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Abstract

In this work, a model of temperature evolution inside a batch-type rotary dryer using the bond-graph
method is proposed. The evolution model proposed here is mainly developed to predict dried material
temperature inside the dryer during the drying process. The model is implemented in the 20-SIM
bond-graph simulator (Controllab Products, the Netherlands) which shows realistic behaviors of the
dried material temperature evolution with different combustion scenarios and rotation speeds. Here,
using multi pulses heat generation, the dynamic changes of rotating dried material temperature can be
modeled properly. The model proposed in this work can be used as an alternative tool to predict the
behavior of a rotary dryer in a preliminary design stage.
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1. Introduction

Drying is an important process in food production
activities to maintain the stability of raw material com-
pounds for a specific time period. For example, Effendi
et al. [1]] have found that higher drying temperature pro-
duces a higher enzyme inactivation process of the polyphe-
nol oxidase enzyme during the processing of Kecombrang
(Etlingera elatior) as raw material. Moreover, they also
observed that if the drying temperature exceeded a par-
ticular temperature, polyphenol compounds in the dried
material, i.e. Kecombrang, became unstable leading to the
reduction of the compound.

Different types of drying methods have been widely
used nowadays in food production processes. For exam-
ple, Soodmand-Moghaddam et al. [2]] use continuous force
convection drying with the help of a belt conveyor running
inside a heat chamber. Meanwhile, Naufalin et al. [3]] have
worked with a cabinet dryer to increase the production
rate of the Kecombrang-based food products and main-
tain the quality of the products in the form of natural
preservative powder. In contrast to drying methods, rotary
dryers are mostly used due to their high efficiency. They
can be found, for example in [4]], which has developed
an advanced rotary dryer based on infrared heating for
fruit-based materials. Moreover, Tarhan et al. [5] use a
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rotary dryer for effectively drying peppermint plants con-
trolled by constant and rectangular wave-shaped drying
air temperature. Last but not least, Kaensup et al. [|6]
have tested a vacuum rotary dryer for chili under different
chamber pressures and dryer rotational speeds.

Many existing bond-graph models for material dry-
ing considering temperature control can be found for ex-
ample in [[7H11]]. They use the bond-graph model to rep-
resent complex interactions among physical parameters
inside the drying equipment mainly by detailed modeling
of heat transfer phenomena. For example, in Abbes and
Mami [10], convective drying phenomena have been stud-
ied concerning drying efficiency due to heat losses to the
environment and evaporation in dried materials. Concern-
ing an overall production process, a rotary dryer can be
modeled with a capacitive element as in [|12,[13]]. Unfor-
tunately, none of them have considered the temperature
evolution in dried materials as the main consideration and
focus only on studying the thermal efficiency of a drying
process.

As in some bio-based materials high temperature can
destroy their compounds, as stated for example in [3]], this
work is aimed to develop a bond-graph model dedicated
only to predicting temperature evolution in dried materi-
als for a batch-type rotary dryer. The model is important
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as a tool to design an appropriate drying process that si-
multaneously reduces water content as well as preserves
important compounds in the dried materials. Hence, the
standard bond-graph model which uses temperature and
heat transfer as effort and flow variables, respectively, is
followed. Moreover, a novel approach is proposed here by
defining additional resistance elements to represent heat
transfer from the surface to the internal part of dried mate-
rials. Such an approach is necessary because temperature
distributions in dried materials are not uniform in nature.
Additionally, a novel mathematical fitting function is also
proposed to consider the influence of the dryer rotation
on temperature evolution in dried materials.

2. Thermal equilibrium in a batch-type ro-

tary dryer

To obtain thermal equilibrium in a batch-type rotary
dryer, it is necessary first to construct a proper model for
heat transfers or flows generated by thermal sources and
sinks, e.g. hot air and ambient temperature. To simplify
three-dimensional (3-D) complex heat transfer problems
in such dryer, only two-dimensional (2-D) cross-sectional
heat transfer problem is considered as shown in Fig.
by assuming effective or average properties of the drying
process along the dryer length. Meanwhile, the effect of
dryer rotation on the thermal equilibrium will be captured
by using the fitting function in a power-law form. One can
find similar simplifications for instance in [[14}[15].

Qo Ore

(b)

Figure 1. The proposed cross-sectional 2-D heat transfer
model (a) for a batch-type rotary dryer with detailed heat
flows in the dried material (b). The dried material height is
defined by h.

It is obvious from Fig. (1] that there are 4 heat flows
governing thermal equilibrium in the dryer due to the exis-
tence of dried material. The rate variables Qum Qaw Quwe
Qumare defined as heat flows from the hot air to the dried
material, the hot air to the dryer wall, the dryer wall to
the ambient temperature, and the dryer wall to the dried
material, respectively. They are defined as

Q = Tl(Tms - Tm) + hamAm(Ta - Tm,s) (1)
ml
Q;zw = hawAa (Ta - Tw) (2)
Q;ue = hweAw(Tw - Te) (3)
. km2
wm — Tw - Tm 4
Qum = S ) @

with A, , A, and A,, denoting the surface area of
the inner wall free from the dried material, the outer wall,
and the dried material exposed to the hot air, respectively.
The other geometrical parameters are defined by L,,1 L2
= ¢L,,1 and as the thickness of effective layers of the
dried material adjacent to the hot air and to the wall, re-
spectively. It is assumed here that L,,; L,,» and can be
approximated by each other to facilitate simple physical
interpretations. Hence, the fraction ¢ is introduced such
that ¢e[0, 1]. The layers are an important part of the bond-
graph model because they provide us with a more accurate
representation of the dried material temperature as a func-
tion of time. In both layers, the so-called effective thermal
conductivities coefficient k,,,; and k,,2, respectively, are
defined.
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Figure 2. The exact and its corresponding approximation
for the relation between V,,, and h with @ = 2.12 x 10°m "8,
b= -242x10*m"%, and ¢ = 17.3m ™2 for I,,, = 1.0m and
R = 0.06m.
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The other parameters related to the heat flow in
Fig. [1|are defined as follows. Convection processes in the
dryer are governed by h,m h,w, and h,e represent the
convection coefficients of the wall surface exposed to the
hot air, on the surface of the dried material exposed to the
hot air, and along the wall surface influenced by ambient
temperature T, respectively. The variables T,,, T s T, T
are given as the temperatures, respectively, in the dried
material, the surface of the dried material exposed to the
hot air, the hot air, and inside the wall. Now, by assuming
T, is uniform and T, is prescribed, one can determine T,
by solving simultaneously (I - (4) with the help of the
constant heat capacity of the hot air

Qa = paVaCa (Ta - Te) (5)

In (5), a combustion process that produces heat @,
to the hot air with its density, volume, and heat capacity
defined by p,, V, and ¢,, respectively, is modeled. On the
other hand, it is assumed that the dried material and the
wall have their heat own capacities, respectively, as
(6)

Qm = PmeCm(Tm - TmO)

Qw = pwvwcw (Tw - TwO) )

with T},0 and T, as the initial temperature of the
dried material and the wall, respectively. The densities of
the dried material and the wall are defined, respectively,
by pm, and p,, where to compute their corresponding
masses, V,, and V,, are used to represent the volumes of
the dried material and the wall, respectively.

According to Fig. [1} one has to evaluate h to obtain
the dried material width exposed to the hot gas w,, by
using

R? — (R — h)? ®)

where R is the inner wall radius from the cross-
section of the rotary dryer. Once w,, is obtained, the area
of the dried material exposed to the hot air A,, can be
computed easily. Now, the remaining problem is to find i
from the dried material volume inside the dryer. Thus, it is
necessary to solve the relation between h and the volume
of hemispherical part of the rotary dryer V,,, as shown in

Fig. [1} namely

Wy = 2

h

Vi =l [cos_1 <R_

with [,,, representing the length of the rotary dryer.
Detail derivation of (9) can be found for instance in Weis-
stein [16]. Unfortunately, solving (9) directly for & as a
function of in a close-form solution, as normally required
in a bond-graph model, is not possible.

Hence, an alternative method may be proposed

) 32} —(R—h)V2Rh — h? (9)

based on fitting with respect to a polynomial function
by assuming that & can be approximated by

h=aV} +bV2 +cVp, (10)

The constants a, b, and ¢ are determined by fitting
the relation between V,,, and h in @]) for the specific /,,
and R. It is worth to note that the units of the constants in
follow their corresponding polynomial degree of V/,,,.
For numerical tests later, the following constants are used,
i.e. l,, = 10m and R = 0.06m, to obtain the approxima-
tion for (9) based on in Fig. [2| where the constants
are given as a = 2.12 x 10°m =8, b = —2.42 x 103m =5, and
c=17.3m™2.

Now, with and in hand, the areas A,,, and
A, can be computed as follows. While it simply introduces
first

A = Wl (11)

to obtain A,,,, an additional calculation to obtain A,
i.e. the angle of material filling ¢, is given as

R—nh
=2cos ' [ —— 12
q cos ( 7 ) (12)
By using (12), one has
Aa = qum (13)

with ¢ measured in radian. With the help of (13),
the volume in as V, = A,l,, is obtained. The remain-
ing geometrical variables are the wall volume given in
namely V,, = nl,, [R* — (R — L,,)?] and the outer area of
the wall A,, = 27(R + Ly)l,, with L,, denoting the wall
thickness.

Furthermore, it is worth to consider the dryer ro-
tation speed w as an additional parameter which affects
not only heat flows but also temperature evolution in the
dried material as studied in [[16]. To account for w in
the proposed model, it is assumed that A,, can effectively
change during rotation to A,,;, according to the simple
relation

) B

There are two fitting constants in which can
be determined by using drying tests, i.e. wy and 5. In
this work, the other geometrical and material properties
depicted in Fig. (1| are considered independent concern-
ing the dryer rotation to maintain the simplicity of the
proposed model.

w

Wo

3. Bond-graph model

In this part, a bond-graph model is proposed based
on the heat flows presented in Fig. [1, The model is dedi-
cated only to predicting temperature evolution in the dried
material with different thermal energy inputs Q.
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Figure 3. The proposed bond-graph model was implemented in the 20-Sim to simulate the temperature evolution of the dried

material inside a batch-type rotary dryer.

Table 1. List of the bond-graph elements used in Fig. 3
according to their names

Type of element

Symbol name in bond-graph Representation of
R(R_am_cond) resistance (conduction) Eq. 1
R(R_am_conv) resistance (convection) Eq. 1
R R_aw) resistance Eq. 2
R (R_we) resistance Eq. 3
R (R_wm) resistance Eq. 4
C (hot_air) capacitance Eq. 5
C (dried_material) capacitance Eq. 6
C (wall) capacitance Eq. 7

. temperature outside
Se (ambient_ temperature) — constant source dryer

combustion as

heat_source . .
— a function of time

signal source

The model proposed here is given in Fig. [3|and im-
plemented in the 20-SIM software from the Controllab
Products Netherlands developed by [[17]]. The MSf (modu-
lated source flow) element works by translating the unit
input signal to model the heat source element Q,. While
in zero junction 0 temperature is distributed equally to all
branches, in one junction 1 heat flows in equal amounts
to all branches. The other bond-graph elements in Fig.
are described in Table In order to fit with the purpose
of this study, the elements are modified from their stan-
dard version in the software which does not contain the
formulations depicted in (1)) to (7).

In Fig. |3} the dried material is considered a capaci-
tance element where it is capable of storing heat from the
hot air and the wall simultaneously. It is applied also to
the wall and the hot air. In the bond-graph model, the
capacitances contribute to effort variables where temper-
atures are assumed constant in the whole part of their
corresponding physical components, i.e. the hot air, the
wall, and the dried material. In the model, it assumed
that the heat transfers to the wall, the hot air, and the

environment are dominated only by convection processes
as indicated by (2) and (3).

In the context of heating the dried material, the pro-
posed model can be described as follows. A heat source
from a combustion nozzle heats the air inside the dryer
at a specific time. Heat from the hot air flows along dif-
ferent paths to the dried material either through the wall
or directly from the dried material surface exposed to the
hot air. Meanwhile, heat from the hot air also flows to the
environment, i.e. the ambient temperature, through the
outer surface of the dryer wall. From the overall process
described here, the bond-graph model will predict tem-
perature evolution in the dried material concerning the
time-dependent heat source types.

Table 2. Material and geometrical constants for the numer-
ical tests

Constants (units) Value Constants (units) Value
Ed (W LK) 02 Tuwo(K) 303
Ly (m) 0.05  Tpo(K) 303
ham(Wem™2.K~1) 0.2 em(J kg™ . K™1) 1
how(Wm™2.K~1) 5 puw(kg.m=3) 7000
T.(K) 303 co(Jkg LK"Y 10
hwe(Wem™2.K71)  0.04  woy(rad) 1.25
b2 (Wm~L.K=1)  0.069 B(-) -0.5
6(-) 04 ly(m) 1
pa(kg.m=3) 1.25 Vi, (m?) 0.05
ca(J kg LK) 100 pp(kg.m™3) 200
Ly(m) 0.05  Tuo(K) 303

4. Numerical Tests

In this part, numerical tests are conducted to study
the behavior of the bond-graph model under pulse signals
which represents short and multiple combustions from a
heat source inside the dryer. The use of short combustion
is normally found in many dryers as an effort to maintain
drying temperature at a specific level set by using control
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mechanisms. On the other hand, multiple combustions
are used to model heat accumulation in the capacitance
elements which must be correctly represented by the pro-
posed model. Relied on both heat source types, a primary
study can be focused on the temperature evolution in the
dried material and its effect on the hot air temperature.
Material and geometrical constants used in the tests are
given in Table

First, a short pulse signal is used to represent a single
combustion burst into the air inside the rotary dryer. The
proposed model gives the responses shown in Fig. [4 for
the temperature in the dried material and the hot air as
functions of time. One can observe that the temperature
in the dried material increases as the hot air temperature

10000

S000

decreases up to equilibrium states represented by their
corresponding initial temperatures. Furthermore, the in-
fluence of rotation on the drying performance can be also
seen in Fig. [4 where the reduction of the rotation speed
gives the lower value of the maximum temperature in
the dried material as also studied by [[14]]. In the case of
opposite behaviors due to w observed in real experimental
works, one may use different values of wy and (3 apart from
their values in Table From the tests here it is verified
that the proposed bond-graph model can represent the
fundamental principle of heat transfer, i.e. heat flowing
from high temperature to the lower one up to equilibrium
states.

heat source (J)
= heat source (J)

-5000

A oo smaller

o smaller

hiot air temperature (K)
= hot air temperature (K)

maodel
= dried material (K)

30 0 =0 &0
time {s}

Figure 4. Plots of the simulation results from the proposed model are depicted in Fig. 3 by using single pulse combustion
scenarios. The effect of the dryer rotation w is also presented here. While the unit for the heat source is Joule (J), the
temperatures in the hot air and the dried material are defined in Kelvin (K).
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Figure 5. Plots of the simulation results from the model depicted in Fig. 3 by using a low-frequency multi-pulses combustion

scenario.

In the second case, a series of combustion bursts with
different intervals are used to show the capability of the
model to predict heat accumulation in the dried material.
When it occurs, there are possibilities of overheating and,
simultaneously, reducing the quality of the dried material.
Figs. [5]and [6] show that temperature in the dried material
increases if the combustion interval is close enough and

vice versa. It means that heat flows to the environment
through the wall is slower than heat accumulated in the
hot air due to the combustions. This verifies that the pro-
posed model can also be used to predict the possibility
of overheating in the dried material. Thus, the proposed
model is appropriate as a tool for drying simulation before
the actual drying process is performed.
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Figure 6. Plots of the simulation results from the model depicted in Fig. 3 by using a high-frequency multi pulses combustion
scenario.

In the second case, a series of combustion bursts with  increases if the combustion interval is close enough and
different intervals are used to show the capability of the  vice versa. It means that heat flows to the environment
model to predict heat accumulation in the dried material. through the wall is slower than heat accumulated in the
When it occurs, there are possibilities of overheating and, hot air due to the combustions. This verifies that the pro-
simultaneously, reducing the quality of the dried material. =~ posed model can also be used to predict the possibility
Figs. [5]and [f] show that temperature in the dried material ~ of overheating in the dried material. Thus, the proposed
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model is appropriate as a tool for drying simulation before
the actual drying process is performed.

Provided with the results from Figs. the model is
ready to be used for further verification works concerning
actual drying experiments by using a batch-type rotary
dryer. Unfortunately, such verifications are split from this
current work because the determination of variables wy, 3,
@, Lim1, km1, km2,and hg,, simultaneously from the exper-
iments are time-consuming and require separate works.

5. Conclusions

A bond-graph model to predict temperature evolu-
tion in the dried material inside a batch-type rotary dryer
is developed here. In the numerical test, it is shown that
the model can represent heat flows from and to the dried
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