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Abstract

A numerical simulation has been carried out for the tunnel oven. In this computation, finite volume
method is presented for the solution of the three-dimensional incompressible, steady Navier-Stokes equa-
tions based on a non-orthogonal coordinate with non-staggered variable arrangement. The accuracy of
the numerical calculation were compared with experimental data and showed predictions of the velocity
and temperature in the tunnel oven. Parametric studies are performed to determine the sensitivity of the
temperature above the band to variations in oven conditions. The velocity of band had a negligible effect
on the temperature of the oven, but capacity of suction was the most effective parameter on lateral tem-

perature difference.
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Introduction

Tunnel oven is widely used for bakery industry. But
there was no much theoretical ground in manufacturing
and designing the oven. Only skilled experts have de-
signed the oven with experience and instinct. So to man-
ufacture the oven, the analysis of temperature profile
inside the oven is very important. Especially to make the
temperature profile constant inside the oven is most
important.

It is ideal to manufacture the tunnel oven through the
experimental work for various conditions. But it costs
high and takes much time to do experimental work for
various condition. For optimum tunnel oven, it is desir-
able to make the simulation model based on the mini-
mum experimental data and to develop the oven by
using this model. This is because it is very cost-effective
and easy to apply different condition for manufacturing
tunnel oven.
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Kang et al. (1997) analyzed the tunnel oven assuming
that the flow in the oven is laminar. But inside the oven,
Reynolds number is high and it is more accurate method
to analyze the tunnel oven assuming that the flow is tur-
bulent. So we analyze the tunnel oven assuming that the
flow in the tunnel oven is turbulent.

A typical configuration of tunnel oven is shown in Fig.
1. Uncooked biscuits are carried by a moving band
through an tunnel oven equipped with ribbon burners.
The direction of moving belt and the direction of igni-
tion gas from cylindrical burners are the same. The suc-
tion dispels the ignition gas and moisture from the
biscuits. The temperature of the ignition gas and band
speed are maintained at product-specific values to ensure
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Fig. 1. Schematic of a typical tunnel oven.
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the uniform quality.

The tunnel oven’s thermal response is affected mostly
by convective heat transfer modes. Surface-to-surface
radiative exchange is ignored because temperature of
surface is about 300°C and surface radiation is ignorable.
In general, ignition gas is mixed due to the simultaneous
presence of the moving band and suction-induced veloc-
ities. Conduction within the moving band is negligible.
To design the oven efficiently and/or specify its operat-
ing conditions, it is necessary to predict and quantify the
heat transfer rates within the oven. Hence, the objectives
here are to (i) develop a numerical model capable of pre-
dicting the thermal response of band to specific oven
conditions, (ii) demonstrate the models capability through
presentation of sample result and (iii) make the data base
to design the optimum oven by parametric study.

Governing Equations and Turbulent
Modelling

Governing equations
Conservation of mass:
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Conservation of momentum:
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Conservation of energy:
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where U, is Cartesian velocity component, and 1, ; is
stress tensor. If y, is cartesian coordinate and X’ is gen-
eral coordinate, J is the Jacobian which transfers carte-
sian coordinate to the general coordinates.

Turbulence modeling
Turbulence kinetic energy:
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Turbulence dissipation rate equation:

Table 1. Standard k-€ turbulence model constants
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where P, is turbulent energy source term and is
defined.:
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In the above equations, o, and o, are diffusion tur-
bulent Prandtl numbers. And C.» C» C, are turbulent
modeling constants and are given in Table 1.

Method of Computation

Grid
This paper assumed that the geometry is symmetric in
z-direction. 172x50x14 grid in x, y, z direction, respec-
tively was used. A large number of grid is located near
the moving band to consider wall effect of moving band.
In this study, the geometry is so complex that we used
HyperMesh (1996) which is commercial package.

Discretisation

After the integral of the governing equations over the
control volume, algebraic equations are obtained. Cen-
tral differential scheme was used in the diffusion term,
and upwind differential scheme was used in the convec-
tion term. Final form of the discretised equation (Peric,
1985) is
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In the above equations, the ¢ are the values of the
dependent variable ¢ obtained in the previous iteration.

Numerical analysis method

The equation (7) stores variables which is located in
the main nodes (P.N,S,E,W,T,B) implicitly and stores
variables which is located in the other nodes explicitly so
the computing time is reduced. And final matrix is
solved by SIP (Strongly Implicit Procedure) method.
Non-staggered variable arrangement is used for all the
variables to share the same control volume, which facil-
itates efficient computer programming. To avoid pres-
sure oscillations which occurred by non-staggered arran-
gement, and to evaluate a velocity component at a cell
face, we used the discretised momentum equations for
the two neighboring nodes as the interpolation formulae,
but replaced the terms representing pressure gradient
across the cell face, by one which is centered about it
(Rhie, 1981). Finally to calculate the pressure, SIMPLE
algorithm was adopted in this paper.

Boundary condition

Inlet condition: In the present study, the inlet condi-
tions are treated explicitly. In particular, special treat-
ments are needed at the burner because the entrained
velocity of burners should be specified in the computa-
tional domain. Any desired value of ¢ can be arranged to
be the solution at an internal grid by setting source terms
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Fig. 2. Non-staggered variable arrangement.

properly (Patankar, 1980).

Outlet condition: Neumann condition is applied to
outlet condition. But suction’s capacity is fixed, and suc-
tion has known velocity. So when suction is treated,
Dirichilet condition is applied.

Wall condition: If the wall is fixed, no slip condition is
applied. But if the wall is moving, no slip condition
should be modified. The relative velocity components
should replace the absolute velocity components in order
to apply the moving effect in the shear stress expres-
sions.

Symmetric condition: In z-direction, symmetric con-
dition is applied.

Results and Discussions

The motivation for developing simulation model is to
estimate the detailed thermal response of oven to ther-
mal condition. To validate the simulation model, a base
case was defined and its calculated results were com-
pared with experimental data. The effects of parameters
such as the velocity of the band and the capability of the
suction on temperatures right above the band were stud-
ied.
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Fig. 3 Velocity vectors in the oven. (a) Velocity vectors, (b)
Temperature distribution.
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Tunnel oven used in this paper consists of 4 modules.
All results of this paper are results in the second module.

The base case simulation

Figure 3-(a) shows the velocity vectors in the left side
oven, and Fig. 3-(b) shows the velocity vectors in the
right side oven. The base case oven is a 550 mm highx
1315 mm wide x2880 mm deep tunnel oven equipped
with 8 ribbon bumers. Air enters the oven at 258°C with
a constant velocity of 0.1 m/s. The band moves with
0.238 mv/s velocity to the right and the suction expels air
and ignition gas at 0.2 m/s. The burners exhaust the igni-
tion gas with 0.123 m/s. Because of the suction, Fig. 3-
(b) shows circulation behind the suction. However flow
below the band is not too much affected by suction. Fig.
3-(a) shows increased velocity distribution before the
suction and it is due to the alignment of suction duct
flow and ignition gas. Also, we could see that the air in
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(b) Temperature distribution

Fig. 4 Velocity vectors and temperature distribution of yz-
plane at x=1.59 m.

the oven is driven by the moving band.

Figure 4 shows yz-plane {lateral section cut: x=1.59
m] velocity and temperature distribution which is
located behind the suction. Fig. 4-(a) shows the way how
hot air below the band goes up to the suction. Fig. 4-(b)
shows the temperature distribution. As shown in the Fig.
4-(b), the temperature at the side point of the band is
higher than at the mid point of the band. It is because the
hot air below the band goes up to the middle of band
through oven side as shown in the Fig. 4-(a).

Figure 5 shows measured locations. They lie between
band and burners in symmetric plane. K-type (Chromel-
Alumel) thermocouples were used for temperature mea-
surement. The thermometer is capable of measuring
temperature of 3 points simultaneously and has three
thermocouples in the stainless tube as shown in Fig. 6.
Eight thermometers were used with 24 points tempera-
ture measured. b

Figure 7-(a) shows comparison of experimental data
and calculated result. In Fig. 7-(a) the burners are located
at x=0.39 m, 1.04 m, 1.84 m, 249 m and suction is
located at x=1.44 m. The temperature below the band
was higher than the one above the band. Because mov-
ing band restricts the flow of the ignition gas from lower
burners to suction. As shown in the Fig. 7-(a), calculated
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Fig. 7 Comparison and error of calculated results and
experimental data.

result and experimental data above the band are in good
agreement. But the discrepancy between calculated
result and experimental data below the band are quite
large. This results from the assumptions that inlet air
temperature and velocity is uniform, and the enclosure
wall has a constant temperature.

Figure 7-(b) shows the error of calculated results. As
shown in the Fig. 7-(b), the error of calculated result
below the band is around 10% except the 2™ point.

Parametric study

Figure 8 shows temperature distribution above the
band for the variation in band velocity. The band veloc-
ity, 0.238 mv/s is actual industrial value. 0.475 m/s is dou-
ble, 0.375 m/s is one and half and 0.119 m/s is half value
of actual industrial value. As the band is faster, the tem-
perature both at the mid point of the band and at the side
point of the band increases. Because the faster band
velocity gives the more convective heat transfer rates.
But the magnitude of the increased temperature can be
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Fig. 8 Temperature distribution with variation in band
velocity.

—— 0.119 m/s band velocity
--~-~ 0.238 mfs band velocity

(40| T [— 0.357 mfs band velocity
30F - 0.475 m/s band velocity
20¢

10 SRSEIIzI — —

00 B pm——

H i L i 1
0.0 05 1.0 1.5 20 25 (m)

Fig. 9. Temperature difference between at the mid point
of the band and the side point of the band with variation
in band velocity.

ignored because increased temperature is about 1°C or
2°C.

Figure 9 shows the lateral temperature difference with
the variation of band velocity. As was spoken, the tem-
perature both at the mid point of the band and at the side
point of the band increase, the lateral temperature differ-
ence is not affected by change of band velocity.

Figure 10 shows temperature distribution above the
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(b) Temperature at the side point of the band

Fig. 10 Temperature distribution with variation in suction
velocity.

band for the variation in suction velocity. The band
velocity, 0.2 m/s is actual industrial value. 0.6 m/s is
three times, 0.4 m/s is double, 0.3 m/s is one and half
and 0.1 m/s is half value of actual industrial value. As
shown in Fig. 10, both temperature at the mid point of
the band and at the side point of the band does not expe-
rience severe change from entrance to x=1m where suc-
tion is located. But after the x=Im, the temperature
experiences severe temperature change.

The variation of suction velocity makes the small tem-
perature difference at the mid point of the band about 4
°C in each case as shown at Fig. 10-(a).

But the variation of suction velocity makes the large
temperature difference at the side point of the band,
maximum 100°C, as shown at Fig. 10-(b). This is due to
the fact that the hot air below the band gives heat to the
side point of the band as shown in Fig. 4.

Figure 11 shows the lateral temperature difference
with the variation of suction velocity. The lateral temper-
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Fig. 11 Temperature difference between at the side point
of the band and at the mid point of the band with the
variation in suction velocity.

ature difference is minimum when the suction velocity is
0.2 mv/s. This velocity is the specific value when the suc-
tion flow rate equals-with the ignition gas flow rate.

Fig. 11. Temperature difference between at the side
point of the band and at the mid point of the band with
the variation in suction velocity.

As previously mentioned, we should make -lateral
temperature difference small. By manipulating the suc-
tion flow rate, the lateral temperature difference can be
reduced. But we should also consider the main function
of suction, i.e., dispelling the ignition gas and moisture
from biscuits.

Conclusions

Three dimensional numerical analysis performed here
is capable of estimating the detailed temperature and
velocity in the tunnel oven. The predicted results were
feasible and showed the systems thermal response to
variation in oven conditions.

The temperature at the side point of band is higher
than the one at the mid point of band. Because the hot air
below the band goes up to the mid point of band through
oven side.

As the band is moving faster, the temperature both at
the mid point of the band and at the side point of the
band increase. But the magnitude of the increased tem-
perature can be ignored because increased temperature
is about 1°C or 2°C.
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The change in suction velocity makes the lateral tem-
perature difference so large that it is the most effective
parameter on lateral temperature difference. The suction
velocity 0.2 m/s maybe is the optimum velocity.
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