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Air Gap Measurement During Steel-Ingot Casting
and Its Effect on Interfacial Heat Transfer

WANMING LI, LEIJI LI, YIFENG GENG, XIMIN ZANG, YU’AN JING, DEJUN LI,
and BRIAN G. THOMAS

Air gap formation during solidification greatly affects interfacial heat transfer and both must be
understood quantitatively for accurate numerical simulation of casting processes, which are
needed for fundamental understanding to enable quality improvements. Displacement and
temperature in a 23 kg steel ingot and mold were measured simultaneously during solidification
using a new experimental system. Interfacial heat transfer coefficients were extracted from the
measurement results using an inverse heat conduction model. The evolution of temperature, air
gap thickness, and interfacial heat transfer coefficients (IHTC) were quantified during this ingot
casting process. The air gap forms earlier and grows larger on the narrow side than on the width
side of the ingot. Interfacial heat transfer can be divided into four stages. In the first stage, there
is good contact between the steel shell and the mold, so there is no air gap, and IHTC is high:
2700 to 3000 W m�2 �C�1. In the second stage, an air gap starts to form, so heat transfer
decreases sharply. In the third stage, as the air gap thickness continues to grow, its effect
weakens. In the fourth stage, even as the air gap continues to grow, IHTC remains almost
constant at about 600 W m�2 �C�1. The IHTC can be predicted reasonably well with a simple
equation based on conduction across the measured gap thickness, radiation, and contact
resistance based on the measured roughness of the cast surface. Conduction is more important
than radiation across the gap, accounting for about seventy percent of the effective IHTC at
later times when the gap is large.
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I. INTRODUCTION

THE interfacial heat transfer coefficient (IHTC)
between the casting and mold is important to ingot
solidification and product quality. During the solidifi-
cation process, the ingot solidifies and shrinks in the
mold, forming an air gap between the casting and the
mold. The size of this air gap controls the heat transfer

and temperature distribution.[1–4] This in turn controls
the cooling rate, thermal stresses, grain structure,[5] and
ultimately the ingot quality.[6] Ingot quality defects[7–9]

such as center porosity, segregation, and coarse crystals
often arise during the solidification process and are
affected by taper of the mold walls.[10,11] However, due
to the lack of quantitative understanding of the forma-
tion of the air gap, there is no theoretical basis to
optimize the mold taper.
The IHTC is an important parameter, needed for

accurate numerical simulation of temperature evolution
and solidification during casting processes. Lacking
knowledge of the air gap formation details, previous
heat transfer models of ingot casting have mainly used
empirical relations for the interfacial heat transfer.[12–16]

Sarjant[4] developed early finite-difference heat transfer
models of ingot casting and predicted that air gap
formation greatly hindered interfacial heat transfer. A
previous finite-element model investigation of heat
transfer in steel ingots[17] applied a relation for IHTC
that included radiation and conduction operating
together, where the gap conductivity dropped linearly
from 1700 W m�2 �C�1 at the time the molten metal
contacts the mold to zero at time tgap, which increased
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with distance from the ingot corner, d, according to
previous measurements of gap formation time by Oeters
et al.[18]: tgap(s) = 50 + 10,800 [d(m)]1.6.

Owing to its important effect on the IHTC, several
previous studies[18–20] have measured temperature and
air gap formation histories during ingot casting. Many
researchers believe that gap formation is due to thermal
contraction of the solidifying shell after it is strong
enough to overcome the metallostatic pressure.[19,21–23]

Kron et al.[20] concluded that the formation and
condensation of lattice defects are important factors to
consider in air gap formation. Engler et al.[24] concluded
that the volume expansion of eutectic gray cast iron due
to the precipitation of graphite in solidification reduces
the air gap size.

Several models have simulated thermal-mechanical
behavior during ingot casting, including formation of
the air gap, and its coupled effect on interfacial heat
transfer, using analytical solutions,[22] finite-element
analysis,[14,18,19] and other computational methods.[15,16]

Several early researchers[25–27] assumed that the mold
wall was rigid, and calculated ingot solidification and
shrinkage to estimate the air gap. Fredriksson and
coworkers[20,28–31] modeled the effects of crystal lattice
defects and vacancy condensation on shrinkage during
solidification and its effect on air gap formation. Clearly,
air gap formation greatly affects interfacial heat trans-
fer, but the phenomena are complex. To quantify the
IHTC due to air gap formation, careful laboratory
measurements should be combined together with com-
putational models.

Dong et al.[32] studied the solidification of a sin-
gle-crystal turbine blade and found that IHTC
decreased rapidly when the air gap started to form.
Several researchers have used trial and error to fit the
transient IHTC from such models to the form: hk =
Ck(t)

�n.[32–34] However, inverse methods enable more
accurate tracking of the measured temperatures, to find
a more accurate IHTC history. Milano et al.[35] modified
the least-squares technique to include a Maximum A
Posteriori (MAP) algorithm. Rappaz et al.[36] imple-
mented a MAP algorithm into a direct finite-element

model of transient heat flow during aluminum-copper
alloy ingot solidification. Drezet et al.[37] adapted an
inverse method based on a MAP algorithm to the
steady-state temperature field to get the heat flux on the
ingot surface. However, none of these inverse model
studies provide insight into the air gap.
In this paper, temperature and displacement in a

steel-ingot casting and mold are measured during the
entire solidification process using a novel in-house
experimental system. The evolution of the air gap
thickness and temperature with time is measured, and
final surface roughness is measured. Based on the
measurements, the interfacial heat transfer coefficient
history is obtained by inverse model simulations of
transient heat transfer in the solidifying ingot and mold,
using ProCAST software. The effect of air gap thickness
on interfacial heat transfer coefficient is then quantified
with a simple model.

II. EXPERIMENTAL SETUP

An in-house experimental device was constructed to
simultaneously measure the temperature, displacement,
and air gap evolution at particular locations on the
surfaces of the ingot and mold wall during solidification,
as shown in Figure 1. The mold sides are welded
together from steel plates with a thickness of 10 mm.
The mold cavity is 180 mm in width, 90 mm in thickness,
and 240 mm in height. Both the mold sides and molten
metal ingot are Q235 steel, with composition listed in
Table I. MgO firebrick was used to insulate the bottom
of the casting. The steel is melted in a non-vacuum
induction furnace at 1600 �C and poured into the top of
the mold. Ceramic asbestos insulation boards are

1.Mold; 2. Ingot; 3. Stainless Steel tube; 4. Quartz tube; 5. Thermocouple; 6. Dial indicator; 7. Copper 

compensation wire; 8. Temperature indicator; 9. Bracket; 10. Connecting rod; 11. Ceramic asbestos; 12. MgO 

firebrick

Fig. 1—In-house system to measure temperature and displacement in casting and mold during steel-ingot casting.

Table I. Composition of Q235 Steel Used in the Experiment

Constituent Elements C Si Mn P S Fe

Content (wt pct) 0.15 0.13 0.43 0.035 0.025 bal.
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mounted near to the mold exterior to protect the
measuring instruments from excessive heat, while leav-
ing a 5 mm gap to enable heat to escape vertically.

In order to simultaneously measure the temperature
and displacement of the ingot at 5 seconds time intervals
during the solidification process, a 16.5-mm-diameter
hole was made completely through the mold plate at
each measurement location. A connecting rod device
consisting of a B-type thermocouple contained in a
12-mm-diameter quartz tube inside a 16-mm-diameter
steel tube is inserted through the hole, as shown in
Figure 2, to protrude into the mold cavity. Grooves
near the end of the steel tube cause the initial shell of the
ingot to solidify rigidly around the connecting rod. The
other end of the connecting rod connects to a dial
indicator, which accurately shows the shrinkage dis-
placement of the ingot. The measurement devices were
installed in two planes in the narrow and wide mold
plates located (1) 110 mm above and (2) 90 mm above
the bottom surface of the mold cavity. Temperature was
measured at all 6 locations (A, B, C, D, E and F) in the
ingot, shown in Table II and Figure 3, while tempera-
ture and displacement were both measured together only
at point B/B1 (wide side) and point E/E1 (narrow side).
The subscript ‘‘1’’ indicates a displacement measurement
point. Note that points B and B1 have the same location,
as do E and E1.

Similarly, to measure temperature and displacement
in the mold wall, a 4-mm-deep hole with a diameter of
16.5 mm was made into the exterior of the mold plate.
By pushing the 16-mm-diameter connecting rod device
in to contact the bottom of the hole, displacement of the
ingot-mold surface was transferred to the dial indicator
and recorded. These connecting rods contained K-type
thermocouples within the 4-mm-diameter protective

sleeve to measure temperature variation in the mold.
As shown in Table II and Figure 3, temperature was
measured at point H (wide side) and point J (narrow
side), and displacement was measured at two nearby
locations, point G1 (wide side) and point I1 (narrow
side).
In order to include the effect of roughness on the

interfacial heat transfer coefficient, the roughness of the
surface of the steel ingot was measured using a dial gage
with a sharp point (0.18-micron-tip diameter), as shown
in Figure 4(a). For the test, a grid of 10 mm 910 mm
squares was drawn on the each ingot surface, as shown
in Figure 4(b), and the depth at each grid intersection
point was recorded. A total of 63 data points were
measured on each ingot face. An example of the
measured roughness data, yi is given in Table III. The
average roughness, Rq, was found using Eq. [1] to be
0.249 mm on the wide side and 0.252 mm on the narrow
side.

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

i¼1

ðyi � �yÞ2
s

; ½1�

where n is the number of measurements and �y is the
mean of the dataset, for each side.

III. MATHEMATICAL MODEL OF INGOT
SOLIDIFICATION AND HEAT TRANSFER

A three-dimensional finite-element model of transient
heat conduction was applied in this work to simulate
temperature histories of the solidifying ingot and mold,
which incorporates an inverse model to ensure that the

1. Measuring bead; 2. Groove; 3. Magnesite bonded with sodium silicate; 4. Stainless steel tube; 5. Quartz tube; 

6. Corundum tube; 7. Platinum-30% Rhodium wire; 8. Platinum-6% Rhodium wire; 9. Copper wire

Fig. 2 Close-up of Connecting Rod for Simultaneous Measurement of Temperature and Displacement

Fig. 2—Close-up of connecting rod for simultaneous measurement of temperature and displacement.

Table II. Location of Measurement Points in the Casting and Mold

Casting and Mold Surface
Ingot Mold

Wide Side Narrow Side Wide Side Narrow Side

Temperature Measurement Point A B C D E F H J
Displacement Measurement Point B1 E1 G1 I1
Distance from the Interface (mm) 25 5 15 25 5 15 5 5
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Fig. 3—Ingot geometry showing location of temperature and displacement measurement points (unit: mm).

Fig. 4—Roughness measurements (a) measuring device, and (b) grid of measured points on ingot surface.
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predicted temperatures exactly match the measured
temperatures at specified locations in the ingot and
mold.

A. Governing Equations

Based on the energy conservation law, the three-di-
mensional transient heat conduction equation can be
solved to obtain the temperature distribution in the
ingot and mold:

qCp;eq
@T

@t
¼ r � ðkrTÞ; ½2�

where q is the density, kg m�3; k is the thermal con-
ductivity, W m�1 �C�1; and Cp,eq is the effective heat
capacity that includes the latent heat of solidification
when inside the mush zone:

Cp;eq ¼ Cp � Lm
@fs
@T

; ½3�

where Cp is the heat capacity at constant pressure,
J kg�1 �C�1; Lm is the latent heat of solidification per
unit mass of metal, J kg�1; fs is solid fraction; and t is
time, s. The internal boundary condition for these
equations applied at the ingot/mold interface is

�krT ingot surface

�

� ¼ hðTI � TMÞ ¼ krT mold surfacej ½4�

where h is the macroscopic average ingot/mold interfa-
cial heat transfer coefficient (IHTC) across the interfa-
cial gap of most interest in this work, W m�2 �C�1; TI

and TM are the ingot surface temperature and the
inner wall temperature of the mold, respectively.

The mold exterior is subject to a convection boundary
condition:

�krT Mold exteriorj ¼ haðTMa � TaÞ; ½5�

where ha is the heat transfer coefficient for turbulent
air flow over vertical surfaces, 10 W m�2 �C�1, chosen
from previous successful work.[38] The ambient temper-
ature, Ta, is set to 5 �C air for winter, and TMa is the
unknown surface temperature of the mold exterior.
Similar boundary conditions are applied at the top
surface of the molten steel, and at the bottom surface
of the insulating firebrick refractory, but these bound-
ary surfaces are too far away to have much influence
on the region of interest midway up the ingot where
the sensors are located.

These equations are discretized in space using the
finite-element method and solved for the nodal temper-
atures, Tn, incrementally in time, tr using a finite-differ-
ence method, with a small time step size Dtr.

B. Inverse Model

The temperature at a given node Tm
n near the interface

of the ingot or mold where a temperature measurement
was made can be approximated using a first-order
Taylor Series expansion with respect to the closest local
interfacial heat transfer coefficient as follows:

TnðhkÞ ¼ Tnðhk;0Þ þ
@TnðhkÞ
@hk

ðhk � hk;0Þ; ½6�

where hk;0 is the initial estimate of IHTC, hk and n is
the node number. Using nonlinear inverse modeling to
find the best values for the unknown IHTCs, its basic
idea is to estimate IHTC at time t using measured tem-
perature values (found by linear interpolation between
the recorded temperature measurements). To better
estimate the derivatives, the simulation proceeds for r
extra future time steps after t, and IHTC is kept con-
stant during this time interval from t to t+(r�1)94t.
Starting from hk,0, a least-squares fitting algorithm is

adopted to repeatedly adjust the unknown hk values
until the deviations, S, between the calculated and
‘‘measured’’ temperature values are small, according to
minimizing the objective function in Eq. [7],

S hk;t
� �

¼
X

N

n¼1

X

r�1

j¼0

Tm
n;tþj�Dt�Tc

n;tþj�Dtðhk;0;tÞ
h i2

þbðhk;t�hk;0;tÞ2;

½7�

where Tm
n;tþj�Dt is the measured temperature value at

node n at time t + j 9 4t, and Tc
n;tþj�Dt hk;0;t

� �

are

temperatures calculated using hk;t; N is the total num-
ber of measurement nodes, and r is the number of
extra future time steps considered during this inverse
modeling loop. The first term on the right in Eq. [7] is
the least-squares expression for the error and the sec-
ond term is for stability. The stability factor b is set to
10�10.
In the optimization process, the objective function

SðhkÞ is minimized with respect to the heat transfer
coefficients, @SðhkÞ=@hk ¼ 0 and Eq. [7] can be rewritten
as follows:

Table III. Roughness Measurements, yi, on 70 mm 3 90 mm Grid on Ingot Wide Side (mm)

0.46 0.35 0.31 0.28 0.33 0.27 0.4 0.55 0.58
0.45 0.32 0.08 � 0.15 � 0.12 � 0.02 0.05 0.22 0.38
0.29 0.19 0.03 � 0.12 � 0.16 � 0.14 � 0.08 � 0.04 0.15
0.51 0.39 0.23 0.15 0 0.01 � 0.02 0.1 0.13
0.59 0.57 0.38 0.3 0.03 0.2 0.11 0.13 0.2
0.78 0.65 0.49 0.44 0.43 0.32 0.3 0.28 0.16
0.88 0.83 0.73 0.32 0.56 0.57 0.46 0.2 0.24
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X

N

n¼1

X

r�1

j¼0

Tm
n;tþj�Dt � Tc

n;tþj�Dt

h i2

Xk;n;tþj�Dt

¼ bðhk;t � hk;0;tÞ2; ½8�

where

Xk;n;tþj�Dt ¼
Tc
n;tþj�Dt½hk;t þ ehk;t� � Tc

n;tþj�Dtðhk;tÞ
ehk;t

; ½9�

where Xk;n;tþj�Dt are sensitivity coefficients, Dt is the

small time step for the forward heat transfer calcula-
tion, and constant e is small (0.001), to obtain accurate
Xk;n;tþj�Dt values. Calculated temperatures Tc

n;kþj½hk þ
ehk� and Tc

n;kþjðhkÞ are found by solving the tempera-

ture field equation twice each time step using IHTCs
hk;t þ ehk;t and hk;t.

Substituting Eqs. [8] and (9) into Eq. [7] and rear-
ranging gives

hk;t ¼ hk;0;t

þ

P

N

n¼1

P

r�1

j¼0

Tm
n;tþj�Dt � Tc

n;tþj�Dtðhk;0;tÞ
h i

Xk;n;tþj�Dt

P

N

n¼1

P

r�1

j¼0

ðXk;n;tþj�DtÞ
2 þ b

:

½10�
This inverse calculation procedure is summarized in

the flow chart in Figure 5, where Eqs. [2], (9), and (10)
are solved by ProCAST. First, temperature is calculated
via a standard forward calculation for a short time
interval, by solving Eq. [2] with boundary conditions
found using the initial estimate for IHTC of hk;0. These

calculated temperatures are used to find sensitivity
coefficients Xk;n;tþj�Dt according to Eq. [9]. Next, the

average ingot/mold IHTC hk;t is obtained from Eq. [10]
based on hk;0 andXk;n;tþj�Dt. Finally, the estimate is

updated, hk;0;t ¼ hk;tand the procedure is repeated until
meeting the convergence criterion:

hk;t � hk;0
hk;t

�

�

�

�

�

�

�

�

¼ Dh=hj j<0:001 ¼ C: ½11�

The calculated temperatures, Tt and IHTC, hk,t are
output for time t, and the calculation proceeds to the
next small time step. The initial estimate is changed
according to Table V at large time intervals, which is
tracked using tmax.

C. Model Implementation

Figure 5 shows the flow chart for the thermal solid-
ification model in this work, including the inverse model
calculation of the interfacial heat transfer coefficients.
The entire 3-D geometric model and mesh were created
according to the dimensions in Figure 3, but only half of
the domain is shown in Figure 6 in order to better
visualize the grid for each domain. The mesh consists of
397,574 four-node tetrahedral finite elements. Temper-
ature-dependent thermal properties of the ingot and

mold are given in Table IV. The liquidus temperature of
Q235 steel is taken as 1522 �C and solidus temperature
as 1483 �C, using the ProCAST material database.
To start the simulation, the initial ingot temperature

is set to the pour temperature, 1600 �C, while the initial
mold temperature is set to 10 �C. Then, a forward
calculation is run using ProCAST, based on initial
values of the interfacial heat transfer coefficients h0k to
define the unknown internal boundary conditions, as
given in Table V. Next, the measured temperature
histories of the ingot and mold surface temperatures
obtained from the experiment are input as fixed tem-
peratures into the boundary condition equation, Eq. [5]
according to their grid node number, while hk is left
unknown. Then, the inverse model is run, selecting the
option representing the ingot-mold interface boundary
condition in ProCAST, and iteration proceeds until
convergence is reached. A maximum number of itera-
tions for k, ITERMAX, of 15 was sufficient. Parameters
for this calculation are given in Table VI. Finally, the
calculated interface heat transfer coefficients are output,
in addition to the corresponding temperature histories in
both the ingot and mold.

IV. RESULTS AND ANALYSIS

Temperature and displacement histories in the ingot
and mold are obtained during the solidification process
from in-house experimental measurements. Tempera-
ture evolution is simulated using the transient finite-ele-
ment model, based on IHTC obtained at different times
using inverse model calculations. The IHTC values are
verified by a forward calculation. The relationship
between IHTC and temperature, displacement, and air
gap thickness is systematically analyzed. Finally, simple
model of the relationship between gap thickness and
IHTC is obtained.

A. Measured Temperature of Ingot and Mold

The temperature histories measured at four locations
each in the ingot and mold are shown in Figure 7,
starting from time zero when the molten steel was
poured into the mold. Figure 7(a) shows temperature of
the measurement points on the narrow surface of the
ingot, and Figure 7(b) shows those on the wide surface.
After pouring molten steel into the mold, temperature
measured in both the ingot and mold is seen to rise
rapidly and then decrease. The maximum temperature
reached at each point on the narrow and wide surfaces,
and their corresponding time is shown in Tables VII and
VIII, respectively.
Temperature in the ingot increases rapidly, according

to the thermocouple response time, which takes about
76 seconds. The deeper the thermocouple bead is
inserted into the ingot, the higher is the maximum
temperature, and the longer the high temperature is
maintained. This is because temperature near the ingot
surface has already started to cool before the thermo-
couple has heated up. The maximum temperature of
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points B and E is lower than that of other points in the
ingot. This may be due to the closeness of the mold wall
here, and the solidified shell is quickly formed. Temper-
ature in the wide side of the ingot is significantly lower
than that on the narrow surface, because the heat
transfer distance is shorter and the heat transfer is faster.
Temperature in the mold increases more slowly, as the

mold heats up, according its thermal properties and
dimensions. Mold temperature, measured at points H
and J, reaches a maximum after about 437 and 365
seconds, respectively, and begins to decrease, which
means that the heat entering the mold at this time starts
to be less than heat lost to the surroundings.

B. Measured Displacement of Ingot and Mold

Displacement histories measured at two points each in
the ingot and mold are shown in Figures 8 and 9,
respectively, together with the corresponding tempera-
ture measurements for comparison. Positive displace-
ment represents expansion away from the ingot interior.
Temperature and displacement are observed to evolve in

Start

Modeling and meshing

Physical parameters; Initial conditions; External boundary conditions

Initialize large time interval IHTC 

Calculate temperature fields from t to 

Measured temperature and 
time values

Calculate sensitivity coefficients, 

Calculate IHTC

No

Yes

No

Yes

Store the value of IHTC 

Move to next large time interval (Table V)

Fig. 5—Flow chart of model calculation of temperature and interfacial heat transfer coefficient.

Fig. 6—Cutaway view of simulation domain and mesh of ingot and
mold.
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a similar fashion, except near the very beginning. This
indicates that the temperature is the main factor
affecting the change of displacement.

After pouring starts, the mold expands as it heats up,
causing positive displacement. The ingot displacement is
also positive, as the molten steel follows the expanding
mold. During this stage, the molten steel level decreases
accordingly. Expansion displacement of the ingot
reaches a maximum after about 110 seconds, of 0.99
mm and 1.55 mm on the wide side and narrow side,
respectively. After that, the solidified shell at the surface
of the ingot is strong enough to support the internal
ferrostatic pressure, and it loses contact with the mold.
As the shell strengthens and cools, it starts to shrink, as
indicated by the negative displacement observed at the
ingot surface.

It is worth noting that during the early stage of
solidification, the strength of the bond between the
initially solidified shell and the connecting rod may be
weak, so the connecting rod can still expand with the
mold. After more crystals have solidified a strong
skeleton around the connecting rod, the displacement
shows shrinkage of the solid shell, which proceeds
linearly with time.

Displacement measured in the mold in Figure 9 shows
that the maximum mold expansion occurs about 100
seconds before the temperature peak. The shrinkage rate
decreases suddenly to almost zero when the temperature
drops to about 800 �C. This may be due to the eutectoid
phase transition from austenite at this temperature and
the accompanying volumetric expansion.

After 2400 seconds, as seen in Figures 8 and 9, the
mold displacement becomes almost constant, but the
ingot expands slightly. This may be due to the expansion
that accompanies the austenite to ferrite phase trans-
formation near the surface region of the steel ingot
during this time. The net result is a slight decrease in the
gap thickness with time, which is discussed in more
detail in the next section.

C. Analysis of Gap Measurements

Temperature, displacement, and gap formation on the
narrow side and wide side are shown in Figures 10 and
11, respectively. The gap thickness is calculated from the
difference between the measured displacements of the
surface of the ingot and the inner wall of the mold.
During the early stage of molten steel pouring into the
mold, the ingot surface contacts the inner wall of the
mold due to the static pressure of the molten steel. For
about 160 seconds, ingot and mold expand together,
which is compensated by a decrease in liquid level. After
that time, heat extraction by the mold causes a solidified
shell to form on the surface of the ingot. As the solidified
shell thickens, after about 100 seconds, it becomes
strong enough to support the internal ferrostatic pres-
sure of the molten steel and starts to shrink away from
the mold to form a gap. This decreases heat flow into the
mold, which halts the mold expansion, and after about
400 seconds, the mold starts to shrink as well. With

continued cooling of the ingot and mold, the faster
shrinkage of the shell causes the gap thickness to
increase almost linearly from 160 to 2000 seconds. After
about 2400 seconds, the gap thickness reaches a max-
imum and then slowly decreases.
To validate the in situ displacement measurements,

after the ingot and mold completely cooled to room
temperature, the system was carefully dissected and the
gap thickness at the sensor height of 110 mm was
measured, as shown in Figure 12. The measured thick-
ness of the gap on the narrow side is 2.1 mm and the one
on the wide side is 1.2 mm. This is close to the final
measurements from the rods in Figures 10 and 11. This
confirms that the air gap evolves during solidification,
according to the measurements presented here.
Figure 13 shows the air gap change with time on the

narrow side and wide side. Air gap thickness is observed
to increase almost linearly with time from its formation
time at about 100 to 2400 seconds. During the 100
seconds contact period, the air gap on the wide surface is
slightly negative, which indicates the extent of combined
errors in the ingot and mold displacement measure-
ments. The cause may be expansion of the stainless steel
tube in the displacement measurement device, leading to
exaggeration of the measured ingot expansion, by ~0.2
mm.
To quantify growth of the air gap, a linear curve fit of

the results in Figure 13 gives the following relationship
between the gap thickness and time on the narrow side
and wide side:

dNF ¼ 0:00152tþ 0:03921; 100 s <t< 2400 s; ½12�

dWF ¼ 0:00113tþ 0:01574; 100 s <t< 2400 s; ½13�

where dNF is the air gap thickness on the narrow side,
mm; dWF is the air gap thickness on the wide side;
mm; t is time, seconds.

D. Inverse Model Validation

The evolution of temperature and interfacial heat
transfer coefficient, IHTC, with time is obtained from
the finite-element simulation with the inverse model. To
verify its accuracy, the IHTC history was re-imported
into the PROCAST model. The temperature histories
obtained from this standard, forward simulation are
compared with the measured temperature histories at
several locations in Figures 14(a) and (b). As can be seen
from the figure, the simulated and measured values are
in good agreement.

E. Inverse Model Interfacial Heat Transfer Coefficients

The predicted IHTC histories are plotted in Fig-
ures 15 and 16 together with the displacements of the
ingot and mold, to illustrate the effect of changing air
gap on IHTC. The gap and corresponding IHTC evolve
in four stages, which are labeled according to time
ranges by vertical dashed lines in Figures 15 and 16.
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Table IV. Thermal Properties of Q235 Steel at Various Temperature Segments[39]

Temperature (�C) 20 250 500 750 1000 1500 1700 2500

Thermal Conductivity (W m�1 �C�1) 50 47 40 27 30 37 140 142
Density 9 103 (kg m�3) 7.8 7.7 7.61 7.55 7.49 7.35 7.3 7.09
Specific Heat Capacity (J kg�1 �C�1) 460 480 530 675 670 660 780 820

Table V. Initial Interfacial Heat Transfer Coefficient with Time hk;0

Time (s) 0 20 100 250 500 1000 1200 1480 1600 1950

Initial Interface Heat Transfer coefficient (W m�2 �C�1) 2500 2500 2100 1750 1350 1000 900 750 650 600

Table VI. Inverse Model Parameters

Parameter Parameter Meaning Parameter Value

CONV convergence tolerance, C 0.001
VARB stability variation factor b 0.1
ITERMAX max number of iterations per time step, max k 15
4t time step size, 4t 0.1 s
r number of extra time steps during iteration for h 10

Fig. 7—Measured temperature histories in the ingot and mold (a) narrow side, and (b) wide side.

Table VII. Maximum Temperature Measured on Narrow Side

Measurement Point temperature E F D J (mold)

Maximum Temperature (�C) 1455 1516 1539 1084
Time (s) 23 51 81 446
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In the first stage (a), the only resistance to heat flow is
the surface roughness, so IHTC at this stage is the
largest at ~3000 W m�2 �C�1. The IHTC decreases
slightly during this stage, owing to the decrease of
surface temperature, and corresponding decrease in
radiation. This stage lasts almost 100 seconds. In the
second stage (b), the mold and ingot begin to separate

and form an air gap. The formation of a true air gap
causes the IHTC to decrease rapidly as the gap grows
rapidly. This stage lasts about 200 seconds. The third
stage (c) starts after complete solidification of the ingot
(as seen in Figure 17), which occurs at 318 to 1600
seconds. This event has little effect on interfacial heat
transfer. However, the IHTC decreases more slowly in
this stage, as the gap grows more slowly. In the fourth
stage (d), the gap stops growing and IHTC stays at
about 600 W m�2 �C�1.

F. Simple model of Interfacial Heat Transfer Coefficient

Heat transfer across the interfacial air gap occurs by
two parallel mechanisms: conduction, hcond and radia-
tion, hrad:

Table VIII. Maximum Temperature Measured on Wide Side

Measurement Point B C A H (mold)

Maximum Temperature (�C) 1250 1394 1439 913
Time (s) 95 37 61 472

Fig. 8—Ingot temperature and displacement histories measured near casting surface (a) narrow side; (b) wide side.

Fig. 9—Mold temperature and displacement histories measured near surface of (a) narrow side; (b) wide side.
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Fig. 10—Measured temperature, displacement, and air gap on the narrow side (points E and J).

Fig. 11—Measured temperature, displacement, and air gap on the wide side (points B and H).

Fig. 12—Cross section through ingot and mold showing the air gap
(black region) measured.

Fig. 13—Measured gap change with time on the narrow side and
wide side.
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qgap ¼ �k@T=@n ¼ hðTshell � TmoldÞ; ½14�

h ¼ hcond þ hrad; ½15�

where qgap is heat flux across the interface; n is the
normal unit vector to the surface. The heat transfer
coefficient due to radiation between two parallel
plates[40] is given by

hrad ¼
r

1
eshell

þ 1
emold

� 1
ðTshell þ TmoldÞ T2

shell þ T2
mold

� �

;

½16�

where the Stefan-Boltzmann constant r is 5.6704 9
10�8 W m�2 K�4, eshell and emold are the surface

emissivities of the shell and mold surface, taken to be
0.8[40]; and Tshell and Tmold are the temperatures of
shell and mold surface. Here, the shell and mold tem-
peratures were taken at points E and J for the narrow
side, as shown in Figure 7(a) and at point B and H for
the wide side, as shown in Figure 7(b). These points
are located 5 mm from the interface.
The heat transfer coefficient due to conduction is

calculated as:

hcond ¼ kair
dgap þ droughness

; ½17�

where dgap is the measured thickness of the gap, as
shown in Figure 13; droughness is the measured rough-
ness of the ingot surface; and kair is the average ther-
mal conductivity of the gases in the gap. Here, the gas

Fig. 14—Comparison of simulated and measured temperature histories in ingot and mold (a) narrow side; (b) wide side.

Fig. 15—Narrow side calculated interfacial heat transfer coefficient
and measured gap thickness histories. (a) Interface contact; (b)
interfacial air gap formation; (c) interfacial air gap increases; (d)
constant interface air gap.

Fig. 16—Wide side calculated interfacial heat transfer coefficient and
measured gap thickness histories. (a) Interface contact; (b) interfacial
air gap formation; (c) interfacial air gap increases; (d) constant
interface air gap.
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conductivity was calibrated to be 1.1 W m�1 �C�1 in
order to get the best match with the measurements.
This value greatly exceeds that of air, but significant
amounts of hydrogen and other very conductive, vola-
tile gases are believed to be present in the gap, owing
to the presence of water vapor and oils. Water vapor
sources include humidity in the air and the decomposi-
tion of oxide scale on the inner wall of the mold. A
mixture of silicone oil and silicone resin was used as
the release agent for the mold. Attention should be
paid to these gap materials for accurate prediction of
IHTC.

The IHTC calculated by the simple model, Eqs. [15]
through (17), is compared with the IHTC calculated by
the inverse calculation, in Figure 18(a) for the narrow
side and Figure 18(b) for the wide side. The two models
can be seen to be in reasonable agreement. The simple
model shows significant fluctuations in IHTC during the
initial stage from 10 to 200 seconds, especially on the
narrow side. This is due to minor variations in the gap in
the first stage of reasonably good contact between the
shell and mold. The high initial IHTC during this stage
is very sensitive to minor variations in contact. The
maximum heat transfer coefficient found in this work, ~
3500 W m�2 �C�1, is smaller than reported previ-
ously,[19] likely due to the large surface roughness of
the cast surface in this work. However, it is higher than
the value of 1700 W m�2 �C�1 reported in other
work.[17] The IHTC then drops sharply, and then more
gradually, according to the evolution of the air gap, as
discussed previously.

As shown in Figure 19, during all stages, conduction
is much more important than radiation across the gap,
especially in the early stages when the gap is small.
Later, when the gap is large, the conduction fraction
drops to a constant fraction of about 70 pct of the total
IHTC and is slightly higher on the wide side.

To better visualize the effect of the air gap on
interfacial heat transfer coefficient, the results in Fig-
ure 18 are replotted in Figure 20 as a function of gap
thickness. Here, the agreement between the inverse
model and simple model, Eqs. [15] through (17), is even

clearer. From an initial value that depends on surface
roughness, the average IHTC decays with increasing air
gap via the same smooth relation on both ingot sides.
This is significant because the air gap and temperature
histories differ between the two sides. Note that the same
air gap arises at different times on a given side during the
initial stage of good contact, which generates multiple
points on Figure 20, but they all fall on roughly the
same line. This shows that the simple model, Eqs. [15]
through (17), is a reasonable way to characterize
interfacial heat transfer during the casting of steel
ingots, so long as the surface roughness, gap size, and
gas conductivity are known.

V. CONCLUSIONS

(1) The temperature of the mold is increased after
pouring and then gradually decreased after about
500 seconds. The temperature of the wide surface of
the ingot is significantly lower than that of the
narrow surface.

(2) The law of displacement of the ingot and mold is
generally consistent with the law of temperature
change. In the initial stage of pouring, the molten
steel does not shrink but expands with the mold.
This is because the mold expands when heated, and
the molten steel will move positively with the
expansion of the mold.

(3) About 160 seconds after the start of pouring, the air
gap began to appear when the solidification
shrinkage force was greater than the static pressure
of the molten steel due to the thickening of the
solidified billet shell. The amount of air gap thick-
ness after solidification cannot reflect the amount of
air gap thickness during solidification. The thickness
of the air gap during the formation is linear with
time.

(4) Substituting the interfacial heat transfer coefficients
obtained by the inverse calculation into the forward
calculation model, the obtained temperature field is
in good agreement with the experimental tempera-
ture field, which indicates that the inverse calcula-
tion method and the inverse calculation results are
reliable. According to the inflection point of IHTC
and air gap, the influence of air gap thickness on the
interface heat transfer coefficient can be divided into
four stages. In the first stage, there is no air gap, and
the IHTC is about ~3000 W m�2 �C�1. In the sec-
ond stage, air gap forms and the IHTC sharply
drops. In the third stage, air gap thickness increases
and the effect of air gap on IHTC is gradually
weakened. In the fourth stage, the air gap thickness
continues to increase but the IHTC basically re-
mains around 600 W m�2 �C�1.

(5) The interfacial heat transfer coefficient can be esti-
mated accurately using a simple equation, Eqs. [15]
through (17). The surface roughness and air gap
thickness affect the IHTC together; especially the
effect of the surface roughness cannot be ignored.
The effect of conduction on IHTC is much more

Fig. 17—Temperature evolution calculated in the ingot center.
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important than radiation across the air gap,
accounting for about seventy percent of the effective
IHTC, even when the gap is large, during the later
stages of cooling. The gap thermal conductivity is
much higher than that of air, owing to hydrogen and
other conductive gases from water vapor, release
agents, and other materials in the gap.

The results of this study should help to improve the
accuracy of numerical simulations of the steel-ingot
casting process and thereby enable quality improve-
ments in future work.
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