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ABSTRACT

This study conducts a comprehensive numerical evaluation
of conjugate heat transfer in an automotive paint oven to
optimize the performance and increase the overall energy
efficiency. Computational fluid dynamic (CFD) analysis of
parameters in an automotive paint oven and on the coated
vehicle surface is essential to achieve better paint quality and
manufacturability, although the complicated geometry of
vehicles, transient nature of the procedure, varying scales of the
flow, and the tightly coupled conjugate heat transfer make the
modeling difficult. An efficient computational algorithm, under
the framework of the OpenFOAM package, using the Large Eddy
Simulation (LES) turbulence model is implemented to
numerically model the unsteady heated airflow behavior in the
paint curing process. The conjugate heat transfer solver,
chtMultiRegionFoam, is validated by heat sink case examination
as heat transfer benchmark and then employed for the oven
modeling. According to simulation results, the applied low-cost
optimization of the intake hot flow rate and small oven geometry
variation achieved significant energy efficiency improvement.
During the optimization, the fluid dynamic characteristics, e.g.,
the mean temperature, velocity and streamline patterns, across
all six zones of the oven, as well as the temperature and velocity
map on a Body in White (BiW), are examined. The optimized
arrangement and position of nozzles and panels for transient
heat transfer processing of curing along the oven is described.
Increasing the heated air provided by the panels on the lower
half of the oven improves airflow circulation, resulting in a
significant increment in the computed car body temperature.
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1. INTRODUCTION

Paint curing, as one of the most critical steps in the
automotive painting, refers to the drying procedure of the wet or
powdered paint to a hard film. Solvent loss, oxidation, chemical
reaction, melting and resolidifying are the most important ways
of the paint film curing methods [1]. The temperature
distribution, curing time and heat transfer rate are the main
parameters in the curing process to prevent under curing or over
curing and energy consumption optimization, considered in the
paint cure window (PCW) [1, 2]. The final paint film quality is
extremely related on the conveyor speed and the temperature
distribution uniformity, which controlled by using empirical
methods [3]. Automobile mass production involves the use of
faster curing protectors. The ovens duty with optimal length is to
supply the required heat for curing paint [4].

The most common causes of supplied heat losses include wall
loss, waste gas loss, radiation loss at the entrance, and stored heat
[5], which can be managed to reach minimum values. To
guarantee development in oven efficiency, a deep numerical
investigation of thermo-fluid-solid coupling turbulence
treatment is needed. The simulation of the paint curing process
in a continuous oven presents lots of complexities because of
complex vehicle geometry, physical phenomena and flow scales.
Rao and Teeparthi [6] introduced a dual solver, semi-
computational method to predict the vehicle body temperatures
in a paint drying oven. They considered the arrangement of the
nozzles in the heat-up zone numerically to obtain a temperature
map over the full BiW. Wu et al. [7] used an approximate
transient approach of the intermediate steady solution to
investigate a thermal transient of the car body curing. Also, their
result has good agreement with the available experimental
testing data. Mulemane et al. [8] propose reduced order models
with lump capacities for the oven thermal modeling by
manipulating related differential equations. Despotovic and
Babic [9] present a simple mathematical model for automotive
paint oven performance. Their model has the ability to examine
the impact of various variables, which could help redesign the
oven. Nazif [10] modeled the heat-up zone of the automotive
wax oven and compared the result with their experimental
measurement data. After some optimization, they increased 25%
the energy efficiency of the considered oven. Xiao et al. [11]
developed a novel cure window based proactive QC model for
automotive topcoat curing. In their approach, film curing quality
was assessed employing dynamic process-product models.
Giampieri etal. [12] conducted a detailed examination of thermal
management and energy efficiency to improve the energy
consumption in the paint shop during automotive manufacturing.

The turbulent flow inside the curing oven, due to
different velocity inlets range from nozzles and panels in
different directions, selecting an appropriate turbulence model is
very important [13,14]. The LES turbulence model is more
suitable for capturing the principle of the internal flow and
vortical structures [15, 16].

Figure 1 depicts the total energy consumption plant of
conventional automotive manufacturing, divided into the paint
shop, press shop chassis, powertrain, transmission and engine
assembly, body shop and final assembly [17, 18]. The painting
and ovening sections consume the most considerable energy
during vehicle manufacturing processes. The paint shop gives
BIW a pleasant finish and protection against weather and
corrosion and because of that is so important.

36%

Paint Shop Chassis, Powertrain,

Assembly

32%

10%

Body Shop

10%

Final Assembly

Press Shop

FIGURE 1. SCHEMATICS VIEWS OF A CONVENTIONAL
AUTOMOTIVE MANUFACTURING WITH A BREAKDOWN OF
THE TOTAL ENERGY CONSUMPTION.

2. GOVERNING EQUATIONS

The governing equations implemented in the present
work can be divided into two phases: solid region (BiW &
conveyor, nozzle’s base wall) and fluid region (air inside the oven
and injected hot air circuits). Then, coupling of the energy
equations in the solid and fluid phases region are evaluated.

2.1 SOLID REGION
The gradient of temperature in the solid region can be
achieved by using an energy balance in a suitable differential

control volume. The following is the heat conduction equation
that is solved for the solid region:

2 © 2022 by ASME
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(1)

0
—(p;h)=Va,Vh,
8t (ps ) aeff

where ¢ ,h, and p, are the effective thermal diffusivity,
enthalpy and density of the solid area, respectively.

2.2 FLUID REGION

The continuity, momentum and energy equations are
solved within the fluid region. The Large Eddy Simulation (LES)
turbulent model is used to handle the severe strain and stress rate
of the complex flow inside the oven. An LES turbulence model
is retained by applying “one equation eddy viscosity model”
(OEEVM) subgrid-scale method [19, 20]. The following
equation represents filtered continuity and momentum and
energy equations, respectively, that employed in the LES
turbulence model:
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L= (pt)=0,
at+axj(pu')
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o @ B 24 Ay )
o ox 3 ox
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where p, U;, p and t are density, velocity vector, dynamic
viscosity and time, respectively. Also, energy equation (Eq .5) is
,in which K, R’

heat

solved for internal enthalpy, h and ¢, are

kinematic energy, heat generation due to reactions and effective
thermal diffusivity, respectively. More details about fluid region
equation can be found in Pendar and Péascoa [21]. At the solid-
fluid interface, since there is no surface reaction, the heat fluxes
must fulfill the conservation of energy;, i.e.,

oT " aT,

kf —t= s
on on

(6)

where K and n are the thermal conductivity on each side and
the direction normal to the boundary, respectively.

3. NUMERICAL IMPLEMENTATION SETUP

Figure 2 shows the schematic structure of the employed
curing oven. As shown in this figure, the oven consists of three
zones of heat-up, holding and cooling, which are designed to heat
the body, maintain a steady temperature, and eventually cool
down the treated body, respectively. The analogy between the
current structure and an existing automotive oven is applied, and
the inlets air flow rate and temperature distribution validate with
data in real condition in various zones. The oven configuration
had a total length of 53 meters; details of each zone are specified
in Table 1. In heat-up, the temperature reaches the point of the
paint solvent vaporization and provides paint curing at the
molecular level. The oven heat a BiW by mostly convection
modes. As shown schematically in Fig. 2, 3, 4 and data reported
in Table 1(a), inside the oven is heated by hot air circuits, using
heated walls, supply hot air nozzles and panels. In addition to the
recirculating hot air circuits, fresh air and relatively cooler air are
replenished from the two ends of an oven and circulated to
compensate for the reduced air. The equivalent volume of air
flow is evacuated from the return air ducts positioned at the top
in a cross-wise direction to the axial direction zone. As shown in
Fig. 1, the heated air continuously supplied by fan, passes
through the tubes and sent to the air nozzles and panels to
compensate for heat losses. In addition, the burned energy
resources in three burners pass through heat exchanger tubes and
exit to the atmosphere.

The parameters of the heat exchanger stream (air flow rate,
velocity and temperature) for boundaries of the considered oven
(six zones) before modification are summarized in Table 1(a).
The hot re-circulating air was blown inside the oven through a
set of nozzles and panels in zones 1 to 3, and panels in zone 4
and 5, are located on the walls. The hot air temperatures of the
wall-mounted nozzles and panels in various zones ranged from
190 °C to 220 °C, and the turbulent flow velocities ranged from
~ 3.0 m/s to 21 m/s. Also, the outlets are specified as pressure
boundaries. In Table 1 (b), the quantity and size of all
components of the investigated oven are detailed.

TABLE 1. PRELIMINARY OVEN OPERATING CONDITIONS IMPLEMENTED IN THE CURRENT SIMULATION.

(a)
Inlet Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Natural Upper Lower Hot Return Hot Return Hot Retur Hot Retur Cold Return
Air Hot Return Air Air Air Air Air n Air Air n Air Air Air
Air Air

AirFlowRate | m(m°h) 7900 5500 3000 65000 65000 23000 | 23000 | 46000 | 46000 100 100 25000 | 27560
Mean Air Umean 0.341 20.57 11.20 3.107 8.377 3.477 5.926 3.353 | 6.238 0.2 0.2 11.54 | 9.4325
Velocity (m/s)
Mean Air T (°c) 30 195 195 220 190 220 190 220 190 195 195 20 50
Temperature
Zone Length L(m) - 1.2 185 10 17 14 5

3 © 2022 by ASME




(b)

Inlet Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6
Natural Upper | Lower | Air Air Return | Air Air Return Air Return | Upper | Lower Cold Return

Air Air Air Nozzles Panels Air Nozzles | Panels Air Panels Air Air Air Air Air

Inlet Panel Panel Ducts Ducts Ducts Panel Panel Fan Ducts
Number 1 1 1 60 108 20 30 32 12 88 18 2 2 144 12
(N)
Mean 6.43 0.074 0.074 0.8347 4,976 2.155 0.4174 1.787 1.293 3.81 2.048 0.856 0.852 0.772 0.81
Area (A
(m?)

Cold Air Fan
I‘lm‘l‘lel'1

FIGURE 3: POSITION OF HOT AIR NOZZLES’ S

(it

gurner |

ook,

Wl e Nosss

COMPONENTS: BASE AND WALL.

Qutdoor Air

Figure 5 shows a comprehensive illustration of a
computational grid for a full curing oven, including various
close-up views. All areas of the computational domain inside the
oven, despite many complexities, are generated with a fully
structured quadrilateral mesh, exept in the cumputational region
with presence of BiW. The domain is decomposed into fifty-four
smaller sub-sections over the six zones. The near boundaries and
wall mesh size significantly influence the Conjugate Heat
Transfer (CHT) predictions. After mesh independence analysis
for the mean temperature and velocity distribution, we concluded
that a simulation using the grid with an overall account of ~ 40
million cells is appropriate.

4 © 2022 by ASME
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FIGURE 4: COMPUTATIONAL DOMAIN OF HEAT UP ZONES WITH ALL COMPONENTS OF SUPPLY AIR NOZZLES, SUPPLY AIR
PANELS, RETURN AIR DUCT, AND CHASSIS INLET SECTION.

FIGURE 5: GENERATED VOLUME MESH DURING THE COMPUTATIONAL DOMAIN OF THE OVEN.

4. THE CHTMULTIREGIONFOAM VALIDATION

T By

Gravity

Before presenting the results of turbulent flows in the
automotive curing oven, a transient 3D heat convection problem
in the heat sink, including heat conduction in fins, is considered
to validate the accuracy of the employed code. The boundary
conditions and dimensions of the computational domain are
illustrated in Fig. 6 (a), as considered in reference [22]. The size
of the domain is 600 mm?3, and atmospheric pressure condition is .
applied to all-round surfaces. The length of the domain is around i - o o
43 times larger than the height of the heat sink. A constant ;»(f:y;':j-?w
temperature is applied to the base of the heat sink. The structure e
grid used in this case has approximately 8.6 million cells, as
shown in Fig. 6 (b). iy

(a) L = 600 mum

1 mm

H = 600m

IR S I T O )
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hg

(b)

FIGURE 6: (a) DIMENSIONS AND BOUNDARY
CONDITIONS OF THE HEAT SINK, AND (b) 3D VIEWS OF THE
COMPUTATIONAL GRID, WITH CLOSE-UP VIEWS OVER THE
FINS.

Table 1 depicts the conditions of five different heat
power cases for the heat sink, including room temperature (T )

and central fin base temperature (T, , ). As a validation purpose,

Fig. 7 compares current numerical results, experimental data of
da Silva et al. [22] and analytical reports of Harahap and
Rudianto [23] for the average Nusselt number and the average

heat transfer coefficient. Average heat transfer (h =q" /(T —T..)
) and Nusselt number (m:ﬁ.l/k) are obtained through the

NusseltCalc tool [24]. q”, kand | are the heat transfer flux

between the heatsink and the fluid, the air thermal conductivity
and 1=1L,/2, respectively. The difference between the obtained

numerical results and experimental in the majority of the cases
is lower than 7 % and are close to the analytical values. As a
result, a good agreement is obtained. This agreement verified the
use of OpenFOAM as a reliable tool to study conjugate heat
transfer (conduction and free convection) problems in the
automotive curing oven.

TABLE 1. THE TEMPERATURE SETTINGS FOR THE
CASES USED IN THIS SIMULATION.

Case | Ti[K] | Ta[K] AT [K]
295.94 | 304.30 8.36
296.29 | 310.92 14.63
295.63 | 322.07 26.44
297.16 | 348.32 51.16
295.45 | 369.26 73.81

m|{o|O|m|>

9
. Literature
gl ¢ Current Simulation =
> Experimental Data ,
. *
7
S
i |
\/w »>
H *
< 5
3
*
»>
4 | ]
*
8 A B C D E
(a) Cases
4] . Literature -
. Current Simulation . >
> Experimental Data .
12 >
| |
>
210 o
=]
zZ H
*
8 >
*
6
4 A B C D E
(b) Cases

FIGURE 7: COMPARISON OF THE (A) AVERAGE NUSSELT
NUMBER AND (B) AVERAGE HEAT TRANSFER COEFFICIENT
(T=5 S): CURRENT NUMERICAL RESULTS, EXPERIMENTAL
DATA (DA SILVA ET AL. [22]) AND LITERATURE REPORTS
(HARAHAP AND RUDIANTO [23]).

The heat generated by the sink is conducted to the fins
and exchanged with the surrounded fluid. The fluid temperature
gradient increases due to the convection, as shown in Fig. 8.
The formation of a small recirculation area near the heat sink,
after that, a large recirculation region involving the entire domain
is visible in Figure 8 (a). The distance between the fins is
sufficient to produce two counter-rotating vortices. In this case,
due to the large space among fins, the convection flow decreases.
Figure 8 (c) shows a 15% reduction in air density between fins
compared to room density (1.17 kg/m3), making the air to ascend
in this area.

6 © 2022 by ASME



@

FIGURE 8: (a) VELOCITY FIELD WITH STREAMLINES (LIC METHOD VISUALIZATION [25]), (b) TEMPERATURE FIELD, AND

(c) DENSITY FIELD OF CASE (D) AROUND HEAT SINK.

5. RESULTS AND DISCUSSION

The results describe the curing of the electrodeposition
coating process on the BiW in an automotive oven. A real
industrial automotive curing oven with a car body (Citroén
Berlingo) is used. The mean hot air temperature contour on
cross-section at the positions of nozzles, panels and return air
duct with the presence of the BiW chassis is shown in Fig.9. The
temperature contour on the BiW surface during the initial curing
phase proves that the hood and rocker of the body require more
care than the side body, which can be provided with the
redirection of the panels and nozzles hot airflow. As the figure
shows, the temperature distribution on the car body outer shell
due to the complicated structure is highly non-uniform. The
transmission transfer is higher around the nozzle and panel
region, on the exterior of the BiW surfaces such as the doors and
fender.

The mean air temperature contour in the cross section of the
center plane along with the oven's length, is shown in Fig. 10.
Proper feeding of hot air with adequate circulation and
convection in zones 1&2 is apparent. Each zone has an almost
uniform temperature range without any severe jump, including
gradual longitudinal gradient. But, a weak supply of hot air in
zone 3 of the heat-up region, particularly in the lower height half
of the oven, due to the low density of the panel, leads to a poor
air operation and lower average temperature increment.

Figure 11 illustrates the mean air temperature distribution on the
center planes that are normal to the curing oven length. The
qualitative behavior of the computed temperature curves is
similar to what is expected from the curing oven. After surging
temperature during the heat-up zones, the temperature remains
almost constant at the holding area before plummeting in the
cooling zone. However, these stages have some design and
oscillation weaknesses, which are improved in the modified case
(Fig.11 c-e). Improvement activities for hot air redirection for
proper conduction and appropriate hot air flow rate adjustment

are considered in our study. The investigated height values of 0.4
m, 1 m and 1.2 m are at the rocker, character line and the roof of
the BiW. For describing the modified oven changes, 15 percent
removal and addition of injected flow rate from upper
components to lower components in zones 1, 2, 3 and 6,
correspondingly, can be mentioned. In zones 1, 2 and 3 that have
both hot air panels and nozzles, and zone 6, which has two series
of upper and lower cold air fans, hot and cold airflow share
manipulation is implemented. These modifications were made to
allow for better convection, at the same amount of the hot airflow
rate generation, which originated from the burners. As illustrated
in Fig. 11 (c-e), this modification results in better hot thermal
flow directed precisely to the BiW surface, without extra costs
and with the same level of energy consumption.

|

Alr Mean Temperature ("K): 300 330 360 390 420 450 480

FIGURE 9: MEAN TEMPERATURE DISTRIBUTION ON THE
BIW SURFACE (L =9.5m) AND TWO 2D PLANES (L, =8.3m,

L, =11m ) AT THE HEAT-UP PHASE IN THE OVEN (t =1Min).

7 © 2022 by ASME
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FIGURE 10: MEAN AIR TEMPERATURE (°K) CONTOURS, NORMALIZED BY THE AMBIENT AIR, ALONG THE Full LENGTH OF
THE OVEN'S CENTER PLANE (L =52m) AFTER t =3 Min .
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| ! | I
} I'H,=1.0m t,=2Minl | As a positive point for the presented simulated oven, the
j ———- fﬂ‘m:ﬂ"g:‘rﬁ”fggjvfn heated air with low-speed interaction with the BiW in the heat
L3piy ! j goven j up and holding zones, after the first high pressure hot air
| ‘ ! || injection at the entrance (Zone 1). This condition provides an
£ | | | ‘ appropriate time for the oven to exchange heat by the Biw and
g 12} j j i allows to obtain paint film with higher finishing quality. The
t: ! ‘ ! ] higher velocity in the cooling zone is apparent in comparison to
o : i ! other zones.
Fo i | N ;
! ! | ‘
| | N R | A — . v
i \ : : P Air Mean Velocity (m/s): 0 08162432 4 48 | e & — ;‘J
Lf1 ! i N :
w ! | i
Z}one, Zone, ‘ Zone, : Zone, Zo"ef ‘Zone
0 10 20 30 40 50
© Oven Length (m)
! | H,=19m t,=2Minl |
N I — — —! Conventional Curing Oven
13 : I Modified Curing Over{ |
|
.
l_'é : i}"’s’li'sempemture ("K)
£ iy
g | 075
£ ! 305
- !
|
i \
| ! |
| | |
} : ! FIGURE 12: MEAN AIR VELOCITY CONTOURS IN A
e | g - CROSS-SECTION AT TWO PLANES (L, =8.3m, L, =11m)
0 10 Ozo . ﬂ:]?(% ) 40 50 AFTER t =1Min.
(d) ven Leng m
ol ; : X The recognition of flow vortical structures and
: 1 | Hi=04m t,=2Minl | streamlines patterns during the accurate oven simulation with the
i !———‘ifn"o:‘j‘;?{:(;"gz'ncn;fg‘gj"f” precise LES turbulence model is helpful for engineering and
13 i ‘ i " - - - - - -
‘ ‘ ! P qualitative evaluation. By considering the vortical structure
! : : N patterns and streamlines path in Fig.15, visualized by the LIC
. } ! i ! : method [25], the convection flow's intensity and power from the
£ 12} ! | i i oven's lower to the upper side can be detected. This significantly
= ! | : N help us to manage the flow and introduced modified cases. The
g : T i I existence of the large circulation vortexes (as illustrated in Fig.
Foal T «1\\,..,-—“\&: 15), originating from panels, nozzles and fans, have an adequate
! : ! P~ effect of quick BiW warm-up and chilling. The large size of the
! | : N recirculation zones (Fig. 15) increases the injected hot air
N : | i : ! efficiency and contact on the BiW surface.
i | 2o, oo fzm By mentioned modification (described in Fig.11), the
| ‘ ! N optimized circulation turns sketched from the lower panel
0 10 O%;)en Len th3f%m) 40 50 intensified and accident more cover of the BiW surface and more
®© g heat transfer chances (Fig. 12, 13). According to Fig. 14 and 15,

_ . the streamlines congestion at two ends of the curing oven, zone
FIGURE 11: NORMALIZED MEAN TEMPERATURE (°K) 1&2 and 6, provides more thermal manipulation on the BiW
DISTRIBUTION ALONG WITH THE CURING OVEN: (A) surface.

TEMPORAL EVOLUTION, (B) HEIGHT ASSESSMENT AND (C-F)
MODIFIED OVEN COMPARISON.
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Velocity Magnitude: 0 075 1.5 225 3 375 45 525 6 d H

FIGURE 13: MEAN AIR VELOCITY (m/s) CONTOURS ALONG THE Full LENGTH OF THE OVEN'S CENTER PLANE (L =52m)
AFTER t =3Min.

[ —
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2
i

=

FIGURE 14: THE STREAMLINE VISUALIZATION ALONG WITH THE CURING OVEN CRITICAL PLANES (t =3Min ), USING THE
LIC (LINE INTEGRAL CONVOLUTION) APPROACH [25].
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e f Return air
N, duct

~ % Nozzle

(@) Zone2 (L, =10m) (b) Zone3 (L, =24m)

(c) Zone4 (L, =39m)

Return air
duct

Cold air
fan

(d) Zone6 (L, =49m)

FIGURE 15: THE CONTOUR OF VELOCITY MAGNITUDE WITH VORTICAL STRUCTURES (LIC VISUALIZATION) AT VARIOUS

LOCATIONS OF THE AUTOMOTIVE CURING OVEN (t = 3 Min).

6. CONCLUSION

The current simulation used the OpenFOAM
framework as a reliable tool and open-source software to
simulate the conduction and convection processes in the oven's
conjugate heat transfer mechanism. An accurate LES turbulence
model and a reasonably fine grid spacing next to components
yield a precise result. The accuracy of the conjugate heat transfer
code is validated by heat sink case examination and good
agreements with experimental values observed. Quantitative
velocity and temperature convective fields, as well as flow
streamline detection, are explained in detail for all length of the
oven. According to simulation results, the applied low-cost
optimization, manipulating the intake hot flow rate, achieved
significant energy efficiency improvement during the oven’s
length.
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