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Abstract: The inverse solution to the heat conduction equation for the heat transfer coefficient
have been performed to the experimental data obtained during the oxidised Armco steel plate
cooling by the air nozzle. A 3D numerical model of the heat transfer during the plate cooling has
been considered. Steel products cooled in air from high temperatures are covered with the oxide
layer having significantly lower conductivity, and a different surface structure comparing to the
non-oxidised metal surface. The Armco steel has been selected as the experimental material
because it oxidized in a similar way to carbon steels, but there is no microstructure evolution
process in Armco steel below 900◦C. It eliminates in the inverse solutions serious problems
caused by a latent heat of microstructure evolutions encountered during carbon steel cooling. In
the present, study the steel plate has been heated to about 900◦C and cooled by the air nozzle.
The plate temperature has been measured by 36 thermocouples.

1 INTRODUCTION

Air cooling is one of the most common methods of removing excess of heat from an object
heated to high temperature. The heat transfer during this process consists of convection and
radiation. During cooling with a stream of air, heat is mainly removed from the surface by
forced convection. Under natural convection in air, the radiation part of heat transfer in the
total heat flux increases. Due to the availability and high costs of obtaining other gaseous
coolants, air is used most often. Cooling with a stream of air is used in the metallurgical
industry, among others, during hot forging, rolling or heat treatment of metals. Air stream
cooling is commonly used to cool turbines components [1]. To achieve the appropriate cooling
parameters, and hence the appropriate properties of products, it is necessary to know a rate
of heat removal from the surface during the cooling process. Due to the limited possibility
of using other methods, especially in high-temperature processes, in order to determine the
heat transfer between the coolant and the cooled surface, the inverse problem for the heat
conduction equation is usually used [2, 3]. This method relies on temperature measurements
at a few points inside the sample, which are then used in numerical calculations. The results of
numerical calculations allow to determine the heat transfer on the cooled surface. To be able to
perform numerical calculations, it is necessary to develop a heat transfer model. Mathematical
and numerical models describing the heat transfer during cooling with an air stream were
developed and improved by many scientists. One of the first was Beck [4]. Back presented
an inverse method, by means of which, determined changes in the heat flux at the sample
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surface from the temperature measurements inside a cooled copper sensor. Malinowski et al.
[5] introduced an inverse method to determine three-dimensional heat transfer coefficient and
heat flux as functions of time and location. Haw-Long et al. [6] presented an inverse algorithm
for the solution of the inverse hyperbolic heat conduction problem. A significant problem
during cooling of iron-containing products is the formation of a layer of scale on the surface.
Scale formed on the cooled surface changes the heat transfer between the cooling medium and
the cooled surface. Determining the thickness and properties of the scale layer formed on
the surface, is important to obtain high accuracy numerical model. Li et al. [7] published
the results of research concerning the thermal conductivity and diffusivity determination as
temperature functions for FeO oxide. An example of a material where the problem of scale
formation is significant is Armco steel. This material is used, inter alia, in the production of
magnetically active parts of electrical devices in the petrochemical, energy, and shipbuilding
industries. Maachou et al. [8] has tested an identification method using Volterra series to
model a thermal diffusion in an Armco steel sample. The main purpose of the article is to
identify the boundary conditions of heat transfer on the plate surface made of Armco steel
during cooling with an air stream. The inverse method was used to determine the boundary
conditions. Experimental tests were carried out, consisting of measuring the temperature inside
the plate with 36 thermocouples. Temperature measurements taken during cooling were then
implemented in a numerical program. The inverse solution for the heat conduction equation
allowed to determine the heat transfer coefficient at the plate surfaces cooled by the air stream.

2 GENERAL SPECIFICATIONS

To identify the boundary conditions of heat transfer on the surface of the plate subjected to
air cooling, it was necessary to measure the temperature change inside the plate during cooling.
These measurements were carried out on an experimental stand, which consisted of three main
parts: electric resistant furnace, a cooling chamber, and the temperature acquisition system.
The experimental stand was equipped with a control system that allows to operate the feeder
arm, furnace door, start cooling, and set furnace temperature (Fig. 1). The first stage of
experimental measurements involved heating the plate in an electric furnace. The purpose of
the heating was to obtain uniform temperature of about 900◦C throughout the entire volume
of the plate. After reaching the pre-set temperature, the plate was transported to the cooling
chamber, where it was cooled by the MNM type air nozzle. The distance between the nozzle
and the plate was 0,15 m. The furnace and the cooling chamber were separated by an automatic
door. The plate was mounted vertically in the pneumatic feeder arm which was responsible for
its transport between the furnace and the cooling chamber.
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Figure 1: Experimental stand scheme. 1- electric furnace, 2- furnace door, 3- cooling chamber,
4- termocouples, 5- plate, 6- air nozzle, 7- feeder arm, 8- air compressor, 9- air pressure regulator,
10- rotameter, 11- control system, 12-temperature acquisition system, 13- laptop, 14- Armco
steel plate cooled by air nozzle.

Experimental studies were carried out on a plate made of Armco steel Fig.1. The plate
was B = 10mm thick, L = 245mm in length, and H = 200mm in height. The temperature
inside the plate was measured with 36 NiCr - NiAl (K type) thermocouples with a diameter
of 1 mm. Thermocouples were numbered from P1 to P36. All thermocouples were placed 2
mm below the cooled surface, in holes 1 mm in diameter. The thermocouples were placed on
a quarter of plate with a length of 90 mm. The arrangement of thermocouples is shown in
(Fig. 4). The maximum temperature measurement error, related to the accuracy class of the
thermocouple was 0.4% of the measured temperature [9]. The maximum temperature of the
plate during the tests was 914◦C. It follows that the maximum temperature measurement error
resulting from the accuracy class of the thermocouple was 3.66◦C. The temperature measured
by the thermocouples was read with a data acquisition system [10]. The accuracy of the device
was 0.2%, which means that the maximum reading error was 1.83◦C. These two sources of
errors related to the temperature measurements gave the maximum temperature measurement
error of about 5.5◦C. Additionally, three thermocouples were used to measure the temperature
changes of the cooling chamber wall, and one thermocouple to measure the temperature of air
supplied through the nozzle. Parameters of the cooling process has been presented in Table 1.
The air flow during the cooling process was recorded by a rotameter.
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Material Air pressure
Distance between

nozzle and plate

Cooling

time

Average air

temperature
Air flow

[MPa] [m] [s] [◦C ] [l/min]

Armco 0.1 0.15 2000 23.5 27.7

Table 1: Parameters of the cooling process.

3 THE INVERSE PROBLEM FORMULATION

The plate temperature T (x1, x2, x3, τ) has been calculated from the finite element solution
to the heat conduction equation:
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where:
c – Specific heat [J/(kg ·K)],
T – Temperature [◦C],
x1, x2, x3 – Cartesian coordinates [m],
λ – Thermal conductivity, [W/(m ·K)],
ρ – Density [kg/m3],
τ – Time [s].

In the heat conduction model the thermal conductivity, and specific heat dependence on
temperature has been considered for material selected for the experiments. The data given in
[11] have been approximated with the polynomials (Fig. 2-3).

Figure 2: Thermal conductivity and den-
sity of Armco steel. Figure 3: Specific heat of Armco steel.
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A FEM algorithm and software developed by Malinowski et al. [5], has been employed
to solve Eq. (1). In the FEM solution to Eq. (1) 600 elements with linear shape functions
were employed. In the thickness of the plate 6 elements have been employed. The first layer of
elements at the surface cooled by the nozzle had the thermophysical properties of iron oxide and
a thickness of 0,097 mm. Thickness of the scale layer was determined based on measurements
made after the end of the experiment. The properties of the scale implemented in numerical
code were taken from Li et al. [7]. Since, the air nozzle was located in the center of the plate,
and due to symmetry of the air flow, zero heat fluxes have been assumed at the two symmetry
planes:

q̇ (x1;x2 = 0;x3) = −λ ∂T
∂x2

= 0 (2)

q̇ (x1;x2;x3 = 0) = −λ ∂T
∂x3

= 0 (3)

At the plate edges, and the vertical surfaces of the plate the boundary conditions have been
approximated using the heat flux model:

q̇i = 5.67 ·10−8 [Ts(x1;x2;x3)]4 − [Tc(τ)]4

1
εs(T )

+ Ss

Sc

(
1
εc
− 1
) + ∝i [Ts(x1;x2;x3)− Ta] (4)

where:
q̇i – Heat flux [J/(kg ·K)],
Sc –Cooling chamber surface [m2],
Ss – Plate surface [m2],
Ta – Ambient temperature [◦C],
Tc – Chamber temperature [◦C],
Ts – Cooled surface temperature [◦C],
εc – Emissivity of the cooling chamber surface,
εs – Emissivity of the plate surface,
∝i – Heat transfer coefficient [W/(m2 ·K)].

The first term in Eq. (4) describes the radiation heat losses to the chamber walls. The
cooling chamber was made of a stainless steel and had the surface Sc = 4.33m2. Comparing
the chamber temperature measurements given by the thermal camera with thermocouple’s
indications, the chamber emissivity εc = 0.2 was specified in the boundary condition model.
The chamber surface temperature Tc(τ) was specified based on the thermocouple indications.
The sample surface was Ss = 0.107m2. The symbol i denotes a surface number at which a
convection heat transfer coefficient αi was calculated.

At the horizontal edge of the plate cooled from above the heat transfer coefficient (HTC)
was calculated from the Nusselt number formula given by Lewandowski et al. [11].

Nu = 0.774Ra
1
5 (5)

where:
Nu – Nusselt number,
Ra - Rayleigh number.

At the vertical edge of the plate, and at the vertical surface cooled under natural convection,
the HTC was calculated from formula developed by Churchill and Chu [13].
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Nu =

0.825 +
0.387Ra

1
6[

1 +
(

0.492
Pr

) 9
16

] 8
27

 (6)

where:
Pr – Prandtl number.

The boundary condition at the vertical plate surface cooled by the air nozzle has been
approximated by the product of functions

∝con ( ẇ, Ts, HN , p) = ẇ (x2, x3, HN , p)
AwpD(Ts, HN , p) (7)

where:
Awp – Parameter regulating the air flux distribution,
D – Thermal characteristic of air [J/(kg ·K)],
HN – Distance from nozzle to surface [m],
p – Air pressure [Pa],
ẇ – Air flux [kg/(s ·m2)],
∝con – Convection heat transfer coefficient [W/(m2 ·K)].

The function D depends on a local temperature Ts of the plate surface, air pressure p, and
the nozzle distance to surface HN . For a particular air pressure p and the nozzle distance to
surface HN the function D depends only on the plate surface temperature Ts. A scheme of the
function D approximation has been shown in (Fig. 5). The plate surface temperature from the
plate initial temperature T0 to the air temperature Ta has been divided into 5 sections. The
beginning, and the end of a particular section k is defined by the temperature Tk and Tk+1,
respectively. The value of the function D at point Tk is defined by Dk parameter. However, for
the plate surface temperature equal to the air temperature the convection HTC vanishes and
therefore D1 = 0. The remaining Dk parameters for k = 1 to 5 must be determined from the
minimum condition of the objective function (15).
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Figure 4: The arrangement of thermocou-
ples

Figure 5: Scheme of thermal characteris-
tic of air as a function of the plate surface
temperature.

For surface temperature Ta < Ts < T2 dimensionless temperature η is defined as

η =
Ts − Ta
T2 − Ta

(8)

and the function D is calculated from

D (η) = D2 η
2 (9)

For surface temperatureTs > T2 and Tk < Ts < Tk+1 dimensionless temperature η is defined
as

η =
Ts − Tk
Tk+1 − Tk

(10)

and the function D is calculated from

D (η) = Dk (1− η) +Dk+1 η (11)

The function ẇ (x2, x3, Hn, p) describes the rate of air flow over the cooled surface in kg/(s ·
m2).

The local air flux has been determined on the basis of measurments that were done for
water-air nozzle described in [14]. These measurments allowed to develop the hydraulic charac-
teristic of the MNM nozzle. Distribution of air flux rate has been approximated in cylindrical
coordinates using nondimensional distance from the stagnation point rz:

rz = c1
150

HN

√
x2

2 + x2
3 (12)

The parameter rz defines dimensionless radius at which air moving along the conical surface
of the spray touches the plate regardless of the nozzle position HN. For the axially symmetrical
approximation of the measured air flux two functions given by Eq. (13) and Eq. (14) have
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been selected. The function defined by Eq. (13) approximates the air flux distribution from
the stagnation point to a position rz = 1:

ẇ (r,HN , p) = 0, 55

(
150

HN

)2

pc5 (1 + c2 r
c3
z ) exp (−rz) for rz ≤ 1 (13)

The function defined by Eq. (14) approximates the air flux distribution from a point rz = 1
to infinity:

ẇ (r,HN , p) = 0.55

(
150

HN

)2

pc5 (1 + c2 r
c4
z ) exp (−rc4z ) for rz ≥ 1 (14)

Nozzle Angle
Coefficient

c1 c2 c3 c4 c5

45◦ 0.0512 0.1870 0.0000 1.0000 0.4800

Table 2: Coefficients employed in Eq. (12), Eq. (13) and Eq. (14) for a MNM nozzle angle of
45◦.

It is important to notice that at point rz = 1 the air flux calculated from Eq. (13), or
Eq. (14) has the same value. The air flow rate calculated as the integral of Eq. (13) and Eq.
(14) over the range from r = 0 to r = 150mm was in a good agreement with the rotameter
indication given in Table 1.

The parameters Di and the Awp parameter defining the D function distribution have been
obtained by minimizing the objective function:

E(Di, Awp) =
1

NT ·NP

NT∑
m=1

NP∑
n=1

 1√
1 +

(
∆Tenm

∆τ

)2
(Tenm − T (Di, Awp)

nm)

2

(15)

where:
Tenm – Sample temperature measured by the sensor n at the time τm,
T nm – Computed sample temperature at the location of the sensor n at the time τm,
NP – Number of temperature sensors,
NT – Number of temperature measurements performed by one sensor.

The objective function (15) defines the temperature difference between measured and com-
puted temperatures along the normal to the measured temperature curve.

The radiation heat losses depended on the plate emissivity εs(T ) has been calculated from
the emissivity model developed based on inverse solution to the Armco plate cooling under
natural convection in air:

εs = 0.5 + 0.35 t̄2p (16)
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4 IDENTIFICATION OF THE HEAT TRANSFER COEFFICIENT

The performed numerical calculations made it possible to determine the local convection
HTC on the cooled surface of the Armco plate covered with scale. In Fig. 6 and Fig. 7,
local HTC distributions in relation to the surface temperature excess, and time, respectively,
calculated at 6 elements E1-E6 have been presented. The centers of the elements, in which
the local HTC have been presented, corresponded to the positions of P1, P2, . . . , P6 thermo-
couples inserted along x2 axis (Fig. 4). In Fig. 8 the thermal characteristics of air versus the
temperature excess has been presented.

Figure 6: The local convection HTC dis-
tributins versus the temperature excess.

Figure 7: The local convection HTC distri-
butions versus the time of cooling.

From the beginning of the air nozzle cooling, the convection HTC increase during about
300 s and reaches the maximum value depending on the location along x2 axis (Fig. 7). The
lowest value of a maximum convection HTC of 115W/(m2 ·K) was reached at element E6, and
a highest of 165W/(m2 ·K) at element E1. It is related to the air velocity and mass flux. Near
the center of the nozzle axis, the air velocity as well as the air mass flux are the highest. It
increases the convection heat transfer process. As the distance from the nozzle axis increases,
the air mass flux decreases. During the first 300 s of cooling process carried out with the air
nozzle, the plate temperature decreases to about 350◦C (Fig. 6). During that time the HTC
has reached the maximum values, Next, the convection HTC decreases gradually, and after
subsequent 1100 s has reached about 130W/(m2 ·K) in E1, and 90W/(m2 ·K) in E6 (Fig. 7).
During this time, the plate temperature decreases slowly from 350◦C to about 120◦C (Fig. 6).
In the last stage of cooling which lasted of about 600 s, a rapid drop in convection HTC values
was observed.

In Fig. 8 the thermal characteristics of the air has been shown. This characteristic is
presented as a function that determines the ability of a coolant to remove heat from the cooled
surface. Such presentation of the results allows to eliminate the influence of the amount of air
supplied on the efficiency of the cooling process. As shown in Fig. 8, the greatest ability of heat
extracting from the cooled surface was obtained in element E1, which was located in the axis
of the air stream. As the distance from the nozzle axis increases, the ability of heat removing
decreases (Fig. 8). Such a behavior is related to the distribution of air velocity and the air mas
flux distribution over the cooled surface.
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Figure 8: Function defining thermal characteristic of air versus the surface temperature excess.

The accuracy of the performed inverse solutions to the convection HTC identification has
been presented in Table 3. The average temperature difference between measured and calcu-
lated temperature did not exceed 2K. This indicates a satisfactory accuracy of the numerical
calculations.

Average deviation
Maximum negative

deviation

Maximum positive

deviation

[K] [K] [K]

1.667 -5.95 7.88

Table 3: Inverse solution accuracy

5 CONCLUSION

The inverse solution to the heat conduction equation for the heat transfer coefficient determi-
nation during the vertical plate cooling by the air nozzle has been obtained. Three-dimensional
heat conduction problem has been solved using the finite element method. The thermophysical
properties of the Armco steel have been considered as functions of temperature. The oxide layer
on the cooled surface has been considered in the heat conduction model as well. The thickness
of the oxide layer of about 0.1 mm has been determined based on the oxidation process kinetics.
The boundary condition at the oxide layer has been defined. The boundary condition model has
been specified as a product of two functions. The first function defined the air flux specific for
a particular nozzle. The second function defined the air ability to extract heat from the cooled
surface. The parameters of the heat conduction model were determined from the minimum
condition of the object function. It has been found that the convection heat transfer coeffi-
cient increases rapidly as the plate temperature grows. However, the convection heat transfer
coefficient has reached a maximum value at the plate temperature of 350◦C. For the plate
temperature range from 350◦C to 800◦C a linear decrease in the HTC has been obtained. Air
flux distribution over the cooled surface is a particularly important in the developed boundary
condition model.
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