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DETERMINATION OF HEAT FLUX AT A SOLID-SOLID INTREFACE

Determining the boundary conditions of heat transfer in steel manufacturing is a very important issue. The heat transfer effect 
during contact of two solid bodies occurs in the continuous casting steel process. The temperature fields of solids taking part in 
heat transfer are described by the Fourier equation. The boundary conditions of heat transfer must be determined to get an accurate 
solution to the heat conduction equation. The heat flux between the tool and the object processed depends mainly on temperature, 
pressure and time.

It is very difficult and complicated to accomplish direct identification and determination of the boundary conditions in this 
process. The solution to this problem may be the construction of a process model, performing measurements at a test stand, and 
using numerical methods. The proposed model must be verified on the basis of parameters which can easily be measured in in-
dustrial processes. One of them is temperature, which may be used in inverse methods to determine the heat transfer coefficient. 

This work presents the methodology for determining the heat flux between two solid bodies staying in contact. It consists of 
two stages – the experiment and the numerical computation. The problem was solved by using the finite element method (FEM) 
and a numerical program developed at AGH University of Science and Technology in Krakow. 

The findings of the conducted research are relationships describing the value of the heat flux versus the contact time and 
surface temperature. 
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1. Introduction

Heat transfer at the contact of two solid faces is a common 
effect in processes related to the metallurgical industry. Among 
others we can find it in the continuous steel casting process – the 
contact of rolls with the strand face. 

The strand cooling process is accompanied by multiple 
processes, which influence the final product quality [1,2]. Heat 
transfer during contact of the strand with the cooled withdrawal 
and support rolls, which are located in the secondary cooling 
zone, is difficult to describe [3]. The contact area is small when 
compared to the strand surface area. In the few papers from 
authors investigating this problem, determination of the heat 
transfer surface area is approached in a simplified manner. It can 
be done by providing a share of the contact area at about 0.05 [4] 
or defining the length of the strand and roll contact arc of about 
5 mm [5]. In this case, heat transfer does not have a significant 
impact on the cooling of the strand withdrawn, however it causes 
local changes in the surface temperature, which affect the thermal 
balance of the whole system. The contact pressures are much 
lower than for hot rolling processes. The contact time is short, 
however the surface temperature is very high, especially in the 
first sections of the secondary cooling zone, therefore the heat 
transfer is intensive. As a result of the impact of rolls on the strand 

face, local temperature drops of about 100°C [4] are observed, 
which shows the influence of this heat transfer mechanism on 
the strand surface temperature (Fig. 1)

Fig. 1. Changes in the strand surface temperature [6]

The heat transfer at the contact of the rolls with the strand 
in the continuous steel casting process is rarely discussed in 
available literature. Most models described concern the value 
of the heat transfer coefficient. As there are no good models de-
scribing this effect, models describing the heat transfer at other 
processes are adopted. Assuming the heat transfer coefficient 
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values that were determined for the rolling process or other heat 
transfer processes [7-9], which do not correspond to the process 
nature and are too high, may lead to incorrect determination of 
the temperature field of the solidifying strand. In publications 
concerning the subject of heat transfer in the secondary cooling 
zone, the heat transfer between the strand and rolls is usually 
neglected or a constant average heat transfer coefficient is as-
sumed within the range 800-2500 W/m2 K [5,7] or in the form 
of heat flux defined by the empirical formula [10]:

 0.76 0.2 0.1611513.7s s odlq t v   (1)

where : ts – strand surface temperature, °C; vodl – castin  g speed, 
m/min; α – angle of   arc of contact between the rolls and the 
strand, °.

In the study [11], tests and numerical calculations were 
performed, allowing the value of the heat transfer coefficient and 
the heat flux absorbed by rolls to be determined. The authors of 
the paper state that the value of the heat transfer coefficient is 
not constant for all rolls and its maximum is 2500 W/m2 K. Also, 
the amount of heat discharged through the rolls along a length 
of one metre was evaluated, and it was 24 800 W/m.

2. Methodology for determining the heat flux

This study presents the methodology for determining the 
heat flux and the heat transfer coefficient between two solid 
bodies staying in contact. It consists of two stages – the ex-
periment and the numerical computation. The former involves 
measurements of temperature changes at specific points of the 
two samples in contact. The latter uses the inverse solution and 
the finite element method to calculate the heat flux at the contact 
face. The problem was solved by using the finite element method 
(FEM) and a numerical program developed at the Department 
of Thermal Engineering and Environment Protection of AGH 

University of Science and Technology in Krakow. The schematic 
diagram of the experimental stand is shown in Fig. 2. In the 
experiments two samples were used: the Hot sample, which was 
heated within the furnace, and the Cold sample, which was kept 
outside the furnace at room temperature. When the Hot sample 
reached the desired temperature, the furnace was opened and 
the sample was brought into contact with the Cold one at a con-
stant pressure. The material of the Cold sample was steel WNL 
(EN steel number 1.2713). The Hot sample was made of steel 
C45 (EN steel number 1.0503) and was insulated with ceramic 
fibre. The Hot sample was heated to an initial temperature of 
1000°C, 1100°C and 1200°C. The samples were brought into 
contact under a pressure of 10 MPa. The time of contact was 
30 s in each test. At each sample three (COLD) or two (HOT) 
thermocouples with a diameter of 0,5 mm were installed. For the 
first sample they were marked as TC1, TC2, TC3 and for second 
one TH1, TH2. During the approach of samples and throughout 
the test, the output of five thermocouples was monitored and 
recorded using a computer-based data acquisition system with 
a frequency of 10 Hz. The full description of the test stand and 
the experiment is available in the literature [12]. The selection 
of the test parameters is shown in Table 1. 

TABLE 1

Test parameters

Test 
symbol

Initial temperature 
for Hot sample t0 [°C]

Initial temperature 
for Cold sample t0 [°C]

1000 1001.20 30.58
1100 1109.86 35.87
1200 1204.65 33.53

The results of the temperature measurements are shown 
in Fig. 3. The calculation results of that are presented in Fig. 4 
allow determining changes in heat fluxes transferred between 
the samples at various temperature. Numerical calculations were 

Fig. 2. Schematic diagram of the experiment: a) The heating of a sample in the furnace; b) The positions of samples during the test
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made separately for the Cold and Hot samples. The average 
deviation of the computed temperatures from the measured ones 
for all cases is lower than 3°C. The heat flux depends on the Hot 
sample temperature, when it increases, so does the value of heat 
flux transferred between the sample faces. There is a small dif-
ference between the curves obtained from the inverse solution 
for the Cold and Hot samples (Fig. 4), which confirms that the 
determined heat flux value is correct.

3. Verification of calculation results

The obtained solution was verified with the Ansys Fluent 
package. To this end a geometric model of samples used in the 
experiment was built and a finite element mesh was constructed. 
3D models were applied for both samples, taking into account 
the insulation for the Hot sample. To minimise the mesh and to 
shorten the computing time for the Hot sample, its symmetry was 
used and the computation was performed for 1/2 of its volume. 
The mesh for this sample comprised 227 632 elements, whereas 
for the Cold sample it was 186 907 elements. The boundary 
conditions on all faces were implemented with the user-defined 
function (UDF). The change in the value of the heat flux at 

the contact face as a function of time was approximated with 
a polynomial in the form of:

 3 2
3 2 1 0sq a a a a   (2)

where: qs – heat flux at the contact face, W/m2; ai – polynomial 
coefficients (values are presented in Table 2), -; t – time, s

The boundary conditions at the sample side faces were 
the same as in the inverse calculation and were applied in the 
following form:

 q·
sf = hsf (tsf – ta) (3)

w here: h sf – the heat transfer coefficient at the side face, W/m2K; 
tsf – the side face temperature of the Hot or   Cold sample, °C; 
ta – ambient temperature, °C.

At the bottom face of each sample, the heat flux was de-
fined:

 q·
b = hb (tb – ta) (4)

where: hb – the heat transfer coefficient at the bottom face, 
W/m2K; tb – the bottom face temperature of the Hot or Cold 
sample, °C.

The boundary conditions at the side faces had a strong 
influence on the accuracy of the inverse solution. To complete 

Fig. 3. The temperature distribution vs. time for the initial sample temperature obtained in the experiment: a) 1000°C – test 1000, b) 1100°C – 
test 1100, c) 1200°C – test 1200

Fig. 4. The heat flux as a function of time for the initial temperature; a) test 1000, b) test 1100, c) test 1200
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the boundary conditions, the heat transfer coefficients hsf, hb 
were specified. The boundary condi  tions at the side faces of 
the samples take into account heat loss due to radiation and 
convection:

 hsf = hrad + hcon (5)

where:

 *
con

Nuh
z

  (6)

For the Hot sample the following dependencies were used 
in the calculations [13,14]:

TABLE 2

Third degree polynomial coefficients (2)

Time interval s Sample Function
Test 1000

0.0
7.5

Cold —
Hot 1.0668E+02τ3 – 4.6631E+02τ2 – 1.1173E+04τ + 1.0426E+05

7.5
8.9

Cold –7.7881E+03τ3 + 1.9511E+05τ2 – 1.6042E+06τ + 4.3666E+06
Hot 6.4128E+03τ3 – 1.4280E+05τ2 + 1.0597E+06τ – 2.5818E+06

8.9
9.2

Cold –2.5959E+06τ3 + 7.1931E+07τ2 – 6.6350E+08τ + 2.0376E+09
Hot –3.1892E+06τ3 + 8.7880E+07τ2 – 8.0637E+08τ + 2.4641E+09

9.2
11.0

Cold –7.7881E+03τ3 + 1.9511E+05τ2 – 1.6042E+06τ + 4.3666E+06
Hot –3.6175E+04τ3 + 9.1838E+05τ2 – 6.8800E+06τ + 1.3963E+07

11.0 
13.5

Cold 1.6113E+04τ3 – 6.5450E+05τ2 + 8.7781E+06τ – 3.7546E+07
Hot 1.1162E+04τ3 – 4.6986E+05τ2 + 6.4912E+06τ – 2.8145E+07

13.5 
20.0

Cold –8.5269E+01τ3 + 7.3945E+03τ2 – 2.3857E+05τ + 3.4020E+06
Hot –6.4948E+00τ3 + 4.1259E+03τ2 – 1.9937E+05τ + 3.2700E+06

20.0 
39.0

Cold –4.2572E+01τ3 + 4.4801E+03τ2 – 1.6947E+05τ + 2.8431E+06
Hot –3.6749E+01τ3 + 3.9478E+03τ2 – 1.5243E+05τ + 2.6435E+06

Test 1100
0.0
7.5

Cold —
Hot 2.0399E+02τ3 – 1.7846E+03τ2 – 5.9977E+03τ + 1.1621E+05

7.5
8.9

Cold 4.0050E+04τ3 – 9.9819E+05τ2 + 8.3083E+06τ – 2.3039E+07
Hot –1.9483E+03τ3 + 4.8349E+04τ2 – 3.9468E+05τ + 1.1194E+06

8.9
9.2

Cold –7.0609E+06τ3 + 1.9299E+08τ2 – 1.7573E+09τ + 5.3310E+09
Hot –8.6492E+06τ3 + 2.3613E+08τ2 – 2.1478E+09τ + 6.5090E+09

9.2
11.0

Cold –1.8223E+04τ3 + 3.8229E+05τ2 – 1.5648E+06τ – 3.4708E+06
Hot –4.7110E+04τ3 + 1.2569E+06τ2 – 1.0363E+07τ + 2.5941E+07

11.0 
13.0

Cold 9.6229E+03τ3 – 4.3449E+05τ2 + 6.3018E+06τ – 2.8236E+07
Hot 5.5235E+03τ3 – 2.7934E+05τ2 + 4.3405E+06τ – 1.9973E+07

13.0 
20.0

Cold –1.6379E+02τ3 + 1.2370E+04τ2 – 3.4081E+05τ + 4.0935E+06
Hot –1.7245E+02τ3 + 1.3285E+04τ2 – 3.6580E+05τ + 4.2636E+06

25.0 
39.0

Cold –3.4039E+01τ3 + 3.6516E+03τ2 – 1.4288E+05τ + 2.5699E+06
Hot 2.3689E+00τ3 + 1.1237E+02τ2 – 2.9814E+04τ + 1.3688E+06

Test 1200
0.0
7.5

Cold —
Hot 2.0766E+02τ3 – 1.7415E+03τ2 – 7.1115E+03τ + 1.1861E+05

7.5
8.9

Cold 5.6526E+04τ3 – 1.4154E+06τ2 + 1.1838E+07τ – 3.2997E+07
Hot 3.1023E+03τ3 – 5.5310E+04τ2 + 3.0801E+05τ – 4.5267E+05

8.9
9.2

Cold –8.4405E+05τ3 + 2.4743E+07τ2 – 2.3978E+08τ + 7.6926E+08
Hot –1.1535E+07τ3 + 3.1423E+08τ2 – 2.8521E+09τ + 8.6257E+09

9.2
11.0

Cold 8.4966E+04τ3 – 2.8292E+06τ2 + 3.1650E+07τ – 1.1759E+08
Hot –3.2831E+04τ3 + 8.6276E+05τ2 – 6.8352E+06τ + 1.5787E+07

11.0 
13.5

Cold 7.1778E+03τ3 – 3.4551E+05τ2 + 5.2353E+06τ – 2.4016E+07
Hot 1.0896E+03τ3 – 1.2875E+05τ2 + 2.6737E+06τ – 1.3985E+07

13.5 
20.0

Cold –1.3833E+02τ3 + 1.1055E+04τ2 – 3.2093E+05τ + 4.0257E+06
Hot –5.0280E+02τ3 + 2.9397E+04τ2 – 6.2228E+05τ + 5.6313E+06

20.0 
39.0

Cold –3.8295E+01τ3 + 4.1110E+03τ2 – 1.5919E+05τ + 2.7681E+06
Hot –3.8196E+01τ3 + 4.2200E+03τ2 – 1.6693E+05τ + 2.8774E+06
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4 4

80.93 48.8 5* *5.675*10 ss a
rad ss

ss a

T T
h E T
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  (7)

where: Tss = tss + 273; Ta = ta + 273 and

 hb = 300 W/m2K (8)

For the Cold sample the following dependencies were used 
in the calculations [13]:

 
4 4

81.2 0.52 *5.675*10
1000
ss ss a

rad
ss a

T T T
h

T T
  (9)

and

 300* 1
30bh   (10)

where: τ – time, s.
The sample material properties, necessary to solve the 

problem, were expressed as functions of temperature [15]. 
Table 3 presents the average absolute error of temperature 

field computing with the Ansys Fluent package, compared to 
the measurement results, determined for points corresponding 
to the location of thermocouples at the test stand. The average 
absolute error was defined:

 

2
, ,1

1

1
n mea calk i j i jj

i

t t
t
k n

  (11)

where: k – number of sensors, for Cold samples k = 3, for Hot 
samples k = 2; n – number of time steps; ti, j

mea – the sample tem-
perature measured by the sensor i at the time τj; ti, j

cal– the sample 
temperature at the location of the sensor i at the time τj calculated 
from the Ansys Fluent package.

The maximum value of the average error is less than 3°C, 
which confirms that the boundary condition for the contact sur-
face was determined correctly with the described test method. 

TABLE 3

Average absolute error of temperature determination

Test name Sample Average absolute error of temperature 
determination δt [°C]

1000
Cold 1.36
Hot 1.79

1100
Cold 1.57
Hot 2.92

1200
Cold 1.46
Hot 3.76

5. Analysis of accuracy of determining the heat flux 
with fractional design

The output parameter, or heat flux, identified on the basis of 
the inverse solution, is determined indirectly. Errors of all physi-
cal parameters occurring in the model influence the accuracy of 

determining the parameter concerned. The value of each input 
parameter is encumbered with its determination error, resulting 
from the method applied to determine a specific parameter. These 
errors affect the accuracy and equivalence of the inverse problem 
solution for the heat conduction equation. The fractional design 
method [16,17] was used in the examinations, and the impact of 
the following input parameters was analysed:
– thermal conductivity λ,
– specific heat cp, 
 – accuracy of determining the boundary conditions at the 

side hss a nd bottom hb fa ces.
It was assumed that the maximum error made at estimating 

these input parameters was ±10%. The number of factors con-
sidered was 4, so the number of tests was 24 = 16. All possible 
combinations are presented in Table 4. The parameters tested 
were labelled with letters: A, B, C, D.

TABLE 4

The matrix of the experiment

Test 
number

λ cp hss hb Label
A B C D

1. –10% –10% –10% –10% (1)
2. +10% –10% –10% –10% a
3. –10% +10% –10% –10% b
4. +10% +10% –10% –10% ab
5. –10% –10% +10% –10% c
6. +10% –10% +10% –10% ac
7. –10% +10% +10% –10% bc
8. +10% +10% +10% –10% abc
9. –10% –10% –10% +10% d
10. +10% –10% –10% +10% ad
11. –10% +10% –10% +10% bd
12. +10% +10% –10% +10% abd
13. –10% –10% +10% +10% cd
14. +10% –10% +10% +10% acd
15. –10% +10% +10% +10% bcd
16. +10% +10% +10% +10% abcd

Average relative computing errors determined for three 
computing variants and both samples are presented in the graph 
(Fig. 5). For all tests performed, the error value ranges from 
4.61% to 10.94% for computing performed for the Cold sample, 
and from 5.16% to 12.21% for the Hot sample. An analysis of 
assessment of the impact of individual parameters on the value 
of total error allows us to find that parameters A and B affect 
the final result the most; these are the thermal conductivity 
and specific heat (Fig. 6). For the presented calculations, the 
contribution of the specific heat error to the total error ranges 
from 82.90% to 87.33%. The heat transfer coefficient, ranked 
second in terms of impact, contributes from 12.08% to 16.61%. 
The contribution of the inaccuracy of determining heat transfer 
through the other sample faces – the side and bottom ones – is 
the lowest. Their impact is between 0.11% and 0.41% for the 
side face, and between 0.01% and 0.21% for the bottom face. 
Effects of all other impacts are negligible.
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4. Heat transfer in the continuous steel 
casting process

The obtained distribution of heat flux versus the experiment 
time is only correct for the system analysed, and the solid sizes 
used in the experiment. Therefore it must not be generalised onto 
other cases. The results of computing with the described method-
ology can be presented in a more useful manner, as a function of 
a parameter not directly related to the nature of the experiment. 
This parameter can be the surface temperature of the solid, for 
which it will be applied in the numerical computation to model 
the heat transfer in industrial processes. 

Using the results of computation, the distribution of changes 
in heat flux versus the surface temperature for the contact of rolls 
with the strand surface in the continuous casting machine was 
determined. The changes in the heat transfer coefficient value 
were approximated with a polynomial in the form: 

 4 3 2
4 3 2 1 0s s s s s sh t a t a t a t a t a   (12)

where: hs – heat transfer coefficient at the contact face, W/m2K; 
ai – polynomial coefficients (values are presented in Table 5), -; 
ts – surface temperature, s.

TABLE 5
Third degree polynomial coefficients (12)

Test Function Temperature 
range

Average 
relative 
error

1000 –3.2102E–03ts3 – 2.3164E+01ts2 
+ 4.2766E+04ts – 1.6354E+07 950-650 0.58%

1100 –3.2847E–02ts3 + 5.9999E+01ts2 
– 2.8384E+04ts + 2.3211E+06 1060-725 0.47%

1200 –3.2847E–02ts3 + 5.9999E+01ts2 
– 2.8384E+04ts + 2.3211E+06 1130-800 0.58%

The presented method of heat transfer description at the 
contact of two bodies at high temperatures was used for the 
numerical modelling of the steel continuous casting process. The 

Fig. 5. The average relative errors of the calculation of the heat flux for the test selected for the fractional design method

Fig. 6. Participation of the factor error in the total error of inverse calculation of heat flux for all sources of variation
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original numerical package PM-COS, developed by employees 
of the Department of Thermal Engineering and the Environment 
Protection, allows the solidifying strand temperature field to be 
computed. The description of the model and the algorithm can be 
found in papers written by the authors of the computer program 
[2,15]. In the computing, the formulas describing the value of 
the heat transfer coefficient versus the surface temperature pre-
sented in Table 5 were implemented to the boundary conditions 
module.

The computation was performed for steel C45, which was 
used in the experimental research, and a 225 × 1500 mm strand 
cast at a rate of 0.6 m/min. The roll position was assumed in 
a layout typical for this type of equipment [4], and the pressure 
force value was selected on the basis of literature data [18]. 
The numerical computation of the strand cooling process was 
performed for variants without (Test 1) and with rolls (Test 2).

The graph (Fig. 7) presenting the change in the surface 
temperature allows us to assess the impact of heat transfer 
through the contact of the strand surface with the rolls on the 
surface temperature of the solidifying CC strand. Differences in 
the temperature changes occurring along the strand length are 
rather significant. In the places where the strand surface touches 
the rolls the temperature rapidly drops, and this temperature drop 
is later compensated by heat conduction to the strand surface 
from its inside.

Fig. 7 Changes in the CC strand top face temperature

5. Conclusion

The paper presents a model of heat transfer between two 
solid faces being in contact as a result of the force applied. The 
value of heat flux was obtained from original research using 
a new methodology for its determination. It consists of two 
stages: experiment and numerical computations. The impact of 
the measurement error of the parameters set in the inverse solu-
tion on the computation result was analysed. The parameters 
were: heat transfer coefficient, specific heat, and boundary 
conditions at the side and bottom faces. Test calculations, in 

which measurement errors of these parameters were simulated 
and their influence on the accuracy of the obtained solution was 
analysed, were conducted. The conducted tests of the solution 
uniqueness confirmed that a high accuracy model of heat transfer 
in the described system was obtained. 

In the final part of the study, the possibility of application 
of the developed boundary conditions in the form of heat flux 
determined in numerical computations for industrial processes 
was illustrated by the determination of the distribution and 
changes of the temperature field in the process of steel continu-
ous casting. The contact of the strand surface with withdrawal 
and support rolls was taken into account.

The prevailing method of heat transfer in the secondary 
zone is water spray cooling, with a share of ca. 90%. The com-
plimentary heat transfer mechanism is the contact with support 
and withdrawal rolls. Neglecting this method of heat discharge 
may lead to obtaining incorrect results of numerical calculations 
of the temperature field in the solidifying strand, in particular at 
the strand surface. The complete description of cooling within 
the steel continuous casting process is complemented by the heat 
transfer as a result of strand cooling in the air.
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