Brazilian Journal
of Chemical
Engineering

Vol. 24, No. 01, pp. 73 - 82, January - March, 2007

ISSN 0104-6632
Printed in Brazil
www.abeq.org.br/bjche

MODELING HEAT AND MASS TRANSFER
IN THE HEAT TREATMENT STEP
OF YERBA MATE PROCESSING

J. M. Peralta and M. E. Schmalko

College of Exact, Chemical and Life Sciences, National University of Misiones
Felix de Azara St 1552 - 3300 Posadas, Misiones Argentina
E-mail: mesh@fceqyn.unam.edu.ar

(Received. January 4, 2004 ; Accepted: November 21, 2006)

Abstract - The aim of this research was to estimate the leaf and twig temperature and moisture content of
yerba maté branches (Ilex paraguariensis Saint Hilaire) during heat treatment, carried out in a rotary kiln
dryer. These variables had to be estimated (modeling the heat and mass transfer) due to the difficulty of
experimental measurement in the dryer. For modeling, the equipment was divided into two zones: the flame
or heat treatment zone and the drying zone. The model developed fit well with the experimental data when
water loss took place only in leaves. In the first zone, leaf temperature increased until it reached 135°C and
then it slowly decreased to 88°C at the exit, despite the gas temperature, which varied in this zone from 460°C
to 120°C. Twig temperature increased in the two zones from its inlet temperature (25°C) up to 75°C. A model
error of about 3% was estimated based on theoretical and experimental data on leaf moisture content.
Keywords: Yerba maté; Heat treatment; Modeling; Heat transfer; Mass transfer.

INTRODUCTION

Materials under study were branches of yerba
maté (llex paraguariensis Saint Hilaire). During
processing, several chemical compounds in the
branches are modified due to the high heat treatment
applied. The processing steps are: 1) heat treatment
with burning propane (for a few minutes) to
inactivate enzymes that produce the browning of
leaves (zapeco); 2) drying, carried out in two steps in
a cross flow dryer with air at 80-120°C during 1.5 to
4.5 h; 3) grounding to prepare the material for the
next step and 4) seasoning, which is carried out in a
natural form (during 9 months at room temperature)
or controlled form (in chambers at 60°C during 30-
60 days).

Besides temperature, water activity (a,,) is another
factor that affects the degradation of chemical
compounds. In the first two steps of the process, a

*To whom correspondence should be addressed

large variation in moisture content and thus in water
activity occurs. So, in the blanching step, the leaf
moisture content varies from 60% (wet basis) to 16%
and after drying it reaches 3% (Schmalko and
Alzamora, 2001).

According to the moisture content and
temperature levels, important changes in chemical
components are expected. Schmalko and Alzamora
(2001) found that 91.5% of the chlorophyll is lost
during processing and 84.2% of this quantity is
degraded in the first step. They reported losses of
caffeine of about 30% during processing, 8%
corresponding to the first step. In this compound, a,
has a special behavior, since it is a water-soluble
compound and evaporation losses decrease when
water activity increases. When studying pesticide
degradation (dimetoathe) in yerba maté leaves,
Schmalko et al. (2002) found that 97% of it is
degraded during processing, 25% corresponding to
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the heat treatment step and 50% to the drying.
Ramallo et al. (1998) determined losses of vitamin
C during the industrial process, finding that it was
reduced to 79% of the original amount in the heat
treatment and drying steps. Paredes et al. (2000)
noted modifications of sugars (glucose, fructose and
sucrose) in these two steps, finding that a decrease in
simple sugars and an increase in sucrose content
occurred in the heat treatment step, while during
drying, changes were not important. According to
these results, it can be concluded that losses of
chemical compounds in yerba maté in the first and
second process steps are important. To minimize
these losses, it is necessary to know the variations in
yerba maté temperature and moisture content during
the process.

In the present work, variations in the yerba maté
temperature and moisture content in the heat treatment
step were studied. The heat treatment was carried out in
a piece of equipment similar to a rotary dryer with
intermittent contact between the material and a flame
(in the first step). Because of the difficulty in measuring
variations in temperature and moisture content in
branches (specially in leaves), these two variables had
to be estimated for this equipment using heat and mass
transfer balance equations.

The aim of this research was to determine
variations in temperature and moisture content in
leaves and twigs in yerba maté at the heat treatment
step, using heat and mass transfer and balance
equations.

MATERIALS AND METHODS
Material

Branches of yerba maté (llex paraguariensis
Saint Hilaire) were used as the test material. They
were picked by hand and transported to the factory in
open trucks. Then they were placed in a freight yard
and taken to the rotary kiln dryer for processing .
The material was highly heterogeneous (Coelho et
al., 2002). Its main characteristics were (Crotti et al.,
2002):
= types: ramified and not ramified;
= mean weight: 10.97 g (limit values: 2.5-30 g);

» weighed mean diameter of twigs: 0.0034 m and
= weighed mean thickness of leaves: 0.00036 m.

Equipment

The equipment used consists of a cylinder that
rotates by means of gears at low revolutions.

Branches are fed in at the entrance where propane
burns and receive heat by convection and radiation.
The burner is 0.38 m in diameter and air enters the
equipment around the flame. The flame is about 1 m
long. Total length of the equipment is 9.6 m. and its
internal diameter is 2.57 m.

The equipment, as schematized in Figure 1, has a
series of flights 0.025 m in height and 0.060 m in
length, arranged at 60° angles with respect to the
dryer axis. Seven groups of flights are arranged
uniformly with separations of 1 m between them.
Each group has 18 flights around the dryer. The
arrangement of flights and dryer rotation make
branches move from one end to the other, resulting
in a parallel flow.

Mean values of working conditions were obtained
from measurements made on seven different days
(Schmalko et al., 2003). In this research, a solids
flow rate was obtained from the production data and
a propane flow rate from its consumption during
these days. Outlet air temperature was maintained
constant by varying propane flow. The other
variables were mean values of measurements taken
twice daily during seven days. They are the
following:

Inlet Conditions

= Dbranch flow rate: 0.422 kg/s (of dry solids);

= Jeaf flow rate: 0.282 kg/s (of dry solids);

= twig flow rate: 0.140 kg/s (of dry solids);

= air flow rate: 4.01 kg dry air/s;

= absolute humidity of the air: 0.0156 kg water/kg
dry air;

= air and solids temperature: 25°C and

= propane flow rate: 0.0482 kg/s

Outlet Conditions

= absolute humidity of the air: 0.140 kg water/kg
dry air and
= air temperature: 120°C

Others

= rotation speed of the drum: 10 rpm;
= mean residence time of the branches: 173.9 s with
a standard deviation of 56.1 s and
= insulation material and thickness: glass wool of
0.0254 m

The mean moisture contents of leaves and twigs,
measured on seven different days and used to
compare experimental and predicted data, are shown
in Table 1.
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Figure 1: Scheme of the equipment

Table 1: Inlet and outlet moisture contents (on a dry basis) of leaves and twigs measured on seven

different days.
Leaves Twigs
Day Inlet Outlet Inlet Outlet
1 1.4814 0.2112 1.6539 1.3100
2 1.4710 0.1476 1.7747 1.2821
3 1.5806 0.1979 1.7167 1.1777
4 1.5126 0.2066 1.6518 1.1210
5 1.4396 0.1975 1.6867 1.0978
6 1.5058 0.1617 1.6702 1.1119
7 1.4504 0.2118 1.7693 1.3507
Mean value 1.4916 0.1906 1.7033 1.2073
Mathematical Model ratio in the flame;
8) a constant product composition exists in the
Assumptions flame, since complete combustion is assumed ;

To model the dryer, the following assumptions
were made:

1) the drying of solids takes place only in the gas
phase. During the time when solids are lifted by the
flights, only moisture redistribution takes place
(Kemp and Oakley, 2002);

2) there is no temperature gradient in the solids. This is
justified by previous research that reported a drop of 1
°C between particle temperature and particle surface
temperature (Schmalko and Alzamora, 2005b);

3) the twigs are considered composite materials
(xylem and bark) and an effective diffusion
coefficient is used;

4) to estimate equipment heat losses, only heat
transfer between the gas and the wall is considered
(not that between the solids and the wall);

5) heat transfer resistance of the dryer metal walls is
negligible (only resistance produced by an insulant is
considered);

6) burning gases and air form a completely mixed
by the end of the heat treatment zone;

7) oxygen reacts with propane in a stoichiometric

9) gases are considered ideal;

10) thermophysical and transport properties of
gases are calculated from the individual properties of
each one (O,, N,, H,O and CO,);

11) entrance effect on inlet gas flux is considered
in calculating the convective heat transfer coefficient;
12) variation in surface area due to shrinkage is
considered;

13) variation in composition of gas phase is
considered. It is calculated from mass balances.

According to Schmalko et al. (1996), twigs have
capillaries that permit water transfer in an axial
direction more easily than in a radial direction (about
200 times). Basilico and Moyne (1986) obtained
similar results in wood.

For this reason, two situations were considered in
the mathematical model: 1) mass transfer in the
twigs takes place in the radial direction and there is
no mass transfer between twigs and leaves (y=1 in
eq.1) and 2) water is transferred from twigs to leaves
(y>1 in eq.1) in the liquid state and evaporates from
them. The water transferred from twigs to leaves in
each time step and evaporated in the leaves is

(y-D*E,.
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Basic Equations
Heat Transfer

The following differential equations describe the
time variation in the leaf, twig and air temperatures
(a mixture of inlet air, combustion gases and
evaporated water):

leaves:
dT, 1
\ \ (1)
[Alff—IG(SITg —oy ;") + Ahy (T, —T)) - YAE, ]
twigs:
dT, 1
dt M, (1+X,)Cp,
(2)
Atff_tcs(.stTg4 - octTt4) +
+A.h, (Tg —-T,) - AE,
air:
dT, 1
dt Mg (1+X,)Cp,
(3)

8A;o(T,* —T,*) +8Ach, (T, - T,) +

+E/A + Eh —Q —Qy

The temperature notation in the gas phase is “T,”
when the solids pass trough the flame and “T,” under
other situations.

Heat gained by the solid phase:

] ] : ' ]
nalr - .i L] - -
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(a)
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0 -SE 1ot-a)
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v [ht (Ty =T+ o(e, T," - atTt4)]
VMt
Heat lost:
Q,, :AxP[hwi (T, —Tyi) +0(eg Ty —Oﬂwiiji)] =
T..-T
=2, Tt o) _ ®)
In( YA )
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= AP By (T, = Tyo) +0Ego Tt — 0ty o) |

To solve these equations, the finite-difference
method was used. The equipment was divided into
two zones: the flame or heat treatment zone and the
drying zone. In the first zone, propane was burned
and branches were in intermittent contact with the
flame while, in the second zone, conventional
drying occurred. In the numerical solution, forty-
eight nodes were used (corresponding to the time
required for a branch to pass through the gas phase),
five of them in the flame zone and the others in the
drying zone. Residence time was considered the
same in each node and was calculated dividing the
residence time in the equipment by the node number.
Each node of the flame zone was divided into three
sub nodes, above the flame, in the flame and below
the flame, with different residence times that
depended on the volume occupied by each one (See
Figure 2). The falling time calculated by eq. 6 was
0.72s (Kemp and Oakley, 2002).

/2
(= dgysend ©)
g

L B
Sl v e oI e d

Ny Ny Ny n n

(b)

Figure 2: Nodes considered in the model: a) flame zone with its sub zones and b) drying zone
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Mass Transfer

Rate of transfer of the water to the air was
calculated using the integrated equation of Fick’s 2™
law (Suarez et al., 1981). This assumption could be
made because the air velocity (>1.5 m/s) was high
enough to ensure the internal mass transfer as the main
resistance to moisture transfer (Schmalko et al., 1996).

For twigs, the integrated equation for an infinite
cylinder with radial transfer was used (Schmalko et
al., 1996):

2
—Hn Dert
Xt - th

X —
XtO - Xte

51l

n=1 Hn

(7

where p, are the roots of Bessel functions of first
kind and zero order.
For leaves, the integrated equation for an infinite

77
plane plate was used (Schmalko et al., 1996):
{—(2n+1)2 nlet}
X, -X - 2
1~ Xe % Z 1 . L )
Xjo =Xie 7" 135 (2n+1)
Properties

Gas properties and heat and mass transfer
coefficients used in the model are shown in Table 2.
In order to calculate the convective heat transfer
coefficient, the mean composition of the gas was
used. In the first zone, the first and third nodes were
considered as pure air and the second zone as
burning propane at a higher velocity. When the
convective heat transfer coefficient of the leaves was
estimated, the flux was assumed perpendicular half
of the time and parallel the other half.

Table 2: Gas properties and coefficients used in the model

Parameters

References

S, =1.5Ty;

Perry and Green, 1997,
p-2.368

Perry and Green, 1997,
p- 2.363

n y. Y M 0.5
= 1+Z[ZUJ] V8l 1+
[ERNRE M;
Cp, =Y yCp Perry and Green, 1997,
2y Ce p.2347
K, ) 035 Kreith and Bohn, 1997,
hye =0.11 N (0.5Re,,”+ Gry Pr) b, 341
N A VT A 0 X Kreith and Bohn, 1997,
hy; = 0023[@} Reg,"* Pr'* [rﬁ] (A: j (sec(B)) p. 418

k )
h; =0.648 [ng Re, *? pr/s

k )
h, =0.205 [ng Re, "8 pr/s
1

1

(Parallel flow) (Perpendicular flow)

Perry and Green, 1997,
p.- 5.15-5.16

t

k
h, = 0.51[ng Re,™? pri?7

Kreith and Bohn, 1997,
p. 455

The overall hemispheric emissivity (g) and absortivity(a) used to calculate radiant heat transfer
between surfaces and gases were calculated using the method proposed by Perry and Green (1997,p.

5.33 - 5.34)
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Solids properties and coefficients used in the
model are shown in Table 3. Leaf properties were
obtained from previous research (Ramallo et al.,
2001). The diffusion coefficient of water in the
leaves was estimated at between 100 and 130°C. To
estimate the diffusion coefficient of the water, the
twigs were considered as a composite material
(xylem and bark) (Schmalko and Alzamora 2005b).

Experiments were carried out between 70 and 130°C,
but in this research, only equations fitted between 70
and 100°C were used. For each material, a different
dependence on moisture content and temperature was
found (Table 3). Minor errors were found when an
effective diffusion coefficient was wused; mean
percentual error was about 12%, but these errors were
lower for a high moisture content (< 3%).

Table 3: Solids properties and coefficients used in the model

Parameters References
X .
Cpy =1.539-10° +2.72-10° | Schmalko et al., 1997
a+X))
X .
Cp, =1.79-10° +2.36-10° ¢ Schmalko et al., 1997
1+Xp)
K, =0.142 + 0.0051 X, Schmalko et al., 1997
1+X;)
A=7020-8031In(T) Perry and Green, 1997
p; =560 +187X, p, =701+ 730X, Ramallo et al., | Schmalko and

2001 Alzamora, 2005a

L, =2.6-10"* +634-107X,

Ramallo et al., 2001

_ 0.613+0.192X,

S, =
" 0.613+0.192X

Schmalko and Alzamora, 2005a

{—3733}
D, =6.64-10° (1+X,)e "

Ramallo et al., 2001

-2270
Dy =1.24-107 (1+0.75X, Je Tt e*'*Rx

—5968
Dy =9.95-107 (1+0.28X,)e Tt &R
1
dg-d) 1 1
dg D mD,

D¢ =

m= slope of the equilibrium line between bark and xylem =1.61

Schmalko and Alzamora, 2005b

The Flame

To estimate flame temperature, heat balance
calculations were carried out at many points along
the length of the dryer, resulting in temperatures
varying between 1720 and 1820 °C (below the
adiabatic flame temperature). In the flame zone, inlet
air and burning gases cannot be considered a
homogeneous mixture due to the difference in
velocity between them (burning gases have higher
velocities). Because of this, the flame does not
completely mix with air and the division of the node
into three sub nodes must be considered.

RESULTS AND DISCUSSION
Model 1

The model developed was applied assuming that
there was no mass transfer between twigs and leaves
(y=1 in eq.1). Theoretical and experimental results
on twig and leaf moisture contents and air
temperature and humidity at the exit were compared.
They were not in good agreement. In the theoretical
results the leaf moisture content was lower, the twigs
practically did not lose water and their temperature
was always higher, air humidity was lower and the
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temperature was higher.

These results suggested the need to propose a
second model to take into consideration water
transfer from twigs to leaves.

Model 2

In the second model, water transfer (in liquid
state) from twigs to leaves was considered. All water
transferred to the leaves was evaporated from them,
and “y” factor of eq. 1 was equal to 1.11. This value
was calculated considering the difference between
experimental and predicted (with model 1) twig and

leaf water contents. This means that the 11% of
additional water coming from the twigs evaporated
from the leaves. After each time step leaf and twig
moisture contents were corrected to take into account
this transfer. It should be mentioned that the leaf
heat and mass transfer area was larger than that of
the twigs and this produced a higher drying rate,
creating a difference in moisture content between
them, thus producing water transfer. With these
assumptions, agreement between theoretical and
experimental data is good. The mean percentual error
between experimental and predicted moisture
contents is given in Table 4.

Table 4: Outlet experimental and predicted moisture contents (on a dry basis)
of leaves and twigs measured on seven different days.

Leaves Twigs
Day Experimental Predicted % Error Experimental Predicted % Error
1 0.2112 0.1665 21.1 1.3100 1.2376 55
2 0.1476 0.1589 7.7 1.2821 1.3573 5.9
3 0.1979 0.2262 143 1.1777 1.2870 93
4 0.2066 0.1849 10.5 1.1210 1.2315 9.9
5 0.1975 0.1424 279 1.0978 1.2745 16.2
6 0.1617 0.1806 11.7 1.1119 1.2504 12.5
7 0.2118 0.1486 30.0 1.3507 1.3621 0.8
Mean value 0.1906 0.1674 12.2 1.2073 1.2775 5.8
Temperature (Vega et al., 2000; Ghoshdastidar et al., 2002).

Fig. 3 shows variations in leaf, twig and air
temperatures in the equipment for experiment 1. It
can be seen that the calculated air temperature
increased quickly until x/Lp =0.1 (up to 460°C),
corresponding to the end of the flame. From x/Lp
=0.1 to x/Lp =1 the temperature decreased (similar to
the temperature in other rotary dryers) until reaching
120°C at the equipment exit.

The twigs were heated uniformly heating (from
25°C to 75°C). This usually occurs in solid materials
dried in rotary dryers without a constant drying period

However, the leaves behaved differently. In the first
zone (until x/Lp =0.1), they received heat by radiation
and convection, and due to the high specific transfer
area, their temperature increased up to 135°C (in
approximately 17 s). In the second zone, the leaf
temperature decreased slightly, because the heat gain
was less than that necessary to evaporate water. The
evaporation rate was high because leaf temperature was
very high. The exit leaf temperature was about 88°C.
These high temperatures produced physical damage to
the leaves, as can be observed at the equipment exit (for
example, leaf epidermis cracking).

0 0,1 0,2 0,3 0,4

0,5 0,6 0,7 0.8 0,9 1

x/LD

Figure 3: Variation in temperature along the length of the equipment (dimensionless distance).
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Moisture Content

Fig. 4 shows the variation in leaf and twig
moisture contents along the length of the equipment
in experiment 1. In the first zone, losses of leaf
moisture content had a special behavior due to the
quick rise in temperature. In the second zone (the

drying zone), the decrease in leaf moisture content
had a logarithmic form assumed by Fick’s model.
This decrease was slower than those found by other
authors (Kemp and Oakley, 1997; Vega et al., 2000;
Ghoshdastidar et al., 2002). This was probably due
to the reduction in leaf temperature and to the water
gained from the twig and evaporated from the leaves.

0,8 -

0,6 -

0,4 -

0,2 -

" —=— Twig
161 —=Leaf
14 1
X ,

0,5 0,6 0,7 0,8 0,9 1

x/LD

Figure 4: Variation in leaf and twig moisture contents along
the length of the equipment (dimensionless distance)

CONCLUSIONS

A model of heat and mass transfer of branches of
yerba maté in a rotary kiln dryer was developed. A
low error was found when water evaporation taking
place mainly in the leaves was taken into account.

In the first zone, where the material was in
contact with burning propane, a high increase in leaf
temperature occurred (reaching 135°C) in contrast to
a slow increase in twig temperature. This difference
was due to the large difference in the heat and mass
transfer area between leaves and twigs.

In the second zone, the leaf temperature
decreased slowly because of its high initial
temperature and drying rate, which is considered
unusual in a rotary dryer. Temperature of the twigs
increased as expected.

Variations in leaf moisture content had an
unusual profile in the first zone due to their high
increase in temperature and a logarithmic profile in
the second zone.

NOMENCLATURE
A Mean surface transfer area (m?)
Ap,Ag, Transfer areas used to )

A, A, estimate heat transfer

coefficient in twigs (free

flow area, flow area

between flights, heat

transfer area without taking

flights and actual area of

heat transfer into account)
Ay Water activity )
B; Coefficients used to )

estimate thermal

conductivity
Cp Specific heat capacity (J/kg K)
d Twig diameter (m)
D Water diffusion coefficient (m’/s)
dq Internal diameter of the )

equipment
dy Hydraulic diameter (m)
E Water evaporation rate (kg/s)
f View factor )
Gr Grasshoff number ()
h Convective heat transfer (J/m* K)

coefficient
k Thermal conductivity (J/mK)
L Leaf thickness (m)
Lp Equipment length (m)
M Molecular weight
M, Dry mass (kg)
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n; Number node

P Internal perimeter of the
dryer

Pr Prandlt number

Q Heat flux

R Twig radius

Re Reynolds number. To

estimate Reynolds number,

leaf length and twig
diameter were used as
characteristic length

Si Coefficients used to
estimate thermal
conductivity

S Shrinkage coefficient

t Time,

te Falling time of branches,

T Temperature

Vs Mean rate of solids in the
dryer

X Distance from the end of
the inlet

X Moisture content

y Molar fraction of gases

Z Coefficient used to
estimate viscosity

Greek Letters

o Overall hemispheric
absorptivity

B Flight angle in respect to
dryer axis

Ax Node length

§) Coefficient zone

v Coefficient taking into

account water evaporation
in leaves coming from
twigs
€ Overall hemispheric
emissivity
Evaporation latent heat
Density
Stefan-Boltzman constant
Angle where solids fall
from flights. A mean value
of 2 is considered
1 Gas viscosity

D QqQ T >
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(m)

)
/s)
(m)
)

(m)

(kg water/kg
dry solid)
)

)

¢)
Q)

(m)

(=1 in the
flame zone
and =0 in the
drying zone)
)

(J/kg)
(kg/m’)
(J/m* K%
)

(kg/ms)

Subscripts

a Air )
B Bark )
e Equilibrium ()
ef Effective property of the )

twig

f Flame )
g Gases )
1 Leaf )
m Mean ()
0 External )
] Surface )
t Twig )
u Insulant )
wi Internal wall )
WO Outer wall )
X Xylem )
0 Initial )
0 External air ()
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