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Abstract: In the case of products made of steel, the presence of an oxide layer, which is formed during
the steel production process as a result of high temperature, has a significant impact on the process
of heat removal from the surface of the cooled material. For this reason, it is necessary to take into
account the presence of the oxide layer in mathematical and numerical models used to simulate
the distribution of the temperature field in cooled steel products. These models are based on the
boundary conditions identified for given production conditions. This paper presents a comparison
of the results of the identification of the boundary condition during water spray cooling of Armco
iron with the use of the inverse solution. Numerical calculations were carried out using two models
of heat conduction. In the first model, the presence of an oxide layer with different thermophysical
properties than the base material (Armco iron) was taken into account. The second model assumed
no oxide layer on the cooled Armco iron surface. It was found that the inverse solution obtained
in the case of the heat conduction model taking into account the thickness of the oxide layer is
correct in time and as a function of temperature. Thus, the boundary condition model obtained as
a function of temperature is universal. However, this model requires an additional layer of oxides
with different thermophysical properties than the base material to be included in the finite element
model (FEM). Based on the conducted uncertainty tests of the inverse solution, it was found that the
results of the determined boundary condition in the absence of the oxide layer on the cooled surface
are subject to an error higher than 10% in comparison to the maximum reference value of the heat
transfer coefficient.

Keywords: oxidized Armco iron plate cooling; water spray cooling; local heat transfer coefficient;
local heat flux

1. Introduction

Numerical simulations used to model the distribution of the temperature field during
the production of steel products allow for reducing production costs, e.g., through energy
saving and enable the selection of the parameters of the production process so that the
manufactured product has the required properties. In order for the numerical calculations
to reflect the actual distribution of the temperature field in the considered object, it is
necessary to set the correct boundary conditions for heat transfer. The selection and
description of such boundary conditions may be difficult in some cases. This applies in
particular to the processes of cooling the surface of hot metals and their alloys using water
spray, in which the initial temperature of the cooled object is very high and can reach even
1000 ◦C. Boundary conditions of heat transfer describing such processes must take into
account the specificity of phase transformations of the cooling medium involving different
types of boiling. The heat transfer boiling phenomena based on the heat flux data or boiling
curve, which describe the variation of the heat flux versus excess temperature, have been
extensively described in the literature [1–3]. Based on this information, four different

Coatings 2024, 14, 884. https://doi.org/10.3390/coatings14070884 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14070884
https://doi.org/10.3390/coatings14070884
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings14070884
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14070884?type=check_update&version=1


Coatings 2024, 14, 884 2 of 16

regimes of boiling phenomena can be distinguished for the cooling process: (a) film boiling,
(b) transition boiling, (c) nucleate boiling, and (d) single-phase free convection.

In the case of cooling objects made of steel, the process of heat removal from the
surface of the cooled material is significantly influenced by the presence of an oxide scale,
which is formed during steel production processes as a result of high temperature.

The layer of the oxide scale consists of various oxides [4]. The type of oxides, their
thickness, and their structure result from the chemical composition of steel, the temperature
and time of the heating process, and the surrounding atmosphere during the oxidation
process [5–8]. The oxide layer is a porous layer whose porosity can be higher than 40% [9].
This results in a large dispersion of the thermal conductivity values of the scale reported
in the literature [10]. The oxide layer existing on the steel surface limits the heat transfer
process between the steel and a coolant. As a result, during the water cooling processes,
the existence of the oxide layer strongly influences the Leidenfrost temperature, which is a
temperature corresponding to the minimal heat flux. The oxide layer causes the onset of
transition boiling which results in intense cooling for a short period of time [11–13]. For
that reason, it is necessary to consider the presence of the oxide layer in the mathematical
and numerical models used to simulate the distribution of the temperature field in the
cooled steel products.

This statement was confirmed in [14]. Based on the results of laboratory experiments,
including those conducted by other authors, Beigelzimer et al. developed a mathematical
model of water-jet cooling of steel plates in the roller-quenching machine, which was then
validated for the industrial Thermo-Mechanical Control Process system. To determine the
temperature distribution across the thickness of the sheet, a one-dimensional unsteady
thermal conductivity equation for a flat, metal plate was solved. The authors present
that the obtained results of calculations indicate a good agreement with the measured
temperature with the deviation not exceeding 10 ◦C in the case of including the oxidized
layer on the cooled metal surface in the mathematical model of cooling. The omission
of the oxide scale in the mathematical model of heat conduction resulted in very rough
discrepancies between the calculated and experimental data [14]. The authors emphasize
that the oxide layer formed on the cooled product surface is a main factor that introduces
uncertainty into the process of the accelerated cooling of metal in production conditions,
which changes the real intensity of cooling. The process of cracking and removal of the
oxide layer is very difficult to predict because it is a random event.

The boundary conditions during accelerated cooling are determined by using several
mathematical models that employ the inverse solution to the heat conduction problem.

Some of them are used to describe the heat transfer during the spray cooling process
of different metals or alloys [15–18]. Using such models allows the heat transfer coefficient,
which is correlated with the temperature of the cooled metal surface, to be obtained.
However, these models do not take into account the thickness and properties of the oxide
scale on the surface of the cooled metal. As was mentioned before, using data obtained
from models in which the oxide layer is not included to simulate temperature distribution
inside the cooled metal may lead to inaccurate results. It can be assumed that the error
results from the omission of the oxide layer will be small in case of its thin thickness (below
10 µm) or rapid descaling under the influence of water fed under high pressure in the
case of low alloy steels for which the oxide layer is not stable enough to withstand spray
cooling [10]. In the case of thin homogeneous and adhesive oxide layers, the thickness of
the scale and the descaling during spray cooling influence the local heat transfer causing
inhomogeneous cooling.

There are only a few models that allow the determination of the boundary conditions
during spray cooling for steel covered with an oxide layer. One of them introduced the
concept of an effective heat transfer coefficient [13,19–22]. The insulating effect of scale is
described mathematically using the analogy of heat transfer through a wall with insulation.
The oxide layer is treated as an isolation layer with known heat resistance that is described
by its thickness and thermal properties (thermal conductivity). The temperature of the
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oxide-free steel surface is obtained from the numerical simulation of the cooling process.
Based on this date, the heat transfer coefficient (HTC) on the oxide-free surface is calculated
from Newton’s Law. The effective heat transfer coefficient on the scale surface is obtained
by reducing the HTC value by the thermal resistance of the oxide layer [13,19,20,23].

Such a definition of the heat transfer coefficient makes it possible to omit the modeling
of heat transfer through the scale layer and the phenomena associated with its formation.
It simplifies the numerical simulation of the cooling process. The heat transfer coefficient
needs to be calculated from the numerical model does not consider the oxide layer when
the surface temperature of the non-oxide metal is known. For this purpose, the relations
developed on the basis of experimental investigation described in publications can be
used [15,24,25].

Another model used for the identification of the boundary conditions was presented
in [26]. The existence of the oxide layer on the surface of a steel plate was considered in the
FEM of conduction. This model requires the introduction of scale modeling elements near
the surface.

For that reason, in the FEM model, two layers made of different materials with different
thermophysical properties were assumed. The first layer was steel and the second was the
oxide layer. The density of the oxide layer is lower than that of steel; therefore, during the
oxidation process, the thickness of the oxide layer increases, increasing the initial thickness of
the material. This phenomenon was taken into account by increasing the size of the elements
modelling the heat flow through the oxide layer while reducing the thickness of the steel
layer. The thickness of the oxide layer was calculated based on the time it was formed. The
results of the calculations were consistent with the results of physical measurements. It should
be emphasized that the temperatures derived from the FEM model presented in [26] are the
actual temperatures of the surface on which the oxide layer is located.

In both types of numerical models where the presence of the oxide layer is considered,
the constant thickness of the scale during the entire cooling period is assumed. This
assumption is not correct because during the cooling the scale may crack and be removed
from the cooled surface. However, this process is difficult to predict and the entering of a
constant scale thickness in the numerical model will affect the result of inverse calculations
in this case. The inverse problems are classified as ill posed, which means that the errors
in the input data are transferred with increasing amplitude to the calculation results. The
main sources of the error connected with the input data are temperature measurement
errors, the uncertainty to the thermophysical properties of the steel and oxide layer, as
well as the method of the boundary condition approximation. For that reason, solving the
inverse heat transfer problems is considered challenging [27].

The aim of this paper is to compare the results of the identified boundary condition for
the Armco iron cooling process using the inverse solution of the heat conduction equation.
Numerical calculations were carried out using two models of heat conduction. In the first
model, the presence of an oxide layer with different thermophysical properties than the base
material (Armco iron) was taken into account. The second model assumed no scale layer
on the cooled surface of the Armco iron. The research results presented in the literature so
far make it possible to determine the impact of the existence of the oxide layer (its thickness,
thermal conductivity) on the HTC and on the development of the boiling process during water
spray cooling, but do not answer the question about the error in determining HTC when
using a specific model employ to determine boundary condition. The authors of this paper
attempted to answer this question using one of the models (including three-dimensional heat
conduction). It is worth emphasizing that the inverse numerical model used by the authors
allows the analysis of the local changes in the HTC values.

2. Experimental Setup

To compare the results of the boundary condition identification by two numerical
models the experimental investigations were carried out. The investigation included five
cycles of heating and cooling plate made of Armco iron. The plate dimensions were
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245 × 200 × 8 mm (long × wide × thickness). In each test, the plate was heated to 700 ◦C
and cooled to 50 ◦C with a water-spray nozzle. To heat the plate an electric furnace was
used. The process was carried out in an air atmosphere until the temperature of the plate
became uniform. The transport time of the plate from the furnace to the cooling chamber
was 5 s. The same plate was used for each heating and cooling cycle. During the heating
process, an oxide layer was created on the plate surface. The thickness of the oxidized
layer was measured as described in [26]. During the cooling process, the upper surface
of the plate was cooled with the spray nozzle. The heat transfer process at the bottom
surface was by natural convection and radiation. For the cooling tests, a 45◦ full-cone
nozzle was used. The spray nozzle was located 250 mm above the plate, approximately in
the center of the plate Figure 1. The water spray pressure was 0.1 MPa and the temperature
of the cooling water was 17.5 ◦C. Based on the measurements of water spray distribution
described in [15], a hydraulic characteristic of the nozzle was developed. The function
described water spray distribution from the 45◦ full-cone nozzle that was presented in [26].
The inverse calculation allowing determination of the change in the heat transfer coefficient
(HTC) and heat flux (HF) was carried out for only one-quarter of the water flow zone
because of the symmetry of the cooling process. The area on which the HTC and HF were
identified was a square with side B equaling ninety millimeters, Figure 1.
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To measure the temperature, thirty-six K-type thermocouples with 80 µm diameter
wires protected by a 500 µm diameter sheath were used, as shown in Figure 1. Thermocou-
ples were placed two millimeters below the cooled surface. The data acquisition system,
which was used to record the temperature measurements, was equipped with a noise
reduction filter. The maximum error of the measured temperature was about ±0.6% [26].

3. Model of Heat Conduction in a Plate

The plate temperature calculations were performed by solving the Fourier–Kirchhoff
equation by using the finite element method [26].

A detailed description of the heat conduction numerical model was presented in [28].
In order to compare the influence of using a numerical model of heat conduction with or
without an oxide layer on the identified boundary conditions, two calculation variants were
carried out. In the first variant of the calculation, a heat conduction model called HC-Model
1 was used. In this model, the presence of the oxide layer was included. The base layer
was Armco iron, and the second layer was the oxide layer (Figure 2). In the calculation,
the increase in the thickness of the oxide layer was included by increasing the thickness
of the element adjacent to the surface [26]. For the thickness of the 0.018 mm oxide layer,
it was 0.005 mm, and for the thickness of 0.035 mm, it was 0.011 mm. Figure 2 shows the
division of the Armco iron plate into elements along its thickness with marked near-surface
elements corresponding to the oxide layer. Based on the data presented by Mu Li et al.,
the thermal properties of the oxide layer were assumed as follows: thermal conductivity
2.3 W/(m·K), and the specific heat was 870 J/(kg·K) [29]. The increase in the oxide layer
thickness during the oxidation process was calculated from the equation obtained on
the basis of laboratory tests [26]. Thermal properties of the Armco iron were assumed as
temperature dependent [30]. The surface temperature obtained from the numerical solution
in the case of using the heat conduction model HC-Model 1 is the physical temperature on
the surface of the oxide layer.
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oxide layer (HC-Model 1).

The second variant of the calculation was performed by using a heat conduction
model without an oxide layer. This model was named HC-Model 2. The division of the
cooled Armco iron plate along its thickness is presented in Figure 3. The emissivity of the
plate surface was assumed to be the same as the emissivity of the oxide layer. The surface
temperature values obtained from the numerical solution based on the calculation carried
out by using HC-Model 2 did not include the amount of heat conducted through a layer
with different thermal properties than Armco iron.
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The spray nozzle was placed above the center of the plate, which resulted in the
symmetry of the water flow. For this reason, the calculations were performed for the
marked area 100 mm by 100 mm (Figure 1). On the two plans of symmetry zero HF values
were assumed

.
q1 and

.
q2 (Figure 1). On the bottom surface of the plate the boundary

conditions
.
qbottom resulting from the plate cooling in the cooling chamber was specified the

same as described in [26].
The convective heat losses when the plate was transported to the cooling chamber

were calculated based on the Nusselt number (Nu) [26]. The water-cooled upper surface
of the plate was divided into two areas (Figure 1). The HTC A area corresponds to the
part of the plate where the thermocouples were placed. This was the HF determination
domain. The remainder of one-quarter of a plate was designated as the HTC B domain. The
equations describing the boundary conditions in these two domains can be found in [26].

The unknown HTC coefficients present in the equations that defining the boundary
conditions at the HTC A domain were determined from the inverse solution to heat
conduction problem of the plate cooling [26].

Accuracy of the Finite Element Solver

To compute temperature of the plate, the finite element solver developed by Mali-
nowski et al. [28] was used. The accuracy of the temperature field solution for HC-Model
2 without oxide layer was presented in [15]. The obtained results of calculations gave
a maximum temperature error ∆Tmax = 2.3 ◦C. In case of HC-Model 1 with the oxide
layer, additional tests were performed. The procedure of testing the accuracy of the heat
conduction numerical model HC-Model 1 (with the oxide layer) was the same as the one
presented in [15]. First, the finite element solver of HC-Model 1 was tested on J. Fourier
one-dimensional solution for the heat conduction problem [31]. The test was performed
for the steel plate and the HTC = 20 kW/(m2·K). The thermophysical properties of steel
were assumed as constant. The FEM reference model (Re-M) with 13 linear elements in
the x1 direction (along the thickness of the plate) and time increment ∆τ = 0.1 s gave the
average temperature error (ATE) of 0.2 ◦C compared to the analytical model (An-M). To
reduce the time of numerical calculations, two other models were tested in which the
number of elements were reduced compared to the Re-M. The M-1 model with five linear
elements in the x1 direction gave the ATE = 1.44 ◦C to the analytical solution. In model
M-2, seven linear elements in the thickness of the plate reduced the ATE to 0.17 ◦C for the
time increment of ∆τ = 0.05 s and gave the same accuracy as the Re-M for ∆τ = 0.1 s. Thus,
for modelling the Armco iron plate cooling, seven linear elements in the plate thickness
can be employed. The temperature field of Armco iron during water spray cooling is
different from one-dimensional heat conduction [26]. Therefore, further FEM solver tests



Coatings 2024, 14, 884 7 of 16

were performed to determine the accuracy of the numerical calculations in the case of
non-uniform temperature field caused by the water spray cooling. For the FEM solver tests
and for the determination of the uncertainty of the inverse solutions, the HF

.
qupper at the

upper surface of the plate was assumed as a test function. The adopted test function allows
model the water spray cooling process [26].

The hupper function defining the HTC for modeling the water spray cooling was
developed based on the real experimental data obtained from the Armco steel spray
cooling process. The hupper was approximated by the product of functions [26]:

hupper =
.

w(x2, x3, H, p)0.43D(TS) (1)

The method of constructing the approximation function D was described in [15]. The
function D in Equation (1) is a thermal characteristic of the coolant. The parameters of
the reference function D were developed for the Armco iron plate cooling with the full
cone nozzle with a spray angle of 45◦, for a water pressure of p = 0.1 MPa, and for the
nozzle located 250 mm above the plate. The water flux distribution was described by two
functions that approximates water flux distribution from the stagnation point to infinity.
The equations and parameters described by these two functions were given in [15]. At
the side surfaces of the plate, vertical to domain B, the following boundary condition was
assumed [26]:

.
qside = 3.31·106

.
w0.616

t2.445
s

(ts − tw) (2)

This boundary condition describing the dependency of the HF on the water flux and
surface temperature was developed by Hodson [32]. For the FEM solver tests, the water
flux rate

.
w was calculated according to the equation given in [15], for the water pressure

p = 0.1 MPa and the distance between the spray nozzle and the cooled surface H = 250 mm.
The Armco iron plate temperature was calculated using the FEM Re-M model. The

boundary conditions defined by
.
q1,

.
q2,

.
qside,

.
qbottom

.
qupper were specified at the plate

surfaces. The thickness of the oxide layer gz = 0.028 mm was assumed in the calculation.
The plate temperature at the thermocouple locations was computed and compared to that
obtained from the M-1, M-2, and M-2a models. The results of the simulation of the plate
temperature with the reduced models are summarized in Table 1. In the case of the realistic
cooling conditions, the M-1 model and M-2a model gave the same accuracy as the Re-M
model for time increment ∆τ = 0.1 s. Decreasing the time increment to ∆τ = 0.05 s, in
the case of model M-2a, did not improve the accuracy of the heat conduction equation
solution. For that reason, in the case of the HC-Model, similar to HC-Model 2, for the
inverse solution, model M-2a was chosen.

Table 1. Accuracy of the finite element models in forward simulation of the Armco iron plate cooling.

Parameter
Heat Conduction Model (HC-Model 1)

Re-M M-1 M-2 M-2a

No. of elements in x1 direction 13 5 7 7

No. of elements in x2 direction 23 10 10 10

No. of elements in x3 direction 23 10 10 10

Time increments, s ∆τ 0.1 0.1 0.05 0.1

Error to Re-M, ◦C ATE 0 0.91 1.16 0.92

Error to An-M, ◦C ATE 0.2 1.44 0.17 0.80

4. The Inverse Problem Formulation

The HF and HTC at the upper surface of the plate for water cooling were identified by
using the method developed by Malinowski et al. [33]. To obtain the inverse solutions to
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the HTC distribution over the plate surface, the objective function presented by Hadała
et al. was used during the optimization procedure [34].

The HTC distribution over HTC A was approximated by surface elements with
parabolic shape functions Ni. The division of the HTC A area into nine surface elements is
shown in Figure 4.
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The HTC distribution over the HTC A area is determined from the minimum condition
of the objective function. The solution procedure for this problem is presented in [34].

Uncertainty of the Inverse Solution

To determine the accuracy of the inverse solution to the HTC distribution in space
and time, the uncertainty tests were performed. In the uncertainty tests, the boundary
condition described by Equation (1) was searched. The Armco iron plate temperature
was simulated using the FEM reference model (Re-M) with 13 linear elements in the x1
direction and 23 linear elements in the x2 and x3 directions, respectively. The boundary
conditions defined by:

.
q1,

.
q2,

.
qside

.
qbottom were specified at the plate surfaces. At the upper

surface of the plate, the HF was described by Equation (1). The parameters defining the
function D, were obtained from a physical cooling test of the Armco iron plate at pressure
p = 0.1 MPa and the distance to the plate H = 250 mm. In the calculation, the thickness
of scale layer gz = 0.028 mm was assumed. Using the reference model (Re-M), the plate
temperature at 36 points shown in Figure 1 was recorded as the simulated temperature
sensor indications. For the inverse solution, the FEM model with 7 linear elements in the x1
direction and 10 linear elements in the x2 and x3 directions was used. The time increment
∆τ was 0.1 s. The calculations were performed for two variants of the heat conduction
model with (HC-Model 1) and without (HC-Model 2) the oxide layer. In both cases, the
results of the calculations were compared to the specified boundary condition denoted as
ETF at selected areas marked E1–E4, which are shown in Figure 4. The E1 area is located in
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the stagnation zone, and the E2 area is placed in the high impingement zone. The areas
marked as E3 and E4 are placed in the horizontal flow zone. For the inverse solution, the
time of cooling was divided into 24 periods. It gave 2920 hHTC A as the coefficient to be
determined from the minimum condition of the objective function.

The test performed for the HC-Model 1 made it possible to identify the deviation of
the inverse solution from a real boundary condition resulting mainly from the temperature
measurement errors and the limited number of temperature sensors. The test carried out
for the HC-model 2 allowed the identification of the errors resulting from the omission of
the oxide layer on the Armco iron surface.

To determine the error between the reference model (Re-M) and the numerical reduce
model (M-2a) that was used in the inverse calculations, the average temperature distance
(ATD) between these two models was computed according to the following equation [15]:

ATD =

√√√√√√√ 1
NT NP

NT

∑
n=1

NP

∑
m=1

 Tem
n − T(hi)

m
n√

1 +
(

∆Tem
n

∆τ

)2


2

(3)

In Equation (3), Tem
n is a sample temperature obtained from the Re-M at the sensor n

and at the time τm. The term in brackets defines the temperature distance ∆Tn between two
curves T (τ) and Te (τ) always normal to the Te (τ) curve [34].

For HC-Model 1 the inverse solution converged to the average distance ATD = 0.60 ◦C
with the maximum distance between the temperature curves ∆Tn = 2.1 ◦C. Omission of the
oxide layer in the numerical model of heat conduction (HC-Model 2) did not significantly
change the values of these two parameters. The ATD for this variant of calculation was
0.61 ◦C and the maximum distance between the temperature curves was 2.3 ◦C. In Figure 5
the plate surface temperatures at areas E1–E4 are compared to the reference solution.
The plate surface temperature obtained from the inverse solution for both variants of
calculations is almost identical to the reference model in which the oxide layer was included.
That allow conclude that both models can be used to simulate the temperature changes in
the cooled material.
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Figure 5. Comparison of the plate surface temperature at selected areas for the inverse solution and
Re-M model.

In Figure 6, the obtained distribution of the HTC at E1, E2 and E3 areas is shown.
The HTC distribution is very close to the search boundary condition (ETF) for both heat
conduction models. However, in the case of employing to the inverse calculations the
HC-Model 2 in which the oxide layer was not included, the HTC values differ much more
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from the reference boundary condition than in the case of using the HC-Model 1 where the
oxide layer was considered. The error to the maximum value of specified ETF boundary
condition for each of these three areas is over 10% when using the HC-Model 2 (Table 2).
The use of the HC-Model 1 in this case allows significantly reduce the error in identifying
boundary condition.
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Figure 6. Comparison of the inverse solution obtained for both models with the specified boundary
condition (ETF).

Table 2. Accuracy of the 3D inverse solution utilizing the M2a model to the specified boundary
condition ETF.

Parameter Model with Oxide Layer
(HC-Model 1)

Model without Oxide Layer
(HC-Model 2)

Element E1 E2 E3 E4 E1 E2 E3 E4

Error to the ETF
maximum −1.6% +2.0% +1.0% −23.3% +13.3% +15.5% +10.1% −12.4%

ATD ◦C 0.60 0.61

∆Tn
◦C 2.1 2.3

5. Results of the Identification of the Heat Transfer Boundary Conditions

The temperature variations obtained from the inverse solution by using the heat
conduction model with (HC-Model 1) and without the oxide layer (HC-Model 2) at the
selected points for the thickness of the oxide layer 0.018 mm were compared to the measured
temperatures in Figure 7. The calculated temperatures are almost the same as those
measured in both variants of calculations. The accuracy of the inverse solution described
by ATD is presented in Table 3. In case of employing to the inverse calculations heat
conduction model included oxide layer (HC-Model 1) the ATD did not exceed 0.42 ◦C. The
accuracy of the temperature calculations obtained from the inverse solution where no oxide
layer was considered (HC-Model 2) was slightly better and the ATD did not exceed 0.35 ◦C.
Based on the values of the ATD, it can be stated that both models of heat conduction used
for the inverse calculation give the correct solution. This is so in the case of temperature
variations. However, in the case of boundary conditions described by thee HF or HTC,
significant differences are observed (Figures 8–11).
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Figure 7. Comparison of the measured and calculated temperatures at selected points during cooling
of the Armco iron plate with the oxide layer thickness 0.018 mm: (a) HC-Model 1, (b) HC-Model 2.
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Figure 8. Comparison of the HF obtained from the inverse solution by using HC-Model 1 and
HC-Model 2 for the oxide layer thickness 0.018 mm.
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Figure 9. Comparison of the HF obtained from the inverse solution by using HC-Model 1 and
HC-Model 2 for the oxide layer thickness 0.035 mm.
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Figure 10. Comparison of the HTC obtained from the inverse solution by using HC-Model 1 and
HC-Model 2 for the oxide layer thickness 0.018 mm.
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Figure 11. Comparison of the HTC obtained from the inverse solution by using HC-Model 1 and
HC-Model 2 for the oxide layer thickness 0.035 mm.

Table 3. Accuracy of the inverse solution.

Thickness of the Oxide Layer, mm Model Number ATD, ◦C

0.018
HC-Model 1 0.42

HC-Model 2 0.35

0.035
HC-Model 1 0.42

HC-Model 2 0.34

A comparison of the HF variations presents in Figures 8 and 9 revealed differences
between the course of the HF curves in the transition and nucleate boiling regimes. The
choice of HC-Model 2 for the inverse calculation resulted in shifting the HF to higher
temperatures in the range of transition and nucleate boiling. The maximum HF in the
areas E1 is the same regardless of the heat conduction model employed for the inverse
calculations for both oxide layer thicknesses. However, for the areas placed in the high
impingement (E2) and horizontal flow zones (E3), higher values of the maximum HF were
obtained for the inverse solution employing HC-Model 2. The difference between the
maximum HF calculated from the inverse solution using HC-Model 1 and HC-Model 2 for
the E2 area is smaller for lower oxide layer thickness. The maximum HF calculated from
the inverse solution using HC-Model 2 is higher than the one obtained from HC-Model
1 by 0.3% for the oxide layer thickness of 0.018 mm and for the thickness of 0.035 mm by
2.2%. In the horizontal flow zone for the E3 area, the difference between the maximum HF
is independent of the oxide layer thickness and equaled 11.4%.
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The comparison of the identified HTC obtained from the inverse calculation by using
two heat conduction models for considered thicknesses of the oxide layer is presented
in Figures 10 and 11. The comparison shows the shift of the maximum HTC to higher
temperatures for areas placed in the high impingement zone. For the oxide layer thickness
of 0.018 mm, the shift is 15 ◦C (Figure 10) and for the thickness of 0.035 mm, it is 24 ◦C
(Figure 11). Inverse calculations performed using HC-Model 2, which does not include the
oxide layer, result in a decrease in the maximum HTC and a greater actual thickness of the
oxide layer. For the oxide layer thickness of 0.018 mm, the maximum HTC obtained by
using HC-Model 2 is lower than the one obtained with HC-Model 1 by 11.5% in the E1 and
E2 areas (Figure 10). In the case of the oxide layer thickness of 0.035 mm, the maximum
HTC decreases by 19% in the E1 area and by 16% in the E2 area (Figure 11).

This relation indicates that in the case of identification of the HTC by using the inverse
heat transfer solution, using the heat conduction model does not include the presence of
the oxide layer, and the obtained results may underestimate the HTC values, especially
when the actual thickness of the oxide layer is high. It can be concluded that in the case
of identification of the boundary condition below the Leidenfrost temperature, the choice
of the FEM heat conduction model is important. The transfer of heat energy in transition
and nucleate boiling regimes is very intense; therefore, the influence of the thickness of the
oxide layer with a small thickness and much lower thermophysical properties in relation to
steel cannot be ignored.

For both heat conduction models, for the examined thickness of the oxide layer, an
identical model of boundary condition in the range of film boiling regime was obtained
(Figures 8–11). Such results might be caused by the low heat transfer resulting in heat
transfer mechanisms that take place on the metal-cooled surface during film boiling (heat
conduction through the vapor layer and radiation from the metal surface to the liquid layer).

6. Conclusions

Identification of the boundary conditions during the process of cooling a hot metal
surface with water spray is a difficult problem especially when the metal surface is covered
with an oxide layer. The inverse solution to the heat transfer problem which is commonly
used to identify the boundary conditions in such cases is very sensitive to the errors in the
input data. Also, the mathematical model of heat conduction used in the inverse method
has an influence on the obtained solution. Not including the oxide layer in this model
may lead to incorrect results in the identification. In this paper, two FEM models of heat
conduction were compared in order to estimate the error of not including the presence of
the oxide layer in the heat conduction model employed to the inverse solution.

The results obtained allowed us to draw the following conclusions:

• Mathematical models of heat conduction that do not consider the presence of oxide
ignore the different heat capacity and thermal conductivity of the oxide layer in
relation to the metal. The heat capacity of the scale and its conductivity are much
lower than that of steel which significantly affects the heat transfer process that takes
place on the cooled surface.

• The inverse solution obtained in the case of using the conduction model, which takes
into account the thickness of the oxide layer, is correct in time and as a function of
temperature. The error of the numerical calculation is 0.6 ◦C, which indicates a great
accuracy of the inverse solution. Thus, the model of the boundary condition obtained
as a function of temperature is universal.

• For a thin oxide layer, the FEM model of heat conduction can be simplified, so there
is no need to consider the presence of the oxide layer, at least for the temperature
field calculation.

• For the boundary condition determination, it is better to use an accurate model,
taking into account the presence of the oxide layer on the cooled surface, because the
results of the determined boundary condition are subject to an error of at least an
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order of magnitude smaller than when using a simplified model of heat conduction
for calculations.

Further research will focus on the investigation of the impact of different coatings on
the intensity of heat collection and on developing a model of the heat transfer boundary
condition for water spray cooling of oxidized surfaces.
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List of Symbols

ATD
Average temperature distance between measured and computed temperature
curves (◦C)

ATE Average temperature error (◦C)
B Width of the heat transfer coefficient determination domain (m)
c Specific heat (J/(kg·K))
D Thermal characteristic of coolant
ETF Test function
FEM Finite element method
HF Heat flux (kW/m2)

hi, hij
Unknown parameters to be determined by minimizing the objective
function (W/(m2·K))

HTC Heat transfer coefficient (W/(m2·K))
H Distance between the spray nozzle and the plate (mm)

h (x2, x3, τ)
Function defining heat transfer coefficient distribution in space and
time (W/(m2·K))

Ni Parabolic shape functions of the surface element
NP Number of temperature measurements performed by one sensor
NT Number of temperature sensors
p Pressure (MPa)
.
q Heat flux (kW/m2)
T Temperature (◦C)
Tem

n Computed sample temperature at the location of the sensor m at the time τn
Tw Temperature of the water (K)
Ts Temperature of the surface (K)
.

w Water flux rate (dm3/(m2·s))
x1, x2, x3 Cartesian coordinates (m)
λ Thermal conductivity of the plate (W/(m·K))
ρ Density (kg/m3)
τ Time (s)
∆τ Time increment (s)
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