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Abstract 
Introduction− Panela is a product derived from sugar 
cane that is prepared using a traditional burner designed 
especially for this purpose. According to studies found 
in the literature, it was identified that the thermal ef-
ficiency of panela burners is 30% on average.
Objective− The objective of this investigation is to con-
tribute to the search for new alternatives for the im-
provement of the low efficiency present on these systems, 
mainly affecting the flue gases duct.
Methodology− The development of this study is as fol-
lows: first, a research of the radiation and optical thick-
ness effect in a simplified furnace is carried out. After-
ward, a series of simulations with modifications in the 
design of the flue gas duct for a real size furnace are 
analyzed.
Results− The results showed that the radiation effect 
must be considered and, even though the optical thick-
ness is low, it has a relevant impact in the heat transfer 
process due to the high temperatures in the furnace. A 
chaotic movement of the gases implied more heat trans-
ferred to the heaters and high values of Nusselt with 
the addition of new elements in the duct were obtained.
Conclusions− Arrangement 1, provides the best results 
with a Nusselt and thermal efficiency increase. No sig-
nificant differences between the DOM and the P-1 radia-
tion were found.
Keywords− CFD; turbulent flow; radiation heat trans-
fer; industrial furnace.

Resumen 
Introducción− La panela es un producto derivado de la 
caña de azúcar. En su elaboración  se utiliza una hornilla 
tradicional, diseñada especialmente para este propósito. 
Según estudios encontrados en la literatura, se ha identi-
ficado que la eficiencia térmica de las hornillas paneleras 
se estima en un 30% promedio.
Objetivo− Esta investigación tiene como objetivo contri-
buir en la búsqueda de nuevas soluciones para el mejora-
miento del nivel de eficiencia, modificando principalmente 
el ducto de humos.
Metodología− El desarrollo de este estudio es el siguien-
te: primero, se realiza una investigación del efecto de la 
radiación y del espesor óptico en un horno simplificado. 
Posteriormente, se realiza una serie de simulaciones con 
modificaciones en el diseño del ducto de humos para un 
horno de tamaño real.
Resultados− Los resultados mostraron que se debe con-
siderar el efecto de la radiación. Aunque el espesor óptico 
sea bajo, tiene un impacto relevante en el proceso de trans-
ferencia de calor debido a las altas temperaturas en el hor-
no. Un movimiento caótico de los gases implicó más calor 
transferido a las pailas, y se obtuvieron altos valores de 
Nusselt con la adición de nuevos elementos en el conducto.
Conclusiones− El arreglo 1, proporciona los mejores 
resultados con un aumento de la eficiencia térmica y de 
Nusselt. No se encontraron diferencias significativas entre 
los modelos de radiación DOM y P-1.
Palabras clave− CFD; flujo turbulento; transferencia de 
calor por radiación; horno industrial.
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I. Introduction

Panela is a product obtained from sugar cane, which 
is known under different names: Panela in Mexico, 
Colombia and some countries in South America, Jag-
gery in India, Desi in Pakistan, and Naam Taan Oi 
in Thailand [1]. This product has been an important 
sweetening agent because of its characteristic taste, 
nutritional value and medicinal properties [2]-[3]. 
Panela is produced in 25 countries with a world an-
nual production of 11.05 Million Tons (MT). India is 
the major producer with 70 % of worldwide produc-
tion, manufacturing 6 MT annually [1]. Colombia 
was the first Panela producer in America and the 
second worldwide with a production of 1.5 MT annu-
ally in 2015 [4]. 

Fig. 1. Three-pan Panela furnace.
Source: Authors.

To produce Panela an especial furnace has been 
traditionally used (see Fig. 1). This unit consists of a 
combustion area, a flue gas duct, boiling pans, and a 
chimney. The flue gases, which are mostly obtained 
from the bagasse combustion, flow through the inte-
rior of the duct transferring thermal energy to the 
pans. These pans are open heat exchangers whose 
main purpose is to evaporate the water from the 
sugar cane juice.

Fig. 2. Energy balance in the furnace.
Source: Authors.

The performance of these furnaces, in terms of 
thermal and financial sustainability, is being ques-
tioned. Certainly, the thermal efficiency (part of the 
energy supplied by the fuel that reaches the pans for 
the water evaporation, in Fig. 2) could get up to 30 % 
in average and as low as 14 % [5]. 

The energy supplied by the fuel is not totally used 
to carry out the evaporation process, some of this 
energy is lost by [6]:
•	 Incomplete combustion.
•	 The exhaust gases.
•	 Through the walls and unburnt fuel.

The incomplete combustion and the energy lost 
can lead to some complications, such as environmen-
tal damage, bigger fuel consumption, longer time 
of batches, increase of the production costs, and in 
some cases, poor product quality [7]. 

An increment in the thermal efficiency, as well 
as fuel self-sufficiency, could be achieved by the cus-
tomization of the furnace. For this, it will be crucial 
to implement an accurate heat transfer study of the 
actual process. Recently, some technological advanc-
es have been done mostly in the combustion cham-
ber, the chimney and the boiling pans; all these 
modifications, experimentally obtained, have been 
applied in systems already in operation [8], [9], [10].

Numerical techniques have been used for the 
estimation of the fluid flow behavior and the heat 
transfer process in a few furnaces. 

In the work by Osorio et al. [11] was reported 
a CFD study of the thermal evaluation of a sugar 
cane-burner. The results showed that the compu-
tational model is quite stable. They were able to 
predict the heat transfer process without noticeable 
differences compared with experimental data. For 
the solution of turbulence, they employed the Re-
Normalization Group (RNG) k – ε model [12] with a 
mesh of 43509 control volumes. 

La Madrid [13] did a numerical simulation of heat 
transfer phenomena on the open heat exchangers, 
and the results were compared to field measured 
data. They applied the Wilcox revisited  turbulence 
model [14] as well as the  model [15] for the radia-
tion part. 

The specialized literature reflects a low level of 
research focused on the flue gas duct. As an ad-
ditional contribution to the above mentioned nu-
merical studies, the present work highlights the 
importance of the numerical tools in the process 
of improving thermally agricultural systems, the 
importance of analyzing the radiation effect of the 
flue gases [15], the comparison of the Discrete Or-
dinates Method (DOM) [16] and P-1 [17] radiation 
model, the usage of an open source code, in this 
case OpenFOAM [18], and the evaluation of new 
configurations based on the traditional flue gas duct 
geometry. 

This work is composed firstly by a brief descrip-
tion of the mathematical model. Then, a comparison 
and further study of the radiation numerical models 
in a simplified industrial domain was performed. 
After that, simulations of an actual size Panela 
furnace with alternative modifications are showed. 
Finally, some conclusions are given
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II: Mathematical Model

For most engineering applications, such as the one 
analyzed in this work, it is not necessary to resolve 
the details of the turbulent fluctuations. Therefore, 
time-averaged Navier-Stokes technique (RANS), in-
troduced by Reynolds [19] that allows the computa-
tion of the mean flow without calculating the full 
time-dependent flow. In these turbulence models, the 
equations are time-averaged before they are solved. 
Hence, and assuming an incompressible flow, they 
can be written as:

(1)

(2)

(3)

In these sets of equations u–i, T
–
, p–, μ and q–r rep-

resent the averaged velocity, temperature, and pres-
sure, the dynamic viscosity and the radiative heat 
flux, respectively.

A.	Turbulence model

As equations (2) and (3) show, a model for the Reyn-
olds (turbulent) stress tensor u'

_
iu'
_

j and turbulent heat 
flux u'

_
iT'
_
  is needed (closure problem). These addition-

al terms appear as a consequence of the non-linearity 
characteristics of the convective term [20].

1)	 Boussines hypothesis

The Boussines approach is employed to calculate the 
turbulent stresses in equation (2), by means of a Lin-
ear Eddy-Viscosity Model (LEVM). This expresses 
that the Reynolds stress tensor is linearly related to 
the mean strains as follows [19]:

(4)

where k is the turbulent kinetic energy, μt the tur-
bulent eddy viscosity, δij the Kronecker delta and ρ 
the density of the fluid.

2)	 Simple gradient diffusion 

In this, the turbulent scalar flux is contemplated to 
be aligned with the mean scalar gradient. The tur-
bulent diffusion coefficient is generally considered 
proportional to the eddy viscosity according to the 
turbulent Prandtl number, which is a specific con-
stant of the turbulence model [21].

(5)

The k – ω version of Wilcox has been demonstrated 
to be particularly accurate [22] and has therefore 
been selected for use in the present study. The equa-
tions that constitute the k – ω model are [20]:

(6)

(7)

With closure coefficients and auxiliary relations 
as follows:

Table 1. Constant Values For The Standard  Model.

α β β * σ σ * ε

5/9 3/40 9/100 1/2 1/2 β * ωk

Source: Wilcox [23].

The eddy viscosity can be expressed for the k – ω 
model as [20]:

(8)

B.	Radiation models

Since gas radiation is considered in these simula-
tions, besides the convective and conductive terms, 
the radiative effect is also present in the energy equa-
tion (see Eq. 3) as a source term ∇∙ q–r . The divergence 
of radiative heat flux is given by:

(9)

Where r– and s– are the position and direction of 
radiation intensity I, κ the absorption coefficient, and 
Ib(r–) = κ(T(r)4)/π. To obtain the radiation intensity 
field and then the radiative heat flux, the general 
equation of transfer for an absorbing, scattering and 
emitting gray medium must be solved. This equation 
is known as the radiative transfer equation (RTE) 
and is represented as [15]:

(10)

in which σs is the scattering coefficient, Φ(s– ∙ s–') is 
the scattering phase function for the radiation from 
incoming direction s–' and confined within the solid 
angle dΩ' to scattered direction s– confined within 
the solid angle dΩ. In this study, isotropic scattering 
medium is considered, in which the phase function 
is equal to unity. Due to the dependence on three 
spatial coordinates, two local directions coordinate 
and wavelength, an analytical solution is nearly im-
practical for most engineering applications. Thus, 
equation (10) has to be solved numerically using ra-
diation transport models for spatial and directional 
dependencies [24]. 
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Two numerical models have been tested for the 
solution of the RTE. One of them is the DOM. This 
method replaces the RTE by a discrete set of N 
differential equations that describe the radiation 
intensity field along N discrete ordinates or direc-
tions. The other method is the P-1 model. It is based 
on the reduction of the integral terms of the RTE to 
differential terms via a finite set of moment equa-
tions. The P-1 radiation model is the simplest case of 
the P-N model. To develop the general P-N method, 
the intensity at each special position r– is expressed 
as an expansion in a series of orthogonal harmonics 
and the series after a finite number of N terms is 
truncated. The mathematical background of the RTE 
resolution for each case can be found in [15].

III.	Influence of radiation model on heat 
transfer for simplified configurations

Gases emit and absorb radiation at several nar-
row wavelength bands. The emission and absorp-
tion characteristics of the composing gas mixture 
also depend on the pressure and temperature [17]. 
In order to keep complexities to a manageable level, 
in this study the gas is assumed to be grey, and a 
total absorptivity and emissivity determined by an 
averaging process are used. Charts for the total 
emissivities given by Hottel were employed because 
of its wide application in radiation calculations with 
good accuracy [25]. 

According to [13], the mass fractions of the flue 
gases product of the bagasse combustion are:

YCO = 0.0001 YCO2 = 0.0509 YH2O = 0.037 YO2 = 0.1472 YN2 = 0.7648

Some of these gases may not cooperate with the 
radiation energy exchange. Molecules such as N2 and 
O2 are substantially transparent to radiation. On 
the other hand, gases with molecules such as H2O 
and CO2, may participate in the radiation process by 
absorption at moderate temperatures, and by absorp-
tion and emission at high temperatures [25]. For that 
reason, the flue gases considered in this investigation 
are the H2O and the CO2. The effect of the CO is ne-
glected due to its low concentration in the mixture. 
The optical thickness was estimated following the 
procedure proposed by [25]:

Table 2. Heat Transfer Radiation Conditions.

Parameter Value

L 3.6V/As = 0.46

Operating pressure P = 1 [atm]

Absorption coefficient kλ = 0.33

Optical thickness τ = kλ * L = 0.15

Albedo coefficient ωa = 0

Source: Authors.

As reported by [17], special care must be taken 
due to ability of the medium to participate in the 
exchange of thermal energy. Therefore, in order 
to analyse the radiation effect of simulation in an 
industrial-like domain with only one pan was com-
pleted. Additionally, a comparison of the DOM and 
P-1 radiation model is performed since the former 
is more expensive computationally speaking, and 
the latter is generally not accurate for optically thin 
mediums (τ < 1) according to [16]. The discrete or-
dinates method (DOM. The dimensions are shown 
in figure 3.

Three simulations were carried out:
•	 The first one is done without considering the 

radiation effect (results denoted as No Radiation 
in figure 3). The boundary conditions applied are 
those explained in section 4.1, tables 3 and 4.

•	 The second uses the same boundary conditions, 
but the effect of radiation is considered using 
the DOM approach and an optical thickness 
of 0.15. The emissivity values used are: pans 
(stainless steel) = 0.4 and walls (refractory 
brick) = 0.94. (referred as Radiation τ = 0.15 
DOM, in Fig. 3).

•	 The last simulation makes use of the same con-
ditions as the second one, but the P-1 radiation 
model was applied. (referred as Radiation τ = 
0.15 P-1 in figure 3). 

Fig. 3. Furnace with one heater (dimensions in mm).
Source: Authors.

At x = 3.55 m, temperature profiles were taken 
(Fig. 4). Significant differences at the exit of the 
duct are observed. The temperature decreases due 
to the optical thickness. The elevated temperature 
of the flue gases allows the radiation intensity to 
gain energy as the beam crosses through the gas. 
This earned energy is lost by the medium. It is 
evident as well that the difference between the 
results of both radiation models is negligible. For 
this reason, the P-1 model is used in the industrial 
configuration, since it requires significantly less 
computational effort (around 70 %) than the DOM 
approach. 
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Fig. 4. Temperature profiles: Duct exit, x = 3.55 m, y = 0 m.
Source: Authors.

IV. Numerical simulation of a 3D 
industrial furnace.

In this section, the authors aim to present the nu-
merical results of the thermal and fluid dynamic flow 
of the gases in an industrial furnace employed for 
producing Panela. A sketch of the geometry selected 
is shown in Fig. 5. 

Fig. 5. Isometric view of the Furnace.
Source: Authors.

A.	Boundary conditions

In the simulation, inlet boundary conditions were 
selected in order to emulate a real furnace able to 
produce 50 kilograms of Panela per hour (Kg/h). The 
dimension and the boundary condition are based on 
the work by Gordillo and Garcia [26].

Table 3 and 4 show the boundary conditions (here-
after referred to as patches due to the keyword used 
in OpenFOAM) for the configuration selected (Fig. 
5). No slip boundary condition in the solid patches’ 
heaters, upper walls, ground, and walls are imposed. 
For temperature, a linear variation of 771.7  °C to 
458.8 °C along duct is established due to the heat 
losses that are presented in the furnace bottom 
and walls boundaries [13]. A characteristic length 
l = 0.07 * L (L the hydraulic diameter) and a turbu-
lence intensity (I ) of 5 % is assumed. In the upper 

walls, a condition accounting the conductive effect 
of the bricks and the convective behaviors of atmo-
spheric air is stablished (U).

Table 3. Boundary Conditions: Velocity, Temperature, And 
Pressure.

Patch Velocity [m/s] Temperature 
[°C]

Pressure 
(P/p) [m2/s2]

inlet ux: 0, uy: 0, uz: 6 T: 970 ∂P ⁄∂xi = 0

output ∂u–i ⁄∂xi = 0 ∂T ⁄∂xi = 0 P = 0

heater u–i = 0 T: 100 ∂P ⁄∂xi = 0

upperWalls u–i = 0
Global heat 

transfer 
Coefficient 

(U)
∂P ⁄∂xi = 0

ground u–i = 0 Linear 
profile ∂P ⁄∂xi = 0

walls u–i = 0 Linear 
profile ∂P ⁄∂xi = 0

Source: Authors.

Table 4. Boundary Conditions: Turbulent Kinetic Energy And 
Specific Turbulence Dissipation. The Turbulence Intensity 

And L The Characteristic Length.

Patch Turbulent kinetic 
energy [m2/s2]

Specific turbulence 
dissipation [1/s]

inlet k = 3/2(u–i I 2) ω = √k/l

output ∂k ⁄∂xi = 0 ∂ω ⁄∂xi = 0

heaters Wall Function Wall Function

upperWalls Wall Function Wall Function

ground Wall Function Wall Function

walls Wall Function Wall Function

Source: Authors.

The boundary conditions for radiation are the 
same applied in the simplified furnace. Emissivity 
values of 0.4 (stainless steel) and 0.94 (refractory 
brick) with an optical thickness of 0.15 were estab-
lished.

B.	Mesh 

Mesh generation is one of the most important steps 
to simulate CFD problems. Fundamentally, CFD 
simulations are affected by the quality of the mesh. 
For this case, an unstructured mesh is created using 
SALOME (version 7.7.1), with Netgen-3D settings 
Max. Size: 0.025, Min. Size: 0.0001, Growth Rate: 
0.1. After performing a partition of the complete do-
main, the mesh is generated. Boundaries are named 
in SALOME in accordance with those in Tables 3 
and 4. The mesh is exported from SALOME into 
UNV format. Finally, to create an OpenFOAM mesh 
the ideasUnvToFoam tool provided in OpenFOAM 
is used.
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To get more accuracy and reduce the numerical 
errors, a grid independence study, as well as a refine-
ment process was applied. A starting grid of 200.000 
control volumes has been used and, by a grid-refine-
ment process, the number of control volumes is aug-
mented, the last mesh has been chosen of 1.400.000. 

C.	Numerical methods

The set of equations (explained in section two) are 
solved over the entire domain using a segregated 
PISO-like algorithm implemented in OpenFOAM 
[18]. Central differences are employed for the evalu-
ation of diffusion terms. Whereas, convective terms 
are discretized by means of a second order Upwind 
scheme [27]. 

V. Results

Fig. 6, shows the streamlines of the flue gases in the 
duct coloured by velocity magnitude. It is noticed that 
immediately after the entrance of the furnace, a low-
velocity recirculation zone is generated at the bottom 
wall. It is also observed that the gases flow around 
the external surfaces of the pans, with an increase 
of the velocity below the third one due to the area 
reduction. At this point, the maximum velocity is 
reached. Finally, the gases slow down because of the 
area expansion and a small recirculation zone down-
stream the third pan is created near the upper wall.

Fig. 6. Velocity streamlines [m/s]. 
Source: Authors.

Fig. 7, shows the distribution of the Nusselt num-
ber along the upper wall and the pans midplane. 

It is observed that the Nusselt is slightly bigger 
in the third pan than in the other two. This is due 
to the high velocity and the turbulence degree of the 
gases around heater 3 (high values of turbulent ki-
netic energy). 

Furthermore, it can be observed that there are 
some peaks of Nusselt number in every pan. In the 
first and third one, the highest values of Nusselt are 
located at the beginning while the second pan has it 
at the end. This can be correlated to the amount of 
thermal energy transferred in some specific areas of 
the pans, as can be observed in Fig. 8. The high con-

centration of heat is caused by the impinging of the 
gases on each heater as they flow through the duct.

Fig. 7. Nusselt number distribution along upper wall and 
pans. Plane y = 0.
Source: Authors.

Fig. 8. Heat flux on each pan [W/m2].
Source: Authors.

A.	Analysis of alternative duct geometry.

Additional simulations were conducted modifying 
the duct geometry in order to enhance the energy 
efficiency obtained in the previous section.

Two different duct geometries were studied. The 
duct geometry is changed to achieve larger veloc-
ity gradients near the pans and with a greater 
turbulence level. The first one (figure 9(a)), hereaf-
ter referred as arrangement 1, consists of placing 
transversal plates at the bottom of the duct, perpen-
dicular to the main flow direction of the flue gases. 
One of the plates is located between the 1st and 2nd 
pan, and the other one between 2nd and 3rd pan. As 
this design could face an accumulation of ashes and 
unburnt material between the plates, a new ar-
rangement is studied (figure 9(b)). It comprises the 
insertion of a series of steps throughout the bottom 
wall (floor). The goal is the same as the first option, 
but it allows an easy way to clean the area. 

Fig. 10, shows the streamlines colored with the 
velocity magnitude. More recirculation zones and 
stagnation of the flow in the zone below the 1st and 
2nd heater is observed in both configurations.
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(a) (b)

Fig. 9. New arrangements: geometrical configurations.
Source: Authors.

(a) (b)

Fig. 10. New arrangements: velocity streamlines [m/s].
Source: Authors.

Fig. 11, depicts the turbulent viscosity field. As 
desired, the flue gases flow nearer to the heaters 
with greater turbulent intensity. Higher values of 
turbulent energy in the pans 2 and 3 are observed for 
arrangement 1. The amount of turbulent viscosity in 
this arrangement is up to four times the viscosity of 
the base case in the same pans.

(a)

(b) (c)

Fig. 11. Non-dimensional turbulent viscosity νT/ν in the midplane y = 0: (a) Base case, (b) Arrangement 1, (c) Arrangement 2.
Source: Authors.

From Fig. 12, it can be noticed that the tempera-
ture at the end of the duct is lower than in the base 
case, which primarily means that more energy is 
being transferred to the pans (although some heat 
is being lost through the upper walls, see figure 13 
at x = 4 m). 
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(a) (b)

Fig. 12. New arrangements: Temperature distribution [K]. 
Source: Authors.

•	 Arrangement 1 provides the best results with a 
Nusselt and thermal efficiency increase. Additio-
nal improvements must be proposed if the stag-
nation of un-burnt material is presented. 

•	 Arrangement 2 is a reasonable option. However, 
additional simulations employing few and higher 
steps are suggested. The implementation of this 
design could be more expensive than the first one 
for furnaces already in operation. 
Radiation plays an important role in the heat 

transfer process due to the high temperature of the 
flue gases even though the optical thickness is very 
low. Significant changes were found considering the 
medium as participant. Comparison of the DOM 
and the P-1 radiation model for a simplified furnace 
domain was presented. No significant differences 
were found, although the P-1 model saves up to 70 % 
in computing time.
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