Ravindran [53]. Coating thicknesses of 1.0 mm to 2.5 mm were employed.
The HTC was found to range from 200 to 18,000 W/m?.K for 1.0 mm coatings and from 200 to
1000 W/m?.K for 2.5 mm coatings.

Narayan Prabhu et a. studied the effect of mold coating on heat transfer at the casting-
mold interface of Al-Cu-Si. They utilized graphite or alumina-based coatings in their research
project [54]. As shown in Figure 2-9, they reported higher heat transfer coefficients for graphite
coated molds. The heat flux peak was found in the process for thinner casting thickness which is

shown in Figure 2-10.
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Figure 2-9 Hest transfer coefficients estimated for 10 mm thick molds [54].
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Figure 2-10 Estimated heat flux transients for 12 mm thick casting solidifying in alumina coated molds 54].

2.3.2.4 Pressure at the Interface

Pressure and casting size (height) are other important factors affecting the heat transfer
coefficient [24,29,32,34,49].

Krishnan et al. [29] employed different vertical casting heights. It was found that the
predicted heat transfer coefficient was directly dependant to the height of the casting. Tahaet al.
[34] carried out a similar investigation by using pure aluminum and auminum-copper alloy
against copper, steel and dry sand molds. It is concluded that for the same superheat value,
increasing the length of the casting height, the value of the heat transfer coefficient will be
increased.

Nishida and Matsubara [24] carried out a series of tests to investigate the effect of applied
pressure on the heat transfer coefficient at the metal-mold interface. As shown in Figure 2-11, a
vertica cylindrical shaped mold was used to cast aluminum. Different values of pressure were
applied viaapunch inside of the cylinder. By measuring heat flow from sides of the cylinder, the
values of the heat transfer coefficient were calculated. It is shown that heat transfer coefficient

was significantly increased, when pressure was applied.
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Cho and Hong used Al-4.5% Cu auminum aloy to investigate the HTC for a squeeze
casting process [55]. They predicted HTC vaues of 1,000 W/m2K before applying pressure
which rapidly increased the HT C to around 4,700 W/n?K at a pressure of 50 M Pa.

Carroll et al. [56] studied the effect of interfacial pressure on the HTC in casting of
aluminum alloy with steel molds. They reported an increase of HTC with increasing pressure at
the interface

The only work conducted for magnesium aloys was by Weng, Kuo, Wu, and Hwang
[57]. In this study they investigated HTC between liquid and semisolid AZ91D magnesium alloy
and a SKD-61 steel mold at different pressures. They conducted the experiment with a cylinder
that was chilled at one end by a water-cooled steel chill. For the high pressure semisolid
experiments, the maximum HTC reached just over 7 kW/m?K for casting pressures of 4.9 and
9.8 MPaand around 13 kW/m?K for acasting pressure of 14.7 MPa.

Sekhar et al. [58] conducted a research project to investigate the effect of pressure on
metal-die heat transfer coefficient during solidification of Al - Si eutectic alloy against an H-13
die. Asshown in Figure 2-12, they employed 4 thermocouples |ocated at different distances from
the metal-die interface. Thermocouples are located in the cold top die half which extracts heat
from the cylindrical specimen as the specimen is pressurized. It was found that application of a
pressure of 196 MPa increases the heat transfer coefficient from about 3.4 to 52.5 kW/mK,
illustrated in Figure 2-13. The effects of different die coatings on the heat transfer coefficient

were also determined.
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2.3.3 Cast Metal Parameters

2.3.3.1 Cast Orientation

Another parameter that can affect the heat transfer coefficient values is casting surface
orientation. Krishman et al. [29], did a series of experiments with several aluminum alloys to
calculate the heat transfer coefficient during unidirectional heat flow. As it can be seen in Figure
2-14, two different orientations of chills against solidifying metal were used: (a) top vertica
arrangement (b) bottom arrangement. It is reported that the bottom chill resulted in higher heat
transfer coefficient values as compared with the top chill arrangement as the bottom chill is in
more intimate contact with the meta due to gravity. Ho and Pehlke [7], reported similar results
by casting pure auminum and aluminum- copper aloys against a vertically arranged copper
chill. Figure 2-14(a) and (b) shows experiments of Ho and Pehlke [7] and Krishman et a. [29].

PIT TS

Figure 2-14 (A) Casting setup for constant metal | ostatic head experiment [29].

(B) Cadting setup for receding head experiment [7].
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2.3.3.2 Cast Superheat

In the casting process, it is necessary to apply some amount of superheat to fill any mold
cavity. The effect of superheat on heat flux and heat transfer coefficient at the interface of meta
and mold has been investigated [31,59,43,37].

Muojekwu et al. [31] studied the effect of secondary arm spacing and surface roughness
on heat transfer coefficient values. The experiments were done by utilizing the different types of
the chills namely: copper; brass; carbon steel, and; cast iron. They concluded that heat flux and
heat transfer coefficient values were increased by increasing superheat that the increased
superheat caused an increase in interfacial contact because:

1) Thereis reduced viscosity at high temperatures, and

2) High superheat doesn’'t support the preliminary formation of a thick solidified shell,

which forms an air gap between the solidifying molten metal and the chill interface.
Furthermore, greater superheat would cause a greater initia driving force for heat flow across the
interface.

Tahaet a. [43] studied the effect of chill material and cast superheat of the heat transfer
coefficient for an Al-Cu aloy casting. It is reported from their research work that for a sand and
copper chill, the heat transfer coefficient increased with increased metal superheat.

Gafur et al. [59] conducted aresearch project to study the effects of superheat on HTC of
casting of commercially pure auminum. Faster initial increase in the chill surface temperature
was achieved by higher superheats. Chill thickness effects were observed only after the heat
from the solidifying metal had sufficient time to diffuse to the bulk of the chill material. Though
the effect of chill thickness on the HTC was not significant, higher superheats resulted in higher
heat transfer coefficients, asillustrated in Figure 2-15 and Figure 2-16.
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2.4 Heat Transfer during TRC

Heat transfer during the Twin Roll Casting (TRC) process for low—carbon steels was
studied by Guthrie and Tavares [60,61,62]. In their study they used a pilot caster with a roll
radius of 0.30 m, producing steel strips with thicknesses ranging from 4 to 7 mm, at relatively
low casting speeds in the range of 4 to 12 m/min. Calculated heat flux variation during vertical
twin roll casting is shown in Figure 2-17.

By employing installed thermocouples inside of a pilot twin-roll caster rolls, heat fluxes
at one of the roll-strip interfaces were modeled. In the experiments, the roll separating force was
kept approximately constant at 20kN. Temperature data was acquired at a frequency of 10 HZ
during the entire casting process. The recorded temperatures by thermocouples then used to
model the interfacia heat flux by an inverse heat transfer solution. By employing a Lagrangian
coordinate system, moving with the same speed of the rolls and thermocouples, the heat
conduction equation was reduced to the one-dimensional equation. The recorded temperatures of
the outer thermocouples from the roll surface were used as boundary conditions while the
measured temperature profile values by the thermocouples closer to the roll surface were used as
the fitting parameter for calculating the interfacia heat fluxes values. Figure 2-19 shows
temperature-time data recorded by TCs and Figure 2-20 shows the typical variation of the
predicted heat fluxes during one of the experiments. The peaks in the heat fluxes correspond to
those periods of contact between that part of the roll containing a set of embedded thermocouples
and the solidifying metal.

In this process because of heat transfer from rolls to the casting materia, solidification
begins at the first contact point of the rollers and the casting metal. Meanwhile, because of the
shrinkage of the solidified shell, a thin air gap layer forms between the rollers and the casting
metal. Presence of this thin air gap layer causes two modes of heat transfer:

a) Conduction at the interface of the solidified shell and theroll.

b) Convection and radiation in where the air is trapped between the shell and roll which

causes alow heat flux value from the solidified meta to the rolls as shown in Figure
2-17 (region 1).
By increasing the temperature of the rolls, expansion of the rolls occurs which causes an increase
in metallostatic pressure and the pressure on the solidified shell increases. Because of this

increased pressure, the thin air gap would be reduced or eliminated which, as it is shown in
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Figure 2-17 region 2, causes more contact area between the rolls and the solidified meta and
higher heat flux. Finally the solidified shell starts to shrink which lead to less contact area

between the rolls and the solidifying metal and consequently, less heat flux that is shown in
Figure 2-17 region 3.
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Figure 2-18 Equipped rolls with thermocouples used for steel TRC to evaluate HTC [61].
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Hlady et al. [63] conducted research work to investigate the heat-transfer coefficient
(HTC) in the roll gap during the hot rolling of AA5xxx aluminum aloys. They employed some
thermocouples attached to the surface and inside the test samples. The heat-transfer coefficient
was modeled by recording temperature history and employing an implicit finite-difference model
a different strain rates, and pressures. They reported heat transfer coefficient values of 200 to
450 kWw/m*C. Also they developed an equation to define the HTC as a function of the ratio of
the rolling pressure to the flow stress at the surface of the work piece. Figure 2-21 shows the
effect of mean rolling pressure on the HTC in the roll gap.
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Figure 2-21 Influence of mean rolling pressure on the HTC in the roll gap [63].

2.5 Summary

Many researchers have investigated the heat transfer coefficients for a variety of casting
techniques. Some of the parameters that are known to affect the HTC during casting at the
metal/mold interface include: thermo physical properties of the casting material and mold; mold
surface roughness; melt superheat; and pressure at the mold/metal interface. Designing and
building an apparatus to test the effect of all parameters such as chill/roll material, chill surface
roughness and coating, superheat and pressure, especialy for the light metals such magnesum

which isdifficult to cast, is essential.
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Chapter 3 Experimental Procedure

A test apparatus was built to measure the interface heat transfer coefficient between
liquid metal and a chill in order to get quantitative information on the HTC during Twin Roll
Casting (TRC). The apparatus was developed such that the temperature history in both the melt
(casting) and chill (mold) could be measured a known locations. This chapter explains the
design of the experimenta apparatus as well as the sensors used during the experiment. Finally, a

description of atypica experimental procedureis given.

3.1 Casting Heat Transfer Simulator

The overal design of the experimental apparatus (casting heat transfer simulator) is
shown in Figure 3-1 below. This experimental apparatus was designed to alow different
parameters such as: the chill material and test metal; the roughness and texture of the chill; the
superheat of the test metal; and the pressure at the interface to be investigated to observe how the
heat flux and HTC are affected. As shown in Figure 3-1 and Figure 3-2, the apparatus consists
of five main parts; namely: the heater assembly; pressure assembly; chill apparatus; frame and
the top and bottom plates. The test metal to be melted is placed in an open ended H13 tool steel
cylindrical vertica chamber surrounded by heaters. A piston is inserted in the chamber from
above sealing the top from the environment. The head of the piston contains spring rings to
ensure the sedl is tight and will minimize the leakage of molten metal around the sides of the
piston when pressure is applied at the interface. The bottom of the cylinder is sealed by the chill
block. The test metal rests on the water chilled block and it is the heat transfer at this interface
(between the chill block and test metal) which will be assessed.
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Insulation surrounds the entire assembly to ensure the mgjority of the heat flow occursin
the y-direction (vertical) from the liquid metal into the chill block. The frame consists of a top
and bottom plate held together by four rods. As the four rods are tightened, the bottom plate
presses firmly against the chill from the bottom, and the top plate presses against the chamber

from the top. This ensures the assembly will survive the high pressure of the experiment and
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liquid metal leakage will not occur. This gpparatus is placed on a high-pressure Instron frame
equipped with a load cell. The apparatus is instrumented with seven thermocouples. Two
thermocouples are placed inside the chill, four are placed on the surface of the piston head to
measure the temperature of the solidifying material, and one thermocouple is placed againgt the
outside surface of the chamber.

Before the experiment starts, the heaters are used until the desired metal test temperature
is reached and equilibrated. Once this has occurred, the water circulation will be started to cool
the chill block. During the experiment, the base upon which the furnace assembly rests is slowly
pushed upwards by a hydraulic arm. As the agpparatus moves up, the stationary piston rod is
forced into the cylinder to build up pressure in the chamber. The back end of the piston is
pressed against an insulated load cell.

The data acquisition system, which the thermocouples are connected to, has a sampling
rate of 10 Hz and outputs the results to a text file. After the experiment, the thermocouple data
(temperature-time history at a known location) was analyzed to determine the heat flux at the
interface between the chill block and test metal.

3.1.1 Frame

The frame of the Casting Heat Transfer Simulator consists of a top and bottom plate held
together by four rods. As the four rods are tightened during atest, the bottom plate presses firmly
against the chill assembly, and the top plate presses against the chamber from the top. This
ensures the casting assembly will survive the high pressure of the experiment and minimize
liquid metal leakage in the chill block chill. The rods are 542mm long with diameter of 16 mm.
The diameter of the plates is 250mm with thickness of 25 mm made from mild steel. Figure 3-3
shows detailed dimensions of the frame and the sketches of the top and bottom plates and four

rods.
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Figure 3-3 Schematic of top/bottom plate.

3.1.2 Chill Assembly

The chill assembly was designed to ensure sufficient heat could be removed from the
molten metal and was instrumented with two thermocouples to ensure accurate temperature time
history at two known locations during atest. This assembly consists of two main parts:

Cooling System
Chill Block

3.1.2.1 Cooling System

The cooling system consists of two distinct parts, namely: the main water cooled section
and a cover which is in contact with the chill block. Both parts were made from aluminum and
joined together using laser welding. To build the cooling system, as shown in Figure 3-4, circular
water channels were machined inside an aluminum block such that two holes were used for the
inlet water and one hole for outlet water. The water is provided to the chill through copper tubes.
The diameter of the cooler is 73mm and it has a height of 50mm. Figure 3-4 shows the sketches
of the main part and Figure 3-5 illustrates dimensioned drawings of the cover. Additional

sketches of these parts are provided in Appendix B.
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The cooler assembly is shown in Figure 3-6 showing the assembled cooling system with

the cooler, cover and copper tubing for the water.

Figure 3-6 Cooler Assembly.

3.1.2.2 Chill Block

The chill block is the block which sits on top of the chill assembly cover and is in contact
with the liquid metal during a test. Figure 3-7 shows its architecture and dimensions. In this
research, the chill block was made from a H13 tool steel which thermophysical properties are
givenin Table 3-1.

Table 3-1 Thermophysical properties of the H13 used for the chill block.

Thermal ) Specific Heat
o Density )
Meta Mold Conductivity Capacity
(kg/m?)

(W/m.K) (Ikg.K)

H13 Tool
245 7800 460

Steel[64]

To produce the chill blocks, all specimens were machined into a cylinder with

dimensions of 64mm diameter and 60 mm height. Two flat-bottomed holes were drilled inside
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the chill block so that it could be instrumented internally with T/C's. A 1.7 mm diameter hole
was drilled to the centre of the chill at heights of 2mm and 45mm below the interface between
the chill block and test metal. The hole for the upper had to be drilled at an angle because of the
reduced diameter close to the top as shown in Figure 3-6. Appendix B provides additional details
on the holes drilled and placement of the TC’s in the chill block.

b= Ed .
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A 1.5 —
e -H.
|
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|
i I
5.0 — of
f 2.0 i
W L MOLES TR FIT—
Fhoer i | E5u THERUCOUFLE
CONER FPROEES .
73.0 OIM 1M M UNLESS OTHERWISE SPECIFIED UATERIAL ¢ HI3

Figure 3-7 Chill block dimensions (in mm).

Thermocouple 1 (2mm below the interface)

Chill >

Thermocouple 2 (45 mm Below the interface)

Figure 3-8 Chill details.
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Detailsin Appendix A provide calculations which indicate that the end of the hole where
the TC tip will be placed is adistance of 2.01 to 2.05mm from the interface. Accurate knowledge
of thislocation is critical to ensure that the IHC cal culations for the heat flux are representative.

To study the effect of roughness on the heat transfer characteristics between the chill and
melt, a particular surface roughness was imposed on the top of the chill block which was in
contact with the test metal prior to the start of a test using a lathe. Surface roughness ranging
from 0.1um to 43um (peak to valley roughness) were tested. Figure 3-9 shows the surface of the
chill block in contact with the cast metal section of the mold with the two different surface

textures/roughness applied.

RA = 43.4pum

Figure 3-9 Surface of the chill blocks.

The surface roughness of the specimens was evaluated by employing a Surtronic3+
which is shown in Figure 3-10. This device is a portable, self contained instrument for the

measurement of surface texture.
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Figure 3-10 Surtronic3+.

3.1.3 Test Metal

The test meta used in this project was a tin aloy caled Babbitt aloy (Sn-
7.5%303.5%Cu). For each test sequence, a solid cylinder with a diameter of 64mm and height of
100mm was machined from the alloy. Four holes with a diameter of 1.7mm at the correct radial
position with respect to the location of the TC's were aso drilled. Figure 3-11 shows the
dimension of the test metal and the position of the thermocouple holesin it.

80,0
52.0

7
L—q:}_n—-|

OId M Md UMLESS OTHERWFIGE SPECIFIED

Figure 3-11 Test metal dimensions and details.
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The solidification range and the fraction of each phase at different temperatures were
calculated using the FactSage thermodynamic software for this aloy and is shown in Figure
3-12.
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Figure 3-12 Solidification range of Sn-7.5%Sh-3.5%Cu dloy.

3.1.3.1 Thermohysical properties of Sn-7.5%Sb-3.5%Cu?

Generdly, it can be written:

I (T)=1 aec(T)+l pn(T)

where |, | gec @nd | ,n are respectively, the total, the electronic, and the lattice thermal
conductivity. The interdependence of | gec and |  is difficult to formulate, but it has been shown
that, for metals (liquid and solid phases) at temperatures higher than the Debye temperature, the
lattice contribution is around 1% of the total thermal conductivity. Thus, the thermal conduction
is mainly due to transport of electrons. Consequently, the modified Wiedemann-Franz rule
relating thermal and electrical (s) conductivity can be used with confidence to predict the
thermal conductivities of metal aloys. The Wiedemann-Franz relation is described in Appendix
C.

Estimation of thermal conductivity is based on the measurement of electrical conductivity
of Sh-Sn and Cu-Sb-Sn Sn-based alloys and using a rule of mixtures [65] was calculated as
shown in Figure 3-13.

! Provided by Dr. Aimen Gheribi, Ecole Polytechnique de Montreal
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Figure 3-13 Estimation of therma conductivity of Sn-7.5%Sb-3.5%Cu.

3.1.4 Heater Assembly

This assembly consists of two semi cylindrica shaped ceramic heaters, high temperature
fiber insulation packages, heater and the insulation shroud and heater assembly stands as well as
acylinder that acted as the testing chamber in which the solid test metal was first placed and then
heated until it was molten. Figure 3-14 shows the heater assembly with all of its parts.

36



Heater and Insulation Package Shroud
Ceramic Heater —
High Temperature Insulation Package

—

Heater Wires Connection Box ——

Figure 3-14 Heater assembly details.

3.1.4.1 Casting Chamber

Melting the meta and applying pressure by the piston will be done inside a casting
chamber. The partsisacylindrical shaped part with height of 352mm and O.D of 80 mm and 1.D
of 65mm. The part is made from H13 tool steel and it is heat treated to increase the hardness of
the part to 53RC. Dimensions and sketches of the casting chamber are provided in Appendix B.
The clearance between the piston and the inner diameter of the chamber was 0.051 mm to ensure
there was no leakage during operation of the liquid metal up the side of the piston.

3.1.4.2 Ceramic Heaters and Insulation Package

To melt the test metal, two specia semi cylindrical ceramic heaters were designed and
ordered from ThermCarft Inc. located in Winston-Salem, USA. The dimensions of the heaters
are 95mm |.D. X 250mm long with power of 1375 Watts and an input of 208V. Inside the
heaters, Iron-Chrome-Aluminum wire was helically wound and placed in a grooved ceramic
refractory holder. The coil was embedded with thermal conductive cement, to prevent it from

growing out at the grooves due to thermal expansion when heated. The heaters are insulated by
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employing high temperature Fibercraft insulation packages. This insulation mates well with
Thermcraft High Temperature Electric Heaters. Three insulation packages were ordered and
matched to insulate the heaters and the casting chamber to ensure that the heat flow in the test
chamber and chill block would only occur in the y-direction (i.e. 1D). The dimensions are given
as follows:

304.8mm O.D. x 14mm long insulation package which consists 127mm I.D. x 104.8mm
O.D. x 355.6mm Long with vestibules on both ends which one vestibule is 57.15mm tick. The
other vestibule is 44.45mm thick with a 73mm 1.D thru hole.

There is a thermocouple embedded inside one of the semi cylindrical heaters which is
shown in appendix B. The thermocouple is connected to a heater temperature controller. The
heaters are also connected to the temperature controller box which turns the heaters on and off
based on the set-point.

3.1.4.3 Heater and the Insulation Shroud

To keep the heaters and insulator package, a shroud in two halves, with 3 stands for each
of them, was designed and built from duminum alloy sheets and brass. The two halves are joined
together for a test using two spring locks on either side. By employing the stands, It is possible
adjust the height of the heaters (hot zone in the test chamber).

3.1.5 Pressure Assembly

To apply pressure on the sample and measure the temperature distribution values inside
the molten metal, a piston piece was designed. The piston piece is a combination of four parts
and two assemblies, namely: piston shaft, sealing piston, bushing, piston extension, LVDT
assemblies and load cell assemblies.

3.1.5.1 Piston Shaft

The piston shaft is a connection from the load cell extension to the sealing piston and it
delivers pressure from the piston shaft to the load cell. It is a 325mm long shaft with a diameter
of 64mm, made from H13 tool steel. Figure 3-15 shows a sketch of the piston shaft.
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Figure 3-15 Piston shaft dimensions.

3.1.5.2 Sealing Piston

The sealing piston is a cylindrical shagped part with a height of 30mm and diameter of
64mm made from H13 tool steel. This part is used to sea the piston against the molten metal
inside the cylinder when applying pressure by employing 3 piston rings and a clearance of
0.0508 mm between the piston and the cylinder. Figure 3-16 illustrates its architecture.
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Three sets of Wiseco dloy steel, ferrox coated, chrome faced rings were used to prevent

the molten metal from leaking up the sides of the piston when applying pressure at the interface.

The rings are installed in two grooves at the side of the sealing piston. Also 4 packing glands

were installed inside the sealing piston to keep the thermocouples at the desired position under

high pressure and temperature during each experimental test. One of these thermocouples was

used to estimate the metal temperature at the interface of the metal and chill, two of the other

TC’ s were used to measure the spatial distribution of the temperature in the test chamber and the

fourth one was a backup thermocouple for future use. Figure 3-17 shows the sealing piston with

the packing glands, thermocouples and the piston rings.
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Piston Rings

L\

Thermocouples

Packing Glands
Figure 3-17 Sedling piston details.

Conax Packing Glands (PG) were used in this gpparatus and they provide

pressure/vacuum sealing for the thermocouples. Figure 3-18 shows different parts of a packing

gland.

FOLLOWER |
N A

ROy

(| 1 s __.-—E"LRJT

Figure 3-18 PG Packing Gland [66].

For this project, a packing gland with the bore size of 1.5mm was selected. The sealant
was chosen to be Lava which is designed to work in high temperatures (-300° F to +1600° F (-
185° C to +870° C)).
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3.1.5.3 Bushing

The bushing part is aring shaped part made from brass with an 1.D. of 64 mm and O.D.
of 100 mm. This part was mounted on the top plate to ensure that the piston shaft was positioned
exactly in the middle of the cylinder and prevent any radial movement of the piston assembly,

when applying pressure. Figure 3-19 illustrates dimensions and a view of the bushing part.

CiE Il MU LRLESS OTHER®ISE SPECIF 1ED MATER ALY BRASS

Figure 3-19 Bushing dimensions and details.

3.1.5.4 LVDT Assembly

To measure the displacement of the apparatus and to calibrate the position of the TC's at
the start of the experiment, a DC operated LVDT was used. Figure 3-20 shows a complete view
of the LVDT assembly and bushing.
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Figure 3-20 LV DT assembly and bushing details.

3.154.1LVDT

Linear variable differential transformers (LVDT) are used to measure displacement. The
LVDT is connected to the piston shaft by the LVDT mounting assembly which consists of an
insulation materia to prevent the heat to damage the LVDT and a holder which connects the
LVDT to the piston shaft. The sensor of the LVDT is in contact with top plate and as the top
plate is fixed, by applying pressure and moving the piston assembly, the LVDT will record the
displacement of the piston shaft.

To measure the displacement of the piston during testing, a DC operated LVDT, DC-750-
1250006 was used.



3.1.5.4.2 Piston Extension and Load Cell Assembly

To prevent heat going into load cell, a piston extension assembly was designed and built.
As shown in Figure 3-21, the extension assembly consists of lower and upper extensions, made
from H13 tool steel and a ceramic disk which is used as an insulator to minimize heat flow from
the piston shaft to the load cell. The load cell is installed on the hydraulic universal testing
machine upper head frame and it isin contact with the piston extension via an extension cap.

Upper Head Frame
Head Frame Platen
T Load Cell

"~ Load Cell Flaten

- Extension Cap

Upper Extension

Ceramic Disk

Lower Extension
Piston Shaft

Figure 3-21 Piston extension and load cell assembly.

To measure the gpplied force, a load cell was employed. In this study the 1020AF
interface load cell, shown in Figure 3-22 was employed. This device is a fatigue rated load cell
with 300% overload protection, an extremely low moment sensitivity of 0.1%/in, low zero float
(toggle) and a high fatigue life. The load cell, after calibration, was connected to the MTS 407
controller to read and analyze the load cell signals. More details about the load cell is provided in
Appendix D.



Figure 3-22 Interface Load Cell 1020AF.

3.2 Load Assembly

To apply pressure, an Instron 1350 servo-hydraulic testing system with MTS 407 analog
controller and equipped with a 12 kN load cell were employed These equipments are described
in detailsin Appendix D.

3.3 Data Acquisition Equipment

To gather thermocouple, LVDT and the load cell data, a data acquisition system was
used.

Figure 3-23 NI SCX1-1000 equipped with SCX1-1303, 32 Channel Termind.
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In this study a SCXI1-1303 Terminal, a SCXI-1102 T.C. Amplifier and a SCXI-1000
Chassis were used, shown in Figure 3-23 NI SCXI-1000 equipped with SCXI-1303, 32 Channel
Terminal. The chassis provide power, controls the SCXI bus and houses the modules. Terminal
blocks provide a quick and suitable way to connect 1/O signals to the system. The plug-in DAQ
device was employed to gather the signals from the SCXI system into the PC.

The fina part of the SCXI system is its software. In this study, LabVIEW software is
used. LabView (Laboratory Virtua Instrumentation Engineering Workbench) is a platform and
development environment for avisual programming language from National Instruments which
uses icons instead of text to develop applications. It employs data flow programming similar to a
flowchart to create an agpplication and is used as an interface between the computer and SCXI

system.

3.4 Thermocouples

One of the challenges in designing the experimental gpparatus is to account for the
response of the TC's. For each TC, a thermal time constant exists which is the initid
thermocouple temperature to reach a value of 63.2% of the steady state condition of the actual
temperature. The size of the thermocouple assembly and thermocouple wires are important
factors affecting the thermal time constant [10].

The thermocouples used in this study have athermal time constant of less than 1 second.
The type-K (Chromel-Alumel) grounded thermocouples with rugged junction were used to
measure the temperature history in the chill and test metal. The TC’s were sheathed in Nickel-
Chrome Based Super Omega Clad with ultra high temperature mineral insulated with excellent
long term stability at high temperature for use up to 1335 °C with excellent resistance against
oxidation, carburization and chlorination resistance. The length of thermocouples was 30cm

with adiameter of 1.5mm. Figure 3-24 shows a sketch of the test thermocouple.

Hickel-=Chroms Based Sheath

1 mim

300 mam

Figure 3-24- Chrome Alumel K-type thermocouple.
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3.5 Experimental Procedure

In order to test the effect of different parameters, the following procedural steps were

executed for each experiment:

1.
2.
3.

© ® N o 0o &

11.
12.

13.

14.
15.

16.
17.
18.

remove the piston and the thermocouples from the metal.

19.
described in Chapter 4.

The chill block was inserted on the cooler assembly.

Two thermocouples were ingtalled in to the chill.

The test metal is placed into the casting chamber againg the chill block. A high temperature
parting agent is applied on the inner sides of the test chamber to ensure that the test metal can
be easily removed after ated.

Heaters are placed around the casting chamber and their height adjusted as required.
Tightening of the four rods on the main lower plate.

Placement of the upper plate on the casting chamber and tightening the upper rod nuts.
Ingtallation of the thermocouplesinside the piston and tightening the packing glands.
Connection of the piston to the load cell.

Turning on the heaters and setting the heater controller to reach the desired temperature.
Turning on the pressure setup and setting the desired displacement to put the piston
thermocouplesin place.

Turing on the water circulation to adjust the temperature of the chill assembly

Attaching thermocouples, LVDT and load cell to the PC via the data acquisition system and
start of the LabView software.

After the test metal has reached the desired test temperature, moving the setup to put the
piston thermocouplesin place.

Turning off the heaters and starting the software to measure the temperature distributions.

To test the effect of the pressure on the heat transfer coefficient values, steps 18 and 19
should be followed.

Ingtalling the pressure shaft on the piston and installing the pressure connection on the load
cell.

The pressure can be applied at this step and the LVDT will measure the displacement of the

piston and the thermocouples.

After solidification of the metal, heaters are turned on again to re-melt the material and

The recorded temperature time histories are analyzed using an Inverse Transfer Procedure
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Chapter 4 Inverse Heat Conduction M odel

In order to calculate the associated heat flux and heat transfer coefficient for each test
performed, it was necessary to develop a one-dimensional Finite Difference (FD) mathematical
model capable of solving the governing heat conduction equation associated with the inverse
heat flux analysis. This method assumes an initial heat flux at the surface of the sample and then
compares the predicted temperature distribution within the sample to that which was measured
by the thermocouples. The heat fluxes are then adjusted and the analysis run again to determine
the new temperature profile. This process is performed iteratively until the difference between
the predicted and measured temperatures meet the accuracy requirement (1°C).

4.1 Formulation of thelnverse Problem

To anayze the experimental results and calculate parameters such as heat flux, surface
temperatures, and heat transfer coefficients at the metal-chill interface, shown in Figure 4-1, an
inverse heat conduction (IHC) code was developed. The IHC problem is much more difficult to
solve than a direct heat conduction problem. One of the reasons for this is because this type of
problem is extremely sensitive to measurement errors and the use of small time steps frequently

introduces instabilities in the solution of the IHC problem unless regularization are employed.

The procedure used was developed by employing a numerical solution to calculate the
temperature profiles and the heat flux entering the chill. As shown in Figure 4-1, two
thermocouples, Thermocouple 1 (TC1) and Thermocouple 2 (TC2), were used to measure the
temperature profiles inside the chill block for further analysis using the IHC code. Also, to
calculate the surface temperature of the metal cast section, Thermocouple 3 (TC3) was used. By
having the measured temperature history of Thermocouple 3 (TC3) and the heat flux at the
metal/chill interface, calculation of the surface temperature of the casting and hence heat transfer

coefficient (HTC) and the metal/chill interface is possible.



Figure 4-1 X-sectiona view of the experimental apparatus showing relative thermocouple locations as well
as metal and chill parts.

4.2 Development of 1-D Heat Conduction M odel

4.2.1 Basic Heat Transfer Problem

To anayze the heat transfer which occurs in the chill material which is exposed to the hot
liquid metal, a one-dimensional thermal heat transfer anaysis was viewed sufficient as the
magjority of the heat was conducted through the chill in the y-direction towards the metal and
chill at the interface as shown schematically in Figure 4-1. Since the thermocouples were located
in the middle of the chill and the cylinder was well insulated, we did not consider heat flow
across the width of the sample in the x-direction. The governing partial differential equation
(PDE) for heat conduction in one dimension is:

10T _0°T

5Ty (4.1)
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k 2 . .
Where o= oc. is the thermal diffusivity of the solid (m?), T is temperature (K), tistime (s), C,,
p

is specific heat (J/kg.K), k is thermal conductivity (W/m.K), p is density (kg/m?), and y isin the

vertica direction. The governing equation shown in Equation 4.1 is subject to the following
initial condition and BC’ s outlined below.

Assuming that the test metal starts at a uniform temperature Ty, the initial condition is:
T(y)=To (4.2)

4.2.2 Boundary Conditions

Referring to Figure 4-2, at y = O, (the interface of the test metal and the chill), the boundary
condition (BC1) was defined as shown in equation (4.3) and a y = - 45mm, boundary condition
(BC2) was defined as equation (4.4) which is a known temperature history recorded by
thermocouple 2 (TC2).

kaT— 0 4.3
—k 5y =A0.D 43)

T(y = —45mm,t) = TC2 4.4
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Figure 4-2 Schematic of the chill showing boundary conditions used in the model .

As shown schematically in Figure 4-3, in the test metal a y=0 boundary condition (BC1) was
defined as equation (4.3) and a y=2 mm, boundary condition (BC2), is given by equation (4.5)
and is the known temperature history recorded by thermocouple 3 (TC3).

Temperature

; Y (1 ?
History known 1) i T

2 mm

o e !

Figure 4-3 Schematic of the test metal showing boundary conditions used in modd.

n
=
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T(y =2mm,t) =TC3 (4.5)

where q is heat flux at the interface between the chill/meta. Also TC1 and TC3 are the
temperature histories, measured by Thermocouple 1 (T C1) and Thermocouple 3 (TC3) inside the
chill and test metal.

To solve Equation (4.1), an implicit Finite Difference (FD) numerical technique was used
However, to estimate the initia value for the heat flux at the start of the program for the implicit
code, an explicit code was developed which is described in section 4.3.3.

To utilize the implicit FD method, adomain from the interface of the metal-chill to
thermocouple 2 (TC2) was divided into a number of elements as shown in Figure 4-4 in which

interior nodes are shown by “1” and the exterior node is shown by “k”.

q| g

I+1 »

Figure 4-4 Finite Difference descritization of the chill.

By utilizing the boundary conditions for the problem, Equation (4.6) can be developed.
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Tt+1 Tl B Tl+1 +Tt+1 2Tlt+1
At (dy)?

(4.6)

where the subscript | shows spatial location and superscript t refers to the time step.
Also using the heat flux boundary condition (4.3)(4.1) in Equation (4.6), the surface node
“k” can be described by Equation (4.7).

Ay T(')£+1 _ T(E _ T1t+1 + T('§+1 . q
P At (Ay)? 0

4.7)

By utilizing Equation (4.6) and (4.7) and having g at node “K” and temperature history at
node “O”, recorded by thermocouple 2 (TC2), as the boundary conditions of the problem, the

temperature distribution insde the medium was cd cul ated.

4.2.3 Comparison of FD Model Predictionsto an Analytical Solution

Verification of the one-dimensional heat transfer FD model was done by comparing the
model solution to an anaytica solution for a semi-infinite solid with a uniform initia
temperature, T; which is suddenly exposed to a constant surface hesat flux go. A parametric study
was performed to find the best values of the time step and element size in the FD method.

Equation (4.8) shows the andytica solution for the temperature distribution profile of the
domain by applying a constant value of heat flux [15].

atyo.5

T(yv t) = 2QO T[k

exp (;zz) erfo(= =)+ T (4.8)

Where q, is the constant value of heat flux (W/m?), y isthe location in the chill (m), t istime (s),
k is thermal conductivity (W/m.K) and T, is the initia temperature of the chill (K). Figure 4-5
shows the predicted temperature distribution using the analytical solution and a constant surface
heat flux of 200 kW/m? and material properties for aH13 steel, given in Chapter 3.
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Figure 4-5 Predicted temperature distribution using the analytical solution givenin equation (4.8) and a
constant surface heat flux of 200 kW/m?

A sensitivity study was performed to determine the effect of different element size and time step
on the predicted results using the implicit FD code. Figure 4-6 (a) shows the results of the
sensitivity study by employing different time step values (t = 0.01s, 0.1s, 1s, 5s, and 10 s)
while Ay = 0.5mm.
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Figure 4-6 () Numerical Vs. Analytical solution at 2mm bel ow the chill and meta interface for Ay =
0.5mm.. (b) A blow-up at t=40s.

Figure 4-6 (b) shows the comparison of analytical solution values and numerica solution
values at t= 40s which illustrates that after decreasing the time step vaue to less than 0.1s, the

temperature estimation by the inverse code is accurate to within 0.001°C (0.1%).
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Table 4-1 shows a comparison between the results of the analytical solution and the finite

difference model results after atime period of 100 seconds.

Table4-1 Comparison of analytical solution and FD solution results at 2mm below the interface (Error %).

=200 kW/m?2, Ay=0.5mm

Time(s) At=10s At=5s At=1s At=0.1s At=0.01s
10 13.63157319 6.124323 1.096791 0.114979 0.019404
20 8.307791549 3.820561 0.726119 0.079599 0.015839
30 6.135139563 2.90724 0.56597 0.064295 0.014595
40 4.975635193 2.395236 0.472727 0.055527 0.0141
50 4.236333066 2.059316 0.410674 0.05002 0.014153
60 3.713300704 1.817778 0.366123 0.046695 0.01489
70 3.316925378 1.63288 0.332535 0.059583 0.016483
80 3.001251972 1.484616 0.306362 0.060378 0.019022
90 2.740303315 1.361475 0.285515 0.06291 0.022503

100 2.51841557 1.25647 0.268681 0.048799 0.026855
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Figure 4-7 Numerical V's. Anaytical Solution a 2mm below the chill and metal Interface at t=40s for

At=0.

1.

Figure 4-7 shows a comparison of analytical solution values and numerica solution

values at t= 40s, which illustrates that by decreasing the nodal distance (Ay) vaue to less than

0.5 mm, the temperature estimation by the implicit FD code is within 0.1% percentage of that

predicted by the analytica solution.
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Table4-2 Andytical solution and FD numerical solution results at 2mm blow the interface (Error %).

=200 kW/m2, Ay=0.1s
Time(s) Ay=0.1mm Ay=0.5mm Ay=1mm Ay=2mm
10 0.1106348 0.11497909 0.12857555 0.26961391
20 0.07670132 0.07959888 0.08866075 0.18215283
30 0.06203386 0.06429538 0.07136379 0.14415092
40 0.05359574 0.05552665 0.06151521 0.12285796
50 0.04812925 0.05001971 0.05564443 0.11164147
60 0.04443423 0.04669497 0.05281684 0.1093603
70 0.0419645 0.05958267 0.05276948 0.11588393
80 0.04042394 0.06037758 0.05533692 0.1308322
90 0.03962354 0.06291011 0.06029864 0.15341027
100 0.03942568 0.04879883 0.06737175 0.18255609

Table 4-2 shows a comparison between the results of the analytical solution and the FD
numerical solution.

From the presented information, it can be concluded that by choosing Ax < 0.5mm and
At < 0.1s the heat transfer calculations in the implicit FD code are of the highest level of

accuracy.
4.3 Mathematical TechniquesUsed in IHC

4.3.1 Inverse Heat Transfer Analysis

The heat flux and the HTC at the interface between the metal and chill block were
calculated using an inverse analysis technique. Using this technique, an initial heat flux is
assumed at the interface and the finite difference method is used to calculate the resulting
temperature distribution in the chill. After the calculated temperature distribution is obtained, it
is compared with the temperature distribution measured in the chill and hence heat fluxes are
adjusted iteratively so that the difference between the measured and calculated temperatures at
each thermocouple position is minimized. The difference between the measured and calculated
temperatures at TC1 at the current time step was evaluated and minimized by using the quadratic
fit line search method as described below. Then the calculated temperature will be used as the
initial temperature for the next time step and the corresponding surface heat fluxes will be used
as the starting heat fluxes for the next time step.
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After employing theinitia estimation of the heat flux, the temperature profiles at |ocation
v1, the position of thermocouple 1 (TC1), were modeled (T,,1). The estimated heat flux at each
time step was evauated by utilizing a least square method to compare the modeled temperatures
with the measured temperatures which is shown by equation (4.9) and minimizing it by using the

guadratic fit line search method.

F@) = ) (Toae — TCLY? (49)

Tml, and TC1l, are the modeled and calculated temperatures at the location of
thermocouple 1 (TC1). r is the future number of temperature measurements in the inverse heat
conduction process. The value r is an integer between 1, 2, 3, or 4. In this study r=4 was
employed.

At each iteration of the time step, a new value for the heat flux is estimated and utilized
to caculate a new set of modeled temperatures. By employing the least square function and
comparison of the measured temperatures with the modeled temperatures, the new value of the
least square function was calculated. This process was repeated until the minimum vaue of the

function for each time step was found.

4.3.2 Quadratic Fit Line Search Method

To accelerate minimization of equation (4.9), a quadratic line search method was
employed. At each time step, plotting the least square function versus the values of the estimated
heat flux shows parabolic behavior. To employ this method, three different heat flux values were
used to calculate the values of the least square function; Assume that (A1, A,,A3) are the first
estimates of heat flux at the beginning of the each time step. Because of the parabolic behavior of
the least square function, f(A\) = aA? + bA + ¢ and by having the 4,, A,, 15 the unique minimum
of thisfunctionis:

(A3 = A)IA) + (A3 —ADI(Q,) + (A — A9)F(As)

A= B0, = A T0) + (s = A)T00) + O =)0

(4.10)
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After caculating?, to update the new values of the heat flux estimations, the following
procedure was followed:
If 1> A, andf (A1) > f(1,) the new values of the estimated heat fluxes are (11, 15, ).
If 1> A, andf (A1) < f(1,) the new values of the estimated heat fluxes are (1, 1, 15).
IfA> A, andf (1) = f(A,) the new values of the estimated heat fluxes are either of the above:
If A <2, similar to above but If 1= 1, , the quadratic search method has failed to produce a new
point, in this case:
If A3 - A; < € = positive tolerance then A, should be selected as the best point, which in this
study is 50, and finally:

A+ ifhy — A < A3 — Ay

f Ay -2y > e, 1 = :
7\2—;

At the end of this procedure, f (1) should be computed and &l the above steps should be
repeated until max | 4 - A,| becomes smaller than 1 °C.
At the end of the IHC technique, the best heat flux estimation at each time step, which

minimums the least square function, was used to estimate the metal surface temperature (Tys).

4.3.3 Procedureto Estimate First Heat Flux Value

To estimate the first values of the heat flux and enter it as the first value of heat flux, a
computer code was devel oped.

This procedure is applied on the same domain, illustrated by Figure 4-2 and Figure 4-3.
By employing an explicit method and the least square function method, it estimates the first
value of the heat flux.

In this procedure, the future temperature of each node is calculated by using the current
temperature of the nodes and employing equation (4.11) which is the explicit finite difference
approximation of the one dimensional problem.

T — 2T+ T, _ 1T+ 4.11)
(Ay)? a At

where t, is time step, | is the position of the interior nodes, Ay is the noda spacing, and « is the

thermal diffusivity (’”{) of the chill material.
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By solving equation (4.11) for an interior node at location | and time step t+1,
temperature of the node, T, will be calculated by :

aAt At
T = (4y)? (T1t+1 +T )+ T (1 - 20‘@) (4.12)
and for the interface node, k,
20At At
t+1 — Tt _ t Tt
Tk - Tk (Ay)z (Tk+1 Tk—l) + (2q (Aypc)) (413)

Where p is density (kg/m3) of the material, Ay is the domain node’'s spacing (mm), At is
time interval (s), cis the heat capacity (Jkg.K) of the material and « is the therma diffusivity

(m{) of the materidl.

To stabilize the explicit finite difference method,F, , the Fourier number should be less or
egud to 0.5 which Fyisdefined as: Fy = aAt/(Ay)?

For the fixed value of Ay = 0.5mm, a suitable value of At was chosen to ensure stability.

Similar to the previous implicit FD method described, the measured temperature profiles
by Thermocouple 1(TC1) were used as matching parameter to minimize the least square method
and estimate the best value of the heat flux, while, the measured values by Thermocouple 2
(TC2) were employed as a boundary condition.

In this method, the least square function method and an iterative procedure was employed

by utilizing the Taylor series expansion at each time step.

r+1 r aTIEill r+1 r
Toii = Top aqtH (O — dm) (4.14)
Im
t+1
wherer isthe iteration step and —22% is the sensitivity coefficient calculated as:
aqf+1
m
(I)r _ Tn+1(qgn(1 + 8)) - Tn+i(q;n) (4 15)
I = .

€0m
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Tn+i(q{n(1 + s)) is the estimated temperature profile by applying g= g5, (1 + €) and T,,,;(qk,) is
the estimated temperature profile by applying g= g7, in the finite difference procedure. The s isa
small vaue, taken as 0.01, in the iterating process. Minimizing the least square function, at each
time step, achieved by calculation the derivative of F(q) with respect to g and egquaize it to zero
which gives

r
0T 4
-2 Z(Ynﬂ - Tn+i)a—n+l =0 (4.16)
i=1 9
where, Y, ,; IS the modeled temperature values at each time step and T,,; IS the measured
temperature values by the Thermocouple 1(TC1).

Finally, dq was cal culated by introducing equation (4.9) to equation (4.13).

i=1(Ynti = Tos) f
i=1(¢7)?

At each time step, the new heat flux value is estimated by adding dq of the current iteration to

the previous estimated of heat flux vaue.

4.17)

o+ =

am' =qmn+ dgit (4.18)

This process will be repeated until

0 r+1
q‘r“ < 0.005 (4.19)
m

After calculating the best value of the heat flux at each time step, gy, , which is satisfy the
convergence criterion, is used as the best heat flux for the next time step m+1. Convergence

criteriaof 0.005 is acommon value for this method [36].

4.3.4 Heat Transfer Coefficient

To calculate the heat transfer coefficient, the heat flux and the chill surface temperatures
were employed. It is assumed that the heat flux entering the chill from the interface of the casting
and the chill is identical to the heat flux exiting the casting part to the chill part via their
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interface. This method is suggested by Ho and Pehlke [41], as well as Muojekwu et al. [31]. For
this reason, the estimated values of the heat flux, calculated by the IHC technique, were used to
model the heat transfer and interface surface temperature of the metal at the interface by utilizing
the estimated heat fluxes and applying these at the boundary using the implicit FD method in the
forward problem. The relationship between the heat flux, measured temperatures at the position
of the Thermocouple 3 (TC3), and conductivity of the meta is described by

k (Tsurface - TC3)
Y3
where q is the heat flux entering to the chill from the melt or cast side (W/m?), k is conductivity

q= — (4.20)

of the metal (W/m.K), x5 is distance between surface and TC3 (m), and T, face 1S the surface
temperature of the interface of the metal and chill at the casting side (K). By having the heat flux,
and the surface temperatures of the metal and chill block, the heat transfer coefficient can be
calculated by equation (4.21).

q

h= (Tc - Tm)

(4.21)

where h is the heat transfer coefficient (W/m2K), q is the heat flux (W/m?), T. is the surface
temperature of the cast side (K), and T, isthe surface temperature of the chill part (K).

435 IHC Procedure

By employing the mentioned methods and formulations, a numerical code was developed
to calculate the heat transfer coefficient. This code utilizes the temperature profile distribution
obtained from the three thermocouples inside the chill and the metal part. Figure 4-8
schematically represents the algorithm of the inverse heat conduction procedure used to run the
inverse code.

In the first step, the thermo-physical properties of the chill, casting adloy and the
measured temperature distribution profiles by TC1 and TC2 were introduced to the explicit code
to find a proper heat flux estimation. After finding the proper estimation for the first value of
heat flux, control volume size, time step, temperature distribution profiles, convergence criteria
and total number of time steps were set to the main inverse code. In the next step, the measured

temperature profiles by TC1 and TC2 from the current time step were entered into the code. In
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the next time steps, the temperature profile was estimated from the previous time step’s
temperature profile and heat flux.

At each time step, by employing the calculated heat flux of the previous time step, a new
temperature distribution profile was calculated and compared with the experimental vaues for
TC1. The least square function was calculated by equation (4.9) and by employing the Quadratic
Fit Line Search Method a new optimal value for the heat flux was caculated and these steps
were repeated until the convergence criteria was met. After finding the best value for the heat
flux at each time step, the temperature distribution of the chill, by employing the heat flux value,
was cal culated and saved in to the output file. This process was repeated for all time steps.

To caculate the heat transfer coefficient, the chill surface temperature was taken from the
previous steps as the value of the node 1 a the surface. The vaue for the casting surface
temperature is determined by employing equation (4.20) and using experimental results of TC3.
Finally, by having heat flux, chill surface temperature and casting surface temperature for each

time step, the heat transfer coefficient is calculated using equation (4.21).
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Figure 4-8 Flowchart indicating how the Inverse Heat Conduction Model works.
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Heat Flux(MW/m2)

4.4 Validation of IHC Method

Before analyzing the results of the inverse code, it was essential to check the integrity of
the IHC method. To validate the code’s result, the commercia software package FEMLAB was
utilized.

FEMLAB (Finite Element Modeling Laboratory) is an advanced software package for the
modeling and simulation of any physica process described by partial differentia equations. To
validate the code results, the geometry and properties of the chill block were defined using the
software. To do the validation, it was assumed that the chill starts at room temperature (300K). A
known heat flux history was applied to the surface of the chill and the temperature time history at
a known hypothetica TC location was recorded. The computer generated temperature time
history was then entered into the IHC code and the results of the predicted heat flux were
compared to that applied initialy in FEMLAB. Figure 4-9 show the applied heat flux history
that was used in FEMLAB.
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Figure 4-9 Applied heat flux history on the surface of the chill block in FEMLAB.

By applying the heat flux values, shown in Figure 4-9, and simulation of process, the
FEMLAB predicted temperature time history at locations of (2mm) TC1 and (45mm) TC2 from
the chill surface which are shown in Figure 4-10.
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Figure 4-10 The FEMLAB predicted temperature time history at 2 mm (TC1) and 45 mm (TC2) below the
interface of the chill.

Figure 4-11 shows a comparison between the applied heat flux history in FEMLAB
compared to that predicted using the IHC model by employing the FEMLAB predicted
temperature time history. As can be seen they match very well and provide some certainty that
the IHC model will be able to accurately reproduce the heat transfer and the melt chill interface.
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Figure 4-11 Comparison of the gpplied heat flux values on FEMLAB and the estimated heat flux vaues by

the inverse code.
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Chapter 5 Resultsand Discussion

In this chapter, the experimental results as well as a discussion of the analysis and results

from this study are provided.

5.1 Evaluation of Test or Experimental Apparatus

Preliminary tests using the experimental apparatus were performed to ensure that the
assumption in the IHC model that heat transfer occurs predominantly in the y-direction from the
test meta to the chill block was assessed. This was done by examining the temperature histories
measured at three radia locations in the test chamber and chill block. Figure 5-1 shows a top
view of the spatial position of the thermocouples positioned within the test apparatus, 2 mm
above the metal/mold interface. The distance between TC A and TC C/TC B was 23 mm.

FIT @1 .55MM
THERMOCOUPLE

FROBEZ. 4 HOLESZ,
@23.0

TCB

TCA

Figure 5-1 Top view showing the array of thermocouples in the test chamber.

As shown in Figure 5-2, measured temperatures at these three locations were within 98.7 % of

each other.
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Figure 5-2 Temperature variaion of the three thermocouples inside the test material showing @) the entire
test period and b) ablow-upto 50 s.

70



5.2 Measured Temperatures

5.2.1 Chill Block

Typica recorded temperature histories in the chill and the test metal are shown in Figure
5-3 and Figure 5-4. The chill temperature measurements were made using TC1 (2mm below the
interface) and TC2 (45 mm from the interface) while the measured temperature history inside the
test metal corresponds TC3 (2 mm above the interface).

300
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150 1+
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50§

D 50 100 150 200 250 300 350 400 450 500
Time(s)
Figure 5-3 Typical measured temperature historiesinside the chill during atest.

Referring to Figure 5-3, severa pertinent aspects can be seen. Referring to TC1 (2 mm
below the interface) it can be observed that the temperature starts to cool from point “1” to point
“2" with adecreasing rate of cooling. Between point “2” to point “3” the cooling rate in the chill
becomes constant and slower. The measured temperature history using TC2 in the chill is quite
different from that measured by TC1 and is reflective of further distance away from the hot
interface. The maximum temperature measured at this position is 173°C and the rate of increase
is seen to change from the beginning of the test, point “4” to point “5” and then from point “5” to
point “6”, the rate of increase decreases to a lower more constant value. Referring to the

measured temperature histories in the chill, it can be seen that three distinct stages exist during a
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test, namely: First, the recorded temperature values from time equa 0 to 25 seconds where the
temperature is seen to increase with time for both thermocouples TC1 and TC2. Second, the
recorded temperature values between 25 seconds to gpproximately 450 seconds where TC1 is
decreasing and TC2 isincreasing. Third, and finally, after 450 seconds where the cooling rates of

both thermocouples are similar.

5.2.2 Test Metal
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Figure 5-4 Typica measured temperature history inside the test metal during atest.

Figure 5-4 shows a typical measured temperature history in the test metal by TC3 at a
position of 2 mm from the interface. Referring to Figure 5-4, at point “1”, the temperature of the
casting is close to 385 °C. Quickly after point ”1”, the cooling rate for this thermocouple is very
fast and just as solidification starts to occur (temp = 317°C) the rate of decrease in the
temperature history slows down for a couple of seconds as solidification occurs and the latent
heat is released. At point "2”, the cooling rate slows down more and this slower cooling rate
persists from point “2” to point "3”. Referring to the temperature higtories in the chill block

shown in Figure 5-3 it can be seen at point “2” measured by TC1 and point “2" measured by
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TC3 in Figure 5-4 the temperatures in both the chill block and test metal approach each other
quickly. After this point, the temperatures in the chill block and test metal separate, which could
be due to the formation of an air gap hence providing less heat transfer from the test metal to the
chill. Thisalso corresponds with the slower rate of heat extraction in the test metal .

5.2.3 IHC Result

Using the measured temperature history datain the chill block, the IHC model was used
to calculate the surface heat flux history and surface temperature at the interface of the chill and
test metal. After this was completed the heat transfer coefficient at the interface could be
calculated. The calculated surface temperatures in both the test metal and chill block are shown
in Figure 5-5. As the thermocouples are very close to the surface (2mm below the interface in the
test metal and chill block), the modeled surface temperatures are close to the measured
temperature historiesby TC1 and TC3.
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Figure 5-5 Typica recorded temperatures and the calculated surface temperatures a) the entire test period
and b) ablow-up to 100 s.

Figure 5-6 shows the predicted heat flux at the interface between the test metal and chill
block. Referring to Figure 5-6, it can be seen that the heat flux increases rapidly from time zero
to point “1”. This can be explained because of good contact between the liquid metal and chill
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block. At this point, point “1”, the contact between the molten metal and the chill will be
maximum. The region between point "1” and point “2” shows the heat flux values decrease
because of imperfect contact between the chill and the casting metal. At this stage, small
volumes of air gap are formed. At point “2”, the air gap formation at the chill-metal interface is
completed and the solidified metal begins to separate from the chill surface which causes a rapid
decrease of heat flux values. After point “3”, the heat flux values relatively remains constant

during the experiment.
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Figure 5-6 Typical predicted heat flux histories at the metal/chill interface.

5.2.4 Heat Transfer Coefficient (HTC)

After calculation of the heat flux values at the interface and surface temperatures, the heat
transfer coefficient could be calculated and a typical result is shown in Figure 5-6. At point “1”

the peak value in the HTC was achieved. From point “1” to point “2”, the HTC values decreases
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rapidly which is followed by a small rise at point “3". After the air gap forms at point “3”, the

HTC values starts to decrease and remains rel atively constant after point “4”.
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Figure 5-7 Typical cdculated heat transfer coefficient history at the metal/mold interface.

5.2.4.1 Stages of Interfacial Heat Transfer

There are four different stages in studying heat flux and heat transfer coefficient at the
metal/mold interface. In the first stage, stage “A”, the primary heat transfer mode is conduction
through the liquid metal to the chill block. This stage occurs before solidification of the metal,
when the molten metal is in near perfect contact with the chill surface. During cooling of the
molten metal by the water cooled chill, a thin layer of solidified metal forms at the interface of
the metal and chill (Stage “B”) and small air pockets start to form due to solidification shrinkage
of the test metal away from the chill block. At the next stage, Stage ”"C”, a complete air gap
forms between the solidifying metal and the chill surface. In this stage, the dominant form of
heat flux is conduction through the metal/mold air gap. The conductivity of ar is three orders of
magnitude lower than the conductivity of the metal (0.024 W/m.K for air versus 26 W/m.K for
the metal). In the fina stage, stage “D”, the air gap is formed completely, and heat transfer isin
asteady state situation.
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5.2.5 Effect of Superheat

The effect of superheat was investigated by running two tests with different amount of
starting superheat (30° and 100°C). Figure 5-8 and Figure 5-9 show the predicted heat flux and
heat transfer coefficient for two different starting superheats. As can be seen in Figure 5-8, the
peak heat transfer coefficients for the test run at 100 °C superheat is much higher than the peak
heat transfer coefficient for the 30 °C superheat experiment at 65 kW/m2K and 92 kW/m2K
respectively. After the peak value, surface temperatures of the casting part and the chill part
approach each other, an air gap forms and the heat transfer coefficient decreases rapidly. As the
size of the air gap stabilizes, the heat transfer coefficient reduces rapidly and eventually reaches a
steady state of 4300 W/m?K for both tests.
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Figure 5-8 Comparison of HTC for 30 °C and 100 °C cast superheat and roughness of 43.4um.

Figure 5-8 shows the calculated HTC values for both 30 °C and 100 °C. Four stages of
heat transfer can be observed from the curves. Stage “A” is followed by a fast decrease in the
HTC values. The starting air ggp formation, stage "B”, is around 200 seconds for the 30 °C
superheat case and 250 seconds for the 100 °C superheat. Stage “C”, which is the complete air
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gap formation, occurred later for the 100 °C superheat because of the larger amount of heat,
required to be removed in the higher superheat case. By comparing the results of the 30 °C and
100 °C superheat cases, it can be found out that the HTC vaues for the 30 °C superheat
experiment are less than the HTC values of 100 °C superheat experiment for stages of “A”, "B”,

and “D” . At stage “D”, both curves show asimilar constant HT C values of 4000-4500 W/mzK.
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Figure 5-9 Comparison of heat flux for 30 °C and 100 °C cast superheat and roughness of 43.4um.

Figure 5-9 shows a comparison of the calculated heat flux for 30 °C and 100 °C cast
superheat. By increasing the cast superheat from 30 °C to 100 °C, the maximum heat flux is
increased from 785 kW/m? to 1107 KW/m2,

Figure 5-10 illustrates the calculated HTC values and liquid fraction vs. cast surface
temperature. It is shown that the 100 °C cast superheat has the maximum heat transfer coefficient
in the solidification area and for both curves, the final stage of air gap formation, stage “C” is
occurred at the solidus temperature of the alloy.
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Figure 5-10 Calculated HTC vduesvs. cast surface temperature flux for 30 °C and 100 °C cast superheat
and roughness of 43.4um.

As shown in Figure 5-11, the average and peak HTC increase by increasing the cast
superheat. The average value for each test is calculated from time zero to the fina air gap

formation time.

79




"]

(5]

fvarage Heat Transfer Coefficiamt{kih?m3<)

Figure 5-11 Effect of cast superheat on the peak and average heat transfer coefficient during solidification

0 ac 6e % 200
Caet Superheat (*C)

for 30 °C and 100 °C cast superheat and roughness of 43.4um.

120

200

s |

r Ed

- EDQ

.

3

o

Peak Heat Tranafer Coefficient/kK'WnmK)

Figure 5-12 shows a comparison of the average heat flux of the current study with
Carletti et al’s experiment [8].
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5.2.6 Effect of the Chill Surface Roughness

Figure 5-13 shows the comparison of the calculated HTC values for different surface
roughness of R, =0.1um and R, =43.1um. The maximum or peak vaue of the HTC curves for
Ra =0.1pm and R, =43.4pm corresponds to vaues of 142 kW/m?K and 92 kW/m2K
respectively. As shown, a much higher peak HTC is seen for the chill surface with the smoother
surface. After these peaks, the heat transfer coefficient decreases rapidly due to the air gap
formation. At later times point “1” for the lower roughness and point “2” for the higher
roughness there is a further step change in the HTC as a complete air gap is formed. At this
stage, the HTC values drop very fast. This stage occurred later for the R, =0.1um. By
comparing the results of the R, =0.1um and R, =43.4um cases, it can be seen that the HTC
values of R, =43.4um experiment are less than the HTC values of R, =0.1um experiment for
the stagesof “A”,”B”,and “D" .
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Figure 5-13 Comparison of HTC for R, =0.1um and R, =43.4um chill surface roughness with 100 °C cast
superheat.
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Figure 5-14 Caculated HTC vaues vs. cast surface temperature for R, =0.1um and R, =43.4um chill
surface roughness with 100 °C cast superheat.

Figure 5-14 illustrates the calculated HTC vaues and liquid fraction vs. cast surface
temperature. It is shown that the R, =0.1um has the maximum heat transfer coefficient during
solidification. For both curves, the final stage of air gap formation, stage “C” occurred after the
solidus temperature of the dloy.
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Figure 5-15 shows the average HTC and maximum HTC increase by decreasing the chill
surface roughness. Figure 5-16 shows a comparison of the average flux of current study with
Carletti et al’s experiment for a superheat of 150 °C.
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Chapter 6 Summary and Conclusions

Accurate knowledge of the heat transfer coefficient during casting (between a molten
and/or semi-solid material and the mold) is critical to be able to develop representative
mathematical models for casting process such as Twin Roll Casting (TRC). In this project, an
experimental gpparatus was developed to enable to measurement of the heat transfer coefficient
(HTC) at the interface between aliquid meta asit solidifies againgt a chill surface.

The research involved the design and building of the experimental agpparatus which
consisted of a cylinder and piston surrounded by a heater to melt the metal samples. Although
the system was designed to apply pressure to the interface between the chill and solidifying
metal unfortunately this part of the experimental apparatus was never successful as leakage of
molten metal around the sides of the piston occurred. Using the measured temperature time
history, the interfacial heat transfer was calculated by using an inverse heat conduction method
in conjunction with the known thermo-physical properties of the chill and solidifying meta. The
apparatus was tested successfully using Sn-7.5%Sb-3.5%Cu dloy as the casting meta
solidifying against a H13 tool steel chill block. In addition, the effect of different values of chill
roughness and test metal superheat were investigated on the heat transfer coefficient.

6.1 Conclusions

The most important results from this work include:

The experimental apparatus is well designed and it was confirmed by
experimental measurements that the assumption of 1-D heat transfer from the
test metal to the chill block is valid. Repeatability of the tests is good and test
results vary within ~7% from test to test

Implicit and explicit numerical inverse heat conduction codes were developed,
validated and employed to model the metal-mold interface heat flux and heat
transfer coefficient.

Peak heat flux and heat transfer coefficient values were found to take place
during the initial moments of casting solidification within 1-5 seconds after

solidification at solid fractions of 2%. After this initial solidification a rapid

85



decrease in heat transfer was noted which coincided with the formation of an
air gap at the interface.

Melt superheat had a significant effect of the measured heat transfer and
caused the peak HTC to increase 42%. In addition, the peak heat flux was
found to increase about 41%. The effect superheat on the average heat transfer
during solidification was to increase it by about 40%. This is consistent with
other work show in the literature for other alloy systems.

Peak values for HTC significantly higher than reported for other alloy systems
could be due to the high cooling rate the chill and very fast solidification of
the test metal which could cause the inverse code to analyze the data at that
period with less accuracy.

Chill surface roughness also had an effect of the measured heat transfer and
caused the peak HTC to increase 58%. In addition, the average heat flux was
found to increase 15%. The effect superheat on the average heat transfer
during solidification was to increase it by 58%. This is consistent with other

work show in the literature for other alloy systems.

6.2 Futurework

The versdtility of the designed gpparatus alows the investigation of many different
factors on the interfacial heat flux and heat transfer coefficient values that occur between a
solidifying metal against a chill simulating what occurs during a variety of casting processes
such had TRC. Future work should include investigating the following factors of the heat

transfer between a solidifying metal and chill:

Effect of interface pressure
Effect of test meta length (weight).
Effect of different chill blocks and test metals

Effects of lubricants and surface coatings on the chill block
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Appendix A: Calculations of Thermocouple 1 Position Inside the
Chill Part

Figure 1 Location of Thermocouple 1, inside the chill part

Position of the thermocouple 1 and thermocouple 2 are very critical because of the
sensitivity of the inverse code to the positions of the thermocouples. After drilling a hole to put
the thermocouple 1(TC1) at 2 mm below the interface it was necessary to double check the exact
position of the hole. Asit is shown in Figure 1, it was measured that the angle of the position is

exactly 10° with the depth of 36.8mm.
By considering the diameter of the thermocouple, which is 1.5mm, we have:

sin10 x 51.3mm = 8.908mm
11.7mm — 8.908mm = 2.792mm

15
2.792mm — (7) = 2.042mm
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Appendix B: Complementary Sketches and Dimensions of the

Apparatus
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Appendix C: Wiedemann-Franz Relation

2.2
k;sz » 2.44° 10 °WWK ", Sisthe absolute thermo-power. For tin alloys Giordanengo et

a [67] show that the thermo-power is amost null and thus

2

2
kBpZ sT
3e

For homogenous solution with a dominant element (in the present case Sn ) we use a
CALPHAD type model

17 (T,x) =1 "(T)+@ ke

Where k; describes the effect of the solutesi and Ci is the composition of the solute in Wi.
%.

For a semi-solid (in a solid-liquid equilibria region) the therma conductivity can be
expressed as

(T)=(1+A,,) f1 (T)+(1- £5)1(T)

mix

f- is the liquid and solid fraction and Anix is a constant value parameter describing the
effect of liquid convection upon the therma conductivity.
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Figure 2 Pure Sn
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Appendix D: Load cell, Servo Hydraulic Universal Testing M achine,
MTS 407 Controller, and Data Acquisition System

A load cell is atransducer that is used to convert aforceinto electrical signal. This
conversion is indirect and happens in two stages. Through a mechanica arrangement, the force
being sensed deforms astrain gauge. The strain gauge converts the deformation (strain) to
electrica signals. A load cell usualy consists of four strain gauges in aWheatstone
bridge configuration. Load cells of one strain gauge (quarter bridge) or two strain gauges (half
bridge) are also available. The electrical signa output is typically in the order of a few millivolts
and requires amplification by an instrumentation amplifier before it can be used. The output of

the transducer is plugged into an algorithm to calculate the force applied to the transducer.

Servo Hydraulic Universal Testing M aching[68]

Instron1350 computer controlled servo hydraulic universal testing machine is mainly
used to execute the tension, compression, bending, flexural etc. The oil cylinder is at the bottom
of the load frame. Tension space is a the upside and compression and bending spaces are
between lower crosshead and working table. It is adopting oil hydraulic power to push the piston
in the oil cylinder to provide loading force. The lower crosshead is driven by the motor and gear
inside it to realize the adjustment of testing space. The leading screws are fixed into the machine
seat. Table 1 illustrates the specification of Instron 1350.
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Table 13 Specification of Instron 1350[68]

MMod=l 5M
Frame E3E-CL91C CI12]10
1350-0017
Actuator 3308004 =HE KN static
Shtke 30
Servovalve 3320 103 113 5GP
Woog ANTE-587)
Load Cell 3116-135 233 =08 KN static
Grips 2T18-019
Colun: Clearance 457 mm
Mazimmm Ulearancs with onps 533 mm
Flerhomes 2300 Plus il Il VIT0SVIT AT
RATE 38 RATE W IEATE N |
Tupziaded 1998)

MTS 407 Controller [69]

The MTS Model 407 Controller, shown in Figure , is a digitaly supervised PIDF servo
controller that provides complete control of a single channel or station in a mechanica testing
system. This includes ac and dc transducer conditioning, basic function generation (with the
capability to accept externally generated command signals), servo valve drive signal generation,
and hydraulic pressure control. In addition, multiple 407 Controllers can be interconnected to

accommodate multiple-channel testing and can be quickly configured to accommodate a variety

of tests.
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Figure 3 MTS 407 Controller[69]

The 407 Controller provides complete control of the test system hydraulics. The 407 can
be used to control ahydraulic power supply and/or a hydraulic service manifold to apply low and
high hydraulic pressure to the test system. The 407 can be used with either solenoid controlled
(on/off) or proportiona type hydraulic service manifolds. It is aso compatible with hydraulic
power supplies that have either 24 VVdc or line voltage control circuitry. In multiple Controller
configurations, the 407 provides first-on/last-off control of the hydraulic power supply in

addition to control of alocal hydraulic service manifold.

Data Acquisition System[70]

A data acquisition system has two main part: @) The hardware components to receive the
sensor signal and b) Software to collect and analyze these measurements. The data acquisition
hardware which was employed for this study consisted a 2.0 GHz PC with a plug-in DAQ
device, and anational instrument SCXI (DAQ) system.

There are different parts in a SCXI DAQ system with different application in the data
gathering process. The SCXI-1303 32-channel isothermal terminal block is a shielded board
with screw terminals that connect to the SCXI-1102/B/C and the SCXI-1100 modules. The

SCX1-1303 has a high-accuracy thermistor, cold-junction temperature sensor, and an isothermal
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copper plane to minimize the temperature gradients across the screw terminals when you
measure with thermocouples. The terminal block has 78 screw terminals for easy connection.
Thirty-two pairs of screw terminas connect to the 32 differential inputs of the SCXI modules.
One pair of terminas connects to the modul€’s chassis ground pins. Three terminas connect to
the SCXI module OUTPUT and AOREF pins and to the SCXI bus guard. All of the other
terminals—OUTO+, OUT0O-, OUT1+, OUT1-, OUT2+, OUT2-, OUT3+, OUT3-, and
AIREF—are reserved for future use. The terminal block has a pull up resistor connected between
CH+ and +5 V and a bias resistor connected between CH— and chassis ground. These resistors
help you detect open thermocouples by detecting saturation of the module amplifier output
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Appendix E: Explicit Code

clc;
clear all;

U ==—=—======—=====—=====—=—=—====—=—===========Ther rn)phys| cal Pr opert i es of

ro=7800; % kg/ nB) ;
cp=460; % J/ kg K);
al fa=k/ (ro*cp);

epsi | on=0. 01;

del x=5e- 4; %n

delt=0.1; %

FO=al f a*del t/ (del x"2);

x=0. 0450; %m TC2 position

x3=0. 002; %m TC3 position

node=f | oor (x/ del x) ; % ot al node nunber
C=zeros(node-1,1);

Tenp=zeros(node-1,1);
Tenp2=zeros(node-1,1);

Tenp(:, 1) =T0;
Tenp2(:, 1) =TO;
r=4; % future tine steps

error=0;
G=0;

aa = xlsread(' C\Docunents and Settings\nehraram Deskt op\Tin
Tests\data. xl sx', 2);

aa=aa+273,

b = xlsread(' C\Docunents and Settings\nehraram Desktop\Ti n
Tests\data. xl sx', 1);

b=b+273;

Ter nocoupl e_cast i ng=xl sread(' C.\ Docunents and
Settings\nmehraram Desktop\ Ti n Tests\data. x|l sx', 3);
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TC boundary=aa;

TCl=b,;

t =l engt h( b);
T_casting=zeros(t-r,1);
g_tenp=zeros(1,t);
g_tenp2=zeros(1,t);
g_tenp(:)=150000; Yguess

%====== Producing a time matri x to plot the thernocoupl e neasured

time(1l)=delt;

for i=2: t-r;
time(i)=time(i-1)+delt;
end;

plot(time(:), TC boundary(:),'-0","'LineWdth' 6 1.5,...
"Color','red,..
' Mar ker EdgeCol or' , " k', ..
" Mar ker FaceCol or', [ 0. 803921569 0.784313725
0.694117647], . ..
' Mar ker Si ze' , 3)
h =title(' Masured Tenperatures by Thernocouple 2');
set(h,"Interpreter', ' none')

x|l abel (" Tinme (s)'),
yl abel (' Tenperature (K)');

A=zeros(node-1, node-1);

Tt 1=zer os(node, 1) ;

Tt =zer os(node, 1) ;

Tt(:,1)=T0;

OF==—======= Matrix A Formati on ==============
for i=2 : node-2

ACi,i-1)=-1*FO0;

A(i,i)= (1+2*F0);
A(i, i +1)=-1*FO0;

AA=zer os(node-1, 1);
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AA(:) =1+2*FO;
BB=zer os(node-1, 1);
BB(:) =- 1*FO;
CC=zeros(node-1,1);
CC(:)=-1*FO0;
BB( 1) =- 2* FO;
A_inv=inv(A);
g_error=1
n=0;
Tenp(:, 1) =TO;
g_tenpl=150000;

for h=1: t-r

g_error=1

Tenp(:, 1) =T0;

Tenp2(:, 1) =TO;

count =0

n=n+1

whil e g_error>0.05

Ugp==—==============0] vi he t he equat i on [A] [T] :[ C] ——=—=—==—==—==—=—====—=====
U ==—============90| vi ng for g+ep

Tenp(:, 1) =T,

Tenp2(:, 1) =T,

count =count +1
g_temp2=q_tenpl*(1l+epsilon);
nmovaghat (count)=qg_tenp(1);
nmovaghat 2( count) =q_t enp2;

C=zeros(node-1,1);

for i=2 : h+r

C(:,1)=Tenp(:,i-1);
qgq=((2*q_t enpl*del x*F0)/ k) ;

a1, 1)=C(1,1) +qq;
Q( node- 1, 1) =C( node- 1, 1) +TC_boundar y(i ) * FO;

Termp(:,i)=A_inv*C
end;

for i=2 : h+r

C(:, 1) =Temp2(:,i-1);
qgq=((2*q_t enp2*del x*F0)/ k) ;

a1,1)=C(1,1)+qq;
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C(node-1, 1) =C(node-1, 1) +TC boundar y(i)*FO;

Temp2(:,i)=A_inv*C
end;

Ye=================Cal cul atin sensitivity coefficient=================
fi(i)=(Temp2(3,i+h-1)-Tenp(3,i+h-1) )/(epsilon*q_tenpl);
error=((TCLl(i +h-1)-Tenp(3,i+h-1))*fi(i))+error
G=fi (i)~2+G

del g= error/ G
novaghat 3( count ) =del q;
g_error= del g/ q_tenp(1l);

g_tenmpl=qg_tenpl+del q;
U ==—=======—======== Checking the error ==============—=—======—=====—=—====

end;
Tenp_chill (h)=Tenp(1, h);
q(h, 1) =q_t enpl;

end;
Ye=============== Cal culation of interface tenperature at casting side

for i=1: t-r
T casting(i)=((-qg(i)*x3)/(k_casting))+Ternocoupl e_casting(i);

for i=1: t-r

h(i)=q(i)/(T_casting(i)-Tenp_chill (i));

figure(l)
hol d on;
plot(time(:),q(:)," -0 ,"'LineWdth',1.1,...
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"Color',"'b", ..

" Mar ker EdgeCol or',"b', ..

' Mar ker FaceCol or',[0.803921569 0.784313725
0.694117647], . ..

' Mar ker Si ze' , 1)

plot(X(2),b(1),"-0",'LineWdth ,1.5,...

"Color','red", ...

' Mar ker EdgeCol or', " k', . ..

" Mar ker FaceCol or ', [0. 803921569 0.784313725
0. 694117647], . ..

' Mar ker Si ze' , 3)

Tt=Tt 1;

Tt (node, 1) =TC2( 1) ;
Tt1=(A*Tt) +q
g(node, 1) =TC2(3);

figure(l)
hol d on;
plot(X(:),Tt1l(:)," -0 ,'LineWdth ,1.5,...
"Color','red", ...
' Mar ker EdgeCol or', " k', . ..
' Mar ker FaceCol or', [ 0. 803921569 0.784313725
0.694117647], . ..
' Mar ker Si ze' , 3)

plot(X(2),b(1),"-0",'LineWdth,1.5,...

"Color','red", ...

' Mar ker EdgeCol or', " k', . ..

" Mar ker FaceCol or ', [0. 803921569 0.784313725
0. 694117647], . ..

' Mar ker Si ze' , 3)

C=zeros(node-1,1);
error=0;
for i=h+1 : 10+h
C(:,1)=Tenp(:,i-1);
qq=( (2*Q*del x*F0)/ k) ;
a(1,1)=C(1,1) +qq;
C(node-1, 1) =C( node-1, 1) +TC boundary(i ) * FO;

Temp(:,i)=A_i nv*C
end;

for j=1+h : r+2+h
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end;

error=((TCl(h+1)-Tenp(5,j))"2) +error;
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