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ARTICLE INFO ABSTRACT

Keywords: Comprehensive unsteady analysis of large size forged blocks heating characteristics in a gas-fired
Heat treatment heat treatment furnace was carried out employing experimentally measured temperatures and
CFD simulation computational fluid dynamics (CFD) simulations. Heat and fluid flow interactions, consisting of

Gas-fired furnace
Temperature measurement
Heating uniformity
Radiation modeling

turbulence, radiation and combustion, were simultaneously considered using k — ¢, DO and EDM
models in a three dimensional CFD model of the furnace, respectively. Applicability of the S2S
radiation model was also evaluated to quantify the effect of participating medium and radiation
view factor in the radiation heat transfer. Temperature measurements at several locations of an
instrumented large size forged block and the furnace chamber were performed. A maximum
deviation of about 7% was obtained between the model predictions and the experimental mea-
surements. Results showed that despite the unloaded furnace had uniform temperature dis-
tribution, after loading, product surfaces experienced different heating rates, resulting in tem-
perature differences up to 200K. Findings were correlated with furnace geometry, vortical
structures and flow circulations around the workpiece. Besides, S2S model demonstrating reliable
results highlighted the importance of radiation view factor optimization in this application. The
study could directly be employed for optimization of the heat treatment process of large size steel
components.

1. Introduction

A significant number of high strength steel parts used for critical applications in energy and transportation industries acquire their
required properties through a sequence of heat treatment processes often called Quench and Temper (Q&T) [1]. The heating process
is one of the most important steps since major microstructural changes (grain refinement, phase transformation, etc.) take place, that
have a direct impact on the final mechanical properties [2]. Hence, heat transfer from the furnace to the work piece, which fun-
damentally depends on the temperature distribution inside the furnace, significantly influences the quality of the final product [3].
The process becomes more critical when it comes to the heat treatment of large size parts, such as turbine shafts. Specifically, a non-
uniform temperature distribution may result in local changes in the microstructure, leading to non-uniform properties in different
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Nomenclature direction vector, respectively
ttrT Time (s), Total heat treatment time (s) and tem-
a Absorption coefficient perature (k), respectively
3D Three dimensional u; Favre-averaged velocity in tensor notation
CFD Computational Fluid Dynamics u/” Resolved fluctuating velocity components
DO Discrete ordinates model Y Mass fraction of species
E Energy X, ¥, 2 Direction of coordinate axes
g Gravity (m/s?) € Turbulence dissipation rate (m?/s*)
JZ Diffusive flux of chemical species Q' Solid angle
h Enthalpy (j/kg) T Viscous stress tensor
I Radiation intensity My Turbulent eddy viscosity(kg. m/s)
k Turbulence kinetic energy (m?/s?) g, g Stefan-Boltzmann constant and scattering coeffi-
m Mass flux (kg/m?2. s) cient
n Refractive index P Density (kg/m?*)
p Pressure (Pa) pTqu Reynolds stress (kg/m. s2)
q,4, The generic source term and reaction heat term O Favre averaging operator
respectively
7 Position vector Superscripts and Subscripts
R, Production rate of z; component
Ryr Production rate of z;, component in the reaction . Fluctuations with respect to a Reynolds averaging
Re Reynolds number (ud/u) “ Fluctuations with respect to a Favre averaging
Sc Schmidt number i,j, k Tensorial indices
Sz Source term of z,; component Z Zmspecies
S, ?? Path length, direction vector and scattering

locations of the final part. Therefore, accurate temperature prediction of the parts necessitates a quantitative analysis of the transient
heating and an understanding of thermal interactions within the furnace.

Comprehending the complexities of the thermal field, along with the turbulent fluid flow inside the heat treatment furnace is very
challenging. Complicated load-gas-furnace thermal interactions, including transient convection-radiation heat transfer, impose
strong non-linear thermal boundary conditions to the load. Chapman et al. [4] employed analytical and Gao et al. [3] used semi
analytical methods, to develop general correlations for the heat treatment schedule and temperature evolution of products. However,
analytical studies are generally limited to linear problems and become very complex when non-linear transient conditions or in-
teractions between phenomena are included. On the other hand, experimental measurements in this particular field of study are very
challenging; especially, in the case of large size products, reliable data acquisition during the process is more complex.

Therefore, numerical methods such as computational fluid dynamics (CFD) offering simultaneous analysis of turbulent fluid flow,
combustion and conjugate heat transfer could be an excellent tool for simulating and subsequently optimizing the heat treatment
process. 3D full scale numerical models are critical in the implementation process of smart manufacturing technology’ (industry 4.0)
practices. Different furnaces such as electrically heated or gas quenching furnaces have been studied using CFD [5-7]. However,
among the above furnaces, the simulation of the heat treatment in gas-fired furnaces are more complex due to reactive flow combined
with turbulent transport and conjugate heat transfer including absorbing and emitting hot combustion products. Inherently, the
problem is more acute when it comes to large size furnaces and therefore little data is available in the scientific literature. Recently,
Liu et al. [8] using CFD, proposed a basic model for increasing the uniformity in continues gas-fired furnaces. Mayr et al. [9] used a
one-step steady state CFD approach and Tang et al. [10] a combination of 3D CFD and 2D finite difference methods to predict
temperature evolution in pusher type gas fired furnaces. However, very little data is available on large size batch type furnaces.
Besides, most of the experimental studies have been used as a validation tool of the simulation. The limited published studies have
been devoted to one aspect of the process (i.e., burner positions, furnace chamber, or product heating characteristics). For example,
Danon et al. [11] assessed burner positioning effects on the performance of multi-burner combustion furnace and Galletti et al. [12]
mainly focused on different combustion models for the burner simulation inside a semi-industrial furnace. Prieler et al. [13] em-
ploying experimental validation demonstrated the applicability of CFD for combustion modeling of flat burners in a lab-scale heat
treatment furnace. Recently, Mayr et al. [14] presented a combustion model, with lower computational demand, for semi-industrial
gas-fired furnaces.

The objective of the present study is therefore to carry out a comprehensive analysis of heat transfer in the heat treatment process
of forged blocks in a large size gas-fired furnace employing both experimental measurements and CFD simulation. The experimental
data was generated through the instrumentation of the furnace chamber (loaded and unloaded) as well as the different surfaces of the
block during the heat treatment process. Unsteady CFD analysis using a combination of k — ¢, EDM and DO models was employed to
identify the effects of different geometrical and process related parameters on corresponding heat transfer modes. In addition, S2S
radiation model was employed to assess its applicability in this type of heat treatment furnaces and to quantify the effect of radiation
heat transfer parameters on the temperature evolution of the product.
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2. Experimental procedures

The instrumented furnace was a 3.05 x 3.28 x 11.63 (m®) car bottom gas-fired furnace equipped with 18 high-velocity cup
burners [15] located on the two sides of the furnace, along the Z direction with 9 burners on the upper section of the furnace left wall,
(upper burners) and the 9 other in the lower section of the right wall (lower burners). Under ideal operational conditions, the burner
flame length and the combustion product velocity at the exit of burner should be 0.508 (m) and 107 (m/s), respectively. Nine fixing
bars with a cross section of 0.25 (m) X 0.25 (m) and a length of 2.60 (m) are positioned between the burners for placing the forged
ingots. The furnace was operated under a positive pressure of approximately 0.2 (mbar) to minimize any air entry. The furnace
medium drawings, including the dimensions are provided in Fig. 1(a).

Experimental measurements were divided into two steps of loaded and unloaded furnace to evaluate the loading effect on the
temperature distribution inside the furnace and on the forged block. Sixteen-standard sheathed k-type thermocouples (TC) were
installed at different positions of the unloaded furnace; and temperature evolution during an entire heat treatment cycle (i.e. heating,
isothermal holding, and cooling). The results were used both to confirm the temperature uniformity of the furnace and to provide a
basis for the heat transfer analysis of the loaded furnace.

Also, Temperature evolution in the loaded furnace was recorded by placing 11 k-type TCs at different locations of a
1.4 x 0.89 x 2.72 (m®) forged block. These thermocouples were fixed to the different surfaces of the block to evaluate the heating
pattern around the workpiece (See Fig. 1(b)). To ensure a solid attachment of all TCs, small holes were drilled and TCs were solidly
embedded at the bottom of the holes. The empty space of the hole was filled with iron powder of the same steel and the top of the hole
was sealed with iron cement and a fixing screw. The standard accuracy of the K-type thermocouples with a stainless steel sheath is
equal to Ref. + 0.75 x T[16], which corresponds to an accuracy of + 6.63 (K) for the furnace operating temperature ranges. Con-
sidering the large size of the furnace and workpiece, extensive care was taken to insure accurate installation of the 11 TCs and exact
positioning and alignment of forged ingot on the car-bottom furnace; however, a 1-2 cm error was estimated in the determination of
probes positioning. In order to simulate heat transfer conditions, as close as possible to real operational conditions, two other forged
blocks with 1.4 x 0.79 x 2.72 (m®) dimensions were also placed in the front and back of the instrumented block.
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Fig. 1. (a) Dimensions and geometry of the car bottom gas-fired furnace and (b) Schematic views of thermocouples locations on the instrumented
forged ingot.
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3. Computational details
3.1. Flow simulation

A transient CFD simulation applying a pressure-based solver was employed to solve the density weighted Reynolds-averaged
Navier-Stokes (RANS) equations, as follows [17].
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where, the stress tensor, 7;, is given by:

o= M(% . %) _2 0wy
v ij 5x,- 3 ax]' v (5)

and the diffusive flux of combustion product species is defined by the Fick's law:

72— K 9Y,

b Sey dx (6)

The definition of all the variables and related units are provided in the nomenclature page. According to the literature [18], the
two-equation standard k — eturbulence model [19], could be reliably used to determine the turbulence associated with the gas
combustion in the gas-fired furnaces by solving the additional turbulence kinetic energy (k) and dissipation rate (¢) equations [19].

3.2. Radiation modeling

In the present work, the discrete ordinates (DO) model [20] was used to solve the radiative transfer equation (RTE), Eq. (7),
considering the absorption and emission effects.
dI(7, %)

T4
A3 @+ )I(T,T) = anr T

4
s - S, — - > g
+ — r,s)(r,s r, s)dQ
= ~ 4ﬂ{( (7, )P, 5)

)

I is the radiation intensity and (a + o;)sis the optical thickness of the medium. Due to the presence of combustion products the
weighted-sum-of-gray-gases model (WSGGM) using the coefficients provided by Smith et al. [21] was employed to compute the
radiative properties inside the furnace. For WSGGM model, the domain-based approach was employed to calculate the mean beam
length [17].

The applicability of the S2S model, as a computationally effective method in the optically thin medium, was also evaluated in the
present work along with the DO model. The S2S model assumes any absorption, emission, or scattering of radiation by the medium
can be ignored; thereby, reducing the computational cost by only considering the surface-to-surface radiation. In this model, the
radiation heat transfer to a surface from another surface is a direct function of the surface-to-surface view factor. Therefore, the
radiation energy balance for each surface follows Eq. (8).

N
Qourk = &0 Tt + Pr z ijqou[,j
j=1 ®

Fyis the view factor between surface k and surface j.

3.3. Combustion modeling

Combustion inside the burner and furnace domains was modeled using the eddy-dissipation model (EDM). It should be noted that,
because in the gas-fired furnace the burners create high velocity combustion products, the Arrhenius chemical kinetic calculations
were not considered thereby the computational cost is significantly reduced. In EDM, the species transport formulation for the local
mass fraction species (Y,), for the zy, species, was solved assuming that the reaction rates were dominated by turbulence [22].
Therefore, the species transport equation becomes as follows [17]:
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In the above equation, the reaction rate is calculated on the basis of eddy mixing scale, k/e, and the eddy-break [19].

3.4. Numerical simulation procedure and boundary conditions

CFD simulations were carried out using the finite-volume based ANSYS-FLUENT software [17]. The unsteady SIMPLE algorithm
[23] was applied to 15,155,000 hexahedral non-uniform computational grids as illustrated in Fig. 2. Grid value includes 356,000
non-uniform cells in each burner domain (6,408,000 in total for 18 burners) and finer grids near the burner exit to capture the
combustion phenomenon and heat and fluid flow coming from burners to the furnace domain. Non-uniformly distributed grids with
finer grid sizes near the walls and burner interfaces were employed to consider the effects imposed by velocity and thermal boundary
layers. Averaged heat loss of 594 (W/m2), calculated based on the approach proposed by Hadata et al. [24], was applied to the
furnace walls. The emissivity of the furnace refractories and the steel workpiece were set to 0.75 and 0.8 (corresponding to an
oxidized steel surface), respectively (See Table 1). The mass flow inlet boundary conditions with averaged values of 0.018 (kg/s) and
0.516 (kg/s) were considered for the gas and air inlets, respectively, while pressure outlet was considered for the chimney exhaust.
Calculations at each time step continued up to a convergence criterion of 107>, 107° and 10~° for the continuity, energy and
radiation equations, respectively.

4. Results and discussion
4.1. Experimental analysis

The uniformity test results of the unloaded furnace showed a very conformity with the predefined heating pattern with maximum
standard deviation values of 5.28 (°C) during the ramp stage with the furnace increasing its temperature to reach the target tem-
perature. Therefore, it can be considered that the unloaded furnace presents a good temperature uniformity over its entire volume
during the entire heat treatment cycle.

The measured temperature histories of different locations of the forged block are illustrated in Fig. 3. The results reveal a clear
difference in temperature evolution as a function of the location of the TCs (i.e. considered face and TCs position on the surface).

Usually, severity and continuity of the temperature gradient between the surface and the center of the workpiece is one of the
main concerns of steel making industries, as it directly impacts the quality of the final product [1]. However, Fig. 3(a) shows that
apart from the temperature gradient inside the workpiece, differences in temperature can also be found on the surfaces themselves
(see Fig. 1 for locations of TCs). Although, temperatures of all TCs on the surfaces ultimately converge to the target pre-defined
temperature at the end of the process, the temperature histories of different points of the forged ingot are not identical. This
variability in the heating history could affect the microstructural transformations from one end to another end of the product
(subsequently its properties), and needs to be taken into consideration when developing microstructure based models of phase
transformation.

As indicated in Fig. 3, it is clear that the TC on the right surface (TC.1), located at a shorter distance to the burner (lower burners),
had higher temperatures in comparison to those of the left and the top surfaces. Besides, TCs of the side surfaces (TC.10 and TC.11)
had the minimum temperatures during the process. These surfaces, due to their relative positions in the furnace, were faced with
adjacent forged blocks instead of furnace walls or burners; i.e., they had limitations regarding any direct thermal radiation from the
furnace and due to the small gap between the blocks, they had relatively smaller radiation view factors from the furnace parts.

(a)
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Fig. 2. Computational domain, including: (a) boundary conditions and (b) computational grids.
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Table 1
Chemical analysis of the test forged ingot used for thermo-physical properties calculation- % weight [25].
C Mn Si Mo Cr Ni Other
0.35 0.85 0.4 0.45 1.85 0.47 Micro alloying
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Fig. 3. Experimentally measured temperature evolution of TCs on: (a) different surfaces of the forged ingot, (b) left, top and side surfaces, (c) right
surface and (d) their relative temperature differences.

Fig. 3(b) also shows that among the thermocouples on the other surfaces, those that are closer to the right surface or product edges
(TC.5, TC.8 and TC.9) had higher values. The edge effect is also visible in Fig. 3(c) where it can be seen that TC.4 has relatively higher
temperatures as compared with the TC.3 and TC.2 on the same surface. Another interesting finding is the relatively lower tem-
peratures of the TC.2, which was located above the fixing bar on the right surface. Although TC.2 had a relatively short distance to the
burner, in comparison with TC.4 and TC.3, it experienced lower temperatures.

Finally, the temperature differences between selected thermocouples in different faces are presented in Fig. 3(d). It can be seen
that the maximum difference between TC.1 (on the right surface) and TC.10 (on the side surface) could reach up to 200 K. Further,
this difference for TC.1-TC.6 and TC.1-TC.7 could reach up to 140K and 120K, respectively. Considering the previously discussed
initial temperature uniformity of the unloaded furnace at different temperatures, the observed non-uniformity could be correlated to
the presence of the forged ingots. Therefore, the transient heating history should be analyzed by considering both convection and
radiation heat transfer modes.

4.2. CFD analysis

To comprehensively analyze the heating patterns, temperature non-uniformities and the share of each heat transfer mode during

Table 2

Predicted heat distribution within the furnace.
Item Ingots Walls Flue Gas Fixing Bars Other
Absorbed/lost heat (GJ) 28.08 7.65 25.74 9.2 5.42
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the heat treatment process, CFD simulations results are discussed in this section.

4.2.1. Validation

Table 2 shows the distribution of the available heat in different parts of the furnace, obtained from the CFD analysis. The furnace
efficiency was defined by the ratio of the net heat received by the forged blocks and the available heat input to the furnace (78 GJ) as
follows [9]:

Qingot
nﬁtmace -

Qavailable (1 0)

Based on the measurements made on the gas flow meters installed on the furnace, furnace efficiency was estimated to be 36.6%,
while the CFD simulation predicted a value of 40.1%, which are quite close considering the large size of the furnace. The observed
difference is probably due to a combination of factors such as air leakage into the furnace and difference in the exact location of the
TCs between the experimental and modeled conditions, that can not be really predicted by the model.

Results of the numerically predicted and experimentally measured temperatures at different locations of the block are presented
in Fig. 4(a). The CFD model predicts the temperature evolution fairly well with a maximum deviation of about 7%, which is mostly
related to the initial heating stage. As mentioned above, the differences between the experimental and simulation results are rea-
sonable considering the large dimensions of the furnace and the blocks. Although some over-predictions can be observed for the
surface temperatures, Fig. 4(a) shows that the simulation results are valid and further investigation can be carried out using the
present CFD model. Therefore, models such as standard k — ewith a relatively lower computational cost in comparison with the more
complex ones (such as the RSM turbulence model) can be employed effectively in this application for furthered detailed studies or
optimization purposes. Nonetheless, employment of more sophisticated models such as RSM and their related boundary conditions
for turbulence modeling or increasing the mesh size could result in better accuracy. Also, increasing the number of control angles in
the angular discretization of the DO model could result in more accurate predictions of the local thermal radiation, where strong
variations of spatial temperatures exist (i.e., the burner area). However, these recommendations will add to the computational costs
in the solution procedure and therefore, computational cost/benefit analysis needs to be carried out on a case by case basis.

Radiation view factor of the workpiece surfaces and participating medium are the two main active parameters for the analysis of
the radiation heat transfer, in the present application. The influence of participating medium on the final temperature history was
evaluated using the S2S model and the results are reported in Fig. 4(b). It can be seen that, neglecting the effect of combustion
products participation in the absorbed radiation of the workpiece, characteristic of the S2S model, produces about 1.5% over pre-
diction in comparison to the DO model. Thus, although DO model provides more accurate predictions, S2S model with lower
computational cost, can be effectively used in this application. Furthermore, because 98.5% of radiation heat transfer is controlled by
the radiation view factor of the surfaces, loading pattern optimization for this type of furnaces can be done only by view factor
optimization when the radiative heat transfer is considered.

4.2.2. Analysis of the heating process of the loaded furnace

Transient contours of temperature evolution of the loaded furnace (in an x-y plane) and ingot surfaces during the heating process
are depicted in Fig. 5. The simulation results clearly confirm a non-uniform temperature distribution during the heating process as
observed during the experimental phase (Fig. 3). Ingot transient temperature history shows that the side surfaces have relatively
lower temperatures in comparison with the other surfaces. Gradual heating from the right surface to the left and top surfaces and
finally side surfaces is evident. A maximum temperature difference of about 262K exists from one side of the product to the other.

Results of furnace heating history show that the temperature of the furnace starts increasing from regions close to the burners and
then gradually extends to the center. Similarly, an increase in temperature begins rapidly on the right side of the block where the
lower burners are located; while the left and side surfaces are heated latterly. Results also indicate that the fluid in the vicinity of the
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Fig. 4. Comparison between numerically predicted and measured temperatures of the workpiece.
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Fig. 5. Transient contours of temperature evolution of the furnace and forged ingot surfaces.

left surface and the top surface was also heated with delay in comparison with the right surface where the lower part of the right
surface hindered the fluid flow circulation (Fig. 5(e)). These findings further confirm the results reported in experimental mea-
surements.

Fig. 6 shows the transient history of average total heat flux, average radiation heat flux and average surface heat transfer
coefficient on the right, left and side surfaces of the workpiece during the heat treatment process. A considerable difference between
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Fig. 6. Transient history of a) total heat flux b) radiation heat flux and c) heat transfer coefficient for different surfaces.
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the total heat flux rates in the first period of the process is revealed, which is in direct relation to the identified non-uniformities (see
Figs. 3 and 4). Both radiation and convection heat transfers modes show the same identified differences in their transient histories.
However, as it can be seen, the right surface due to the high velocity of burner product, is mainly heated by the convection heat
transfer at the beginning of the process, while for the left surface, radiation heat transfer plays the most important role due to the
blockage of the fluid flow by the workpiece. The results indicate that heat transfer coefficient in the first part of the process for the
side surface is less than those on the right and left surfaces and in the peak zone its value is 0.32 of the one for the right surface. On
the other hand, the radiation heat flux at this surface in the first period of the process was about 12 and 17% of the left and the right
surfaces fluxes, respectively. Due to the small gap between the blocks, side surfaces have lower radiation view factors and convection
heat transfer coefficients. Therefore, the loading effect by reducing both heat transfer modes (mainly, the radiation heat flux) affects
the temperature history of the side surface, whilst for the right and left ones it mainly changes the heat transfer modes and heating
pattern.

Local temperature distributions (contours) on the right surface and the bottom surface of the forged ingot are presented in Fig. 7.
Three significant temperature gradients (red regions), equal to the number of burners facing the block, are observed. The high
temperature region in the middle of the right surface (Fig. 7(a)) has higher temperatures in comparison to the side ones. This could be
due to the fact that the side surfaces are affected by gaps between the blocks. High temperatures are also visible near the edges of this
surface as shown in Fig. 7(a). Usually, the temperature on the edges is higher relative to the other points due to more radiative heat
flux in these regions (more surfaces to absorb radiation from furnace walls and combustion products [9]). However, the results
indicate that the edge effect on the temperature distribution of the right surface is not as strong as the burner effect. The temperature
gradient on the right surface could reach up to 159 K which shows the importance of burner locations inside the heat treatment
furnaces.

The effect of the fixing bars on temperature distribution of the product is illustrated in Fig. 7(b). Two blue colored areas near to
the fixing bars at the right surface confirm the measured temperature of the TC.2 in Fig. 3. In addition, Fixing bars covering part of
the bottom surface prevent the active radiation and convection heat transfer of the furnace (i.e. these areas are heated by conduction
only). The shadow effect of the fixing bars can also have a major effect on temperature distribution inside the forged block. A
combination of burner's effect (higher temperatures) and fixing bars shadows (lower temperatures) on the bottom surface is probably
the origin of the significant thermal gradient on this surface (up to 251 K). Therefore, the geometrical effect of the furnace such as
burner's location and the position of the fixing bars should be carefully taken into account for an accurate and reliable analysis of the
heat treatment within large size furnaces.

4.2.3. Analysis of fluid flow structures

The local convection heat transfer to the forged ingot in the context of objects facing with flow stream, called as bluff body, should
also be analyzed based on the formation of flow structures (also called as vortical structures or vortices) around the object [26]. It
should be noted that the formation of vortical structures around can cause non-uniform temperature distributions on the forged block
surfaces [26]. Vortical structures are characterized by different parameters such as size, scale, shape, velocity, vorticity and energy. It
has been reported that one of the main characteristics of the vortical structures is the formation of coherent circulation in parts of the
flow field [27]. Therefore, fluid flow circulation inside the furnace is visualized in Fig. 8, using time-averaged streamlines at x-y
planes. Streamlines show a blockage of fluid flow by the load in the impingement zone (creation of stagnation point) and the
formation of a wake region in the downstream (existence of a wake vortex in the vicinity of the left surface). This behaviour can be
seen in the formation of vortical structure around a typical bluff body [26]. Fig. 8 shows that there is a clockwise circulation of fluid
flow inside the furnace at each section, which is in correlation with the heating trend in the furnace. Fig. 8 also, shows the presence of
a strong vortex at the center of the furnace in both planes (perpendicular to the lower burner and between fixing bars). Further, a
detachment of fluid from the block near the left side of the top surface and the upper side of the left surface is clear. The coexistence
of wake vortices and detachment of fluid near the left surface of the forged ingot and the presence of a cold area in this zone, shows
the interrelation between the convection heating pattern and the fluid flow structures inside the furnace. A similar behaviour can also
be observed on the top surface and its adjacent vortex. Moreover, creation of a small vortex near the right surface where the burner
products faced directly with the forged ingot surface (stagnation point) also indicates the interrelation between forged ingot heating

(K] 0 0.500 1.000 (m) K 0 0.500 1.000 (m)
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Fig. 7. Contours of temperature distribution on a) right surface and b) bottom surface of the forged ingot at t = t1./6
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(b)

0250 0.750

Fig. 8. Streamlines of planes at a) between fixing bars and perpendicular to down burner face and b) center of fixing bars.

and the vortical structures. Therefore, tracking the vortical structures within the furnace should be considered as an important
parameter for the process optimization and multiple loading scenarios. The effect of these structures is expected to be more sig-
nificant at lower temperatures, where the convective heat transfer mode could dominate the radiation one and the maximum non-
uniformity identified.

[K]

K] [K]

Fig. 9. Temperature contours of cross-sectional planes at the center of the forged ingot in: (a) longitudinal, (b) transversal and (c) lateral planes at
t=tr/6
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4.2.4. Assessment of heating process inside the large size forgings

Investigation of the temperature distribution inside the block can help to quantify the impact of the non-uniform heating of the
surfaces on the temperature evolution inside the forging. It can be seen in Fig. 9 that the central planes also affected by non-uniform
heating of the surface and the same pattern of heating from the bottom and right side of the forged block to the left, top and finally
side surfaces is visible inside the workpiece. Cold area is mainly extended longitudinally between two side surfaces. Fig. 9(c) also
shows that the coldest point in the lateral plane is actually not located at the center of the forged block and shifted toward the left and
top surfaces. The results clearly demonstrate that product loading, geometrical parameters and fluid flow circulation around the
forged block influence the heating pattern inside the product. However, the strength of the above-mentioned parameters is more
visible on the surface temperature distribution, as compared with the inside of the workpiece. Generally, it is assumed that the
differentiation in the mechanical properties of the forged ingot mainly varies as a function of the distance from the surface. However,
considering the temperature gradient from one side to the other and different temperatures at the same depth of the forged block, the
above assessment should be relativized and a more precise approach should consider the heating pattern and its directions.

5. Conclusions

Comprehensive analysis of heat transfer in the heat treatment process of forged blocks in a large size gas-fired heat treatment
furnace was investigated in the present work. Experimental temperature measurement and unsteady CFD simulations were employed
for simultaneous analysis of fluid flow interactions inside the furnace including turbulent combustion, fluid flow structures and also
conjugate heat transfer during the heating. Concluding remarks are summarized as follows:

1. The developed 3D CFD model provided good agreement with experimentally measured data.

2. Both DO and S2S radiation models could be reliably used for this application. An over-prediction of less than 2% was predicted
when using the S2S model in comparison with the DO model, which indicates that the computationally effective S2S model can be
employed for this type of gas-fired heat treatment furnaces. The analysis of the results also showed that radiation view factor has a
higher contribution than participating medium when analyzing radiation heat transfer during heat treatment of large size
components.

3. Analysis of experimental temperature measurements showed that the unloaded furnace domain was uniform during the test.
However, after loading, temperature non-uniformities, up to 200 K, were found during the heating process, which could affect
microstructure evolution.

4. The influence of geometrical effects such as burner locations and fixing bars as sources for temperature non-uniformities must be
taken into consideration for optimizing the heat treatment process of large size components.

5. The formation of vortical structures in the turbulent flow field results in significant changes in the convection heat transfer of the
affected area, which demonstrates the interrelation between the heating pattern and the fluid flow structures inside the furnace.

6. The developed CFD model was validated using experimental measurements. The obtained data could be directly applied for the
optimization of the operational conditions and loading patterns of large size gas-fired heat treatment furnaces.
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