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Abstract—This paper describes the mathematical model in
distributed parameters from the physical phenomena that occur
inside a rotary dryer of fishmeal. The formulation is based on
the studies of thermodynamics, heat transfer, mass transfer and
drying kinematics that occur in the fishmeal granules, together
with energy and mass balances. The nonlinear dynamic system
is simulated according to the partial differential equations and
the boundary conditions of the system with the orthogonal
collocation method, using PROOSIS.
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I. INTRODUCTION

Fishmeal is one of the main sources of protein as a food
supplement in the livestock and aquaculture sector, Peru, with
more than 1 million tons of fishmeal per year, represents
approximately 30% of the world's production because its
principal maritime source is the main raw material for the
production of fishmeal: anchoveta [1]. Even though, the price
has been increasing every year due to its demand and
improvements in processes, which gives a product of better
quality [2]. The fishmeal processing plants do not use an on-
line monitoring or control system, leading a series of bad
practices, which results in an increase in the percentage of ash
and energy and therefore contributing to inefficiency.

The fishmeal processing plants have 2 to 3 drying stages
with the rotary dryer as the last stage; this stage is the most
critical in the process because it defines the moisture with
which the fishmeal is going to come out to be commercialized,
but it must be taken into account that it is not the only factor
that defines its quality (% protein, %ash, TVN, digestibility),
but if the process had better control of the drying stage to
obtain suitable final moisture, chemical and microbiological
stability would be ensured in the fishmeal, avoiding adverse
reactions (lipid oxidation, bacterial activity, microbial growth,
enzymatic or rancidity) that deteriorate the product in its
storage [3].

Rotary driers tend to be a simple machine that avoids
contamination of fishmeal because it is be an indirect drying,
but what happens inside is extremely complex, which not only
covers mass transfer and heat transfer because the fishmeal is
changing its physical properties during drying, so it is
necessary to make a more detailed study (thermodynamics,
heat transfer, mass transfer, drying kinematics and kinematics
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of the particles) for obtain a mathematical model of the system,
which represents the interactions between the solid metal,
saturated steam, steam and fishmeal inside the dryer.

The mathematical model has been developed to know
indirectly the dynamics of the parameters of the fishmeal,
vapor and saturated steam (temperature, humidity, pressure,
mass, speed) is important because there are problems with the
capacity of data acquisition in the interior of the dryer to know
the conditions to which the fishmeal is subjected throughout
the process and to predict the humidity and temperature that
will leave the fishmeal of the dryer, manipulating the heater
pressure and the exit valve of the vapor.

For these reasons, it is necessary to obtain a mathematical
model in distributed parameters of the dryer, which not only
obtains the dynamics of the parameters in time, but also
throughout the dryer. The formulation of the model is obtained
in Partial Differential Equations. To solve this type of systems
is usually used Finite Differences Method for its simplicity of
implementation and allows to give a solution different classes
of problems, but also show their disadvantages when trying to
solve problems in multiple dimensions with irregular domains.
The orthogonal collocation is another simple method used to
implement PDE in programming languages for the simulation,
allowing to introduce initial conditions, boundary conditions
and the exchange of heat and mass in countercurrent that
develops between the fishmeal and the vapor.

The historical data given by the plant and other data
acquired during the drying process of the fish meal are very
valuable for the validation of the model, when no studies are
found regarding these or are difficult of find it experimentally
because it is difficult to replicate what happens with the
material inside the dryer. The purpose of simulating the
process in a computer is to assist in the design of a control
system or process improvements. Therefore, It is used the
PROOSIS sofiware because of its wide range of tools
dedicated to modeling [4].

II. SYSTEM DESCRIPTION

The rotary dryer of fish meal (Figure I) is of type indirect,
countercurrent, non-mixing and continuous. This has been
determined because the heat exchange occurs indirectly
(between saturated steam, and vapor and fishmeal) and the
flows of fishmeal and vapor go in the opposite direction.
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Figure 1. Diagram of fish meal rotary dryer

The wet meal enters through the top of the dryer to a first
drying stage, where the meal is removed because of paddles to
mix the meal granules and have a uniform moisture; in this
stage only the jacket gives energy to vapor and meal in the
form of heat. In the second stage there is a greater area of heat
transfer by the tubes located radially inside the cylinder; jacket
and tubes are supplied with saturated steam on the opposite
side to the ingress of meal. The flow of meal and vapor are
countercurrent because the meal moves to one extreme due to
the action of gravity as the cylinder rotates continuously with
a small slope and the vapor is induced to the opposite side
because of the action of the air extractor.

The transfer of energy to the meal in the form of heat is not
only done directly by conduction, but also the energy is
transferred to the vapor and the vapor to the flour by
convection this is given because the meal is diametrically
elevated by the paddles on the inner surface of the cylinder and
the flow of vapor goes in a perpendicular direction, this
supplied energy helps to release in gaseous way that the
moisture found in the surface and the pores of the meal, and
the conforming part the vapor, giving rise to the mass transfer
Figure 2.

[II. MATHEMATICAL MODELLING

Inside of the rotary dryer the properties of the materials
change along the process in the direction of the flow z, for that
a model based on PDE in time and space is written, obtaining
a Model Parameters Distributed. The development of the
model starts by dividing the system into n volumes of width &1
Figure 3 considering for each stage an arbitrary number of
volumes, which will have the same PDE. To simplify the
model we must assume general considerations

e Rotary dryer is an indirect continuous, continuous
countercurrent and non-mixing system.

e The heat transfer is done by convection and
conduction, the radiation is not considered.
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Figure 2. Heat and mass transfer
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Figure 3. Diagram of mass and energy balances in the VCs

o The meal is perfectly mixed in each volumen.

e Effects by energy kinetic and potential are negligible.
e  Not assumed heat losses by the environment,

e There are not chemical reactions.

A. Mass and energy balances
1) Dry solid

The mass flow of dry solids Wy is determined from feed of
fishmeal and its initial moisture for each volume.
dmg

Wsl_ WSZ=W (1)

W is calculated

Mmg. Vg
Ws=—5— @)
v, is the axial displacement of solids calculated as v, =
L/t,, where T, is the residence time of solids in the dryer, can
be calculated theoretically [5] or experimentally.

2) Dry air

The air intake system is caused by the extractor and holes
that allow air entering the dryer.
3)

I’VB1 - WBZ =

dt
Wj is calculated
— mSVprom

Wp =% )

3) Wet solid or meal VC,y

Considered the schematic presented on Figure 3, the mass
and energy balance is determined by the flow of dry solids
W; that crosses the VC, with moisture of the fishmeal (per unit
mass of dry basis) X and wet solid enthalpy (per unit mass of
dry basis) ip,.

im = (Cs + CAIX)TS == Ath (5)
Cg, €4 are the specific heats of dry fishmeal and liquid

water respectively and Ahy is latent heat of sorption. To obtain
simpler equations, the following assumptions were adopted



The particles are spherical of uniform size.

The particles do not expand along of the process.

The adsorption isotherm is independent of temperature

The vapor pressure generated by evaporation of water

from the solids is homogeneous along the dryer.

¢ There is a dispersion of solids because of the rotation
of the dryer.

e Thecylinder has a static inclination that determines the

fishmeal flow rate.

dmgX
W51X1 CJ WSZXZ C WDAS = dt (6)
] . i dmgin
Wsy imy — Ws, imz + QusAs + QyesAc — Wphapds = dt (7)

wp is the drying rate, hy, is the enthalpy of steam
emanating from the solid and Ag is the superficial area of
solids. For a differential space element dz of the VC and

simplifying

X oW axX dXomg
— —_—— - = - aF 37 at 8
Ws 37 a'X 5z av‘;’pas (1 —-8)psSy ot + 0z ot (8)
i , . ;
—Wsa—;"— lma_zs * Qusas +;{tsa'ca_' WghAv“s
i i
- (1 _ g)psSHa—;n + m O (9)

9z ot
Sy is the cross section of fishmeal and pg is the density of
dry fishmeal or solids.

4) Humid gas or vapor VC,

Considered the schematic presented in Figure 3, the mass
and energy balance is determined by the flow of dry air W; that
crosses the VC, with absolute humidity of vapor (per unit mass
of dry gas) Y and enthalpy of humid gas (per unit mass of dry

gas) ig.

ig b= (CB + CAY)TV + Ahvoy (10)

cg, ¢, are the specific heats of dry air and vapor
respectively and Ah,, is latent heat of vaporization. To obtain
simpler equations, the following assumptions were adopted

e The vapor pressure equals atmospheric pressure.
e The temperature gradients in the cross sections of the
vapor are negligible.

dmgY
_WBY1+ WBYZ+WDAS=d_: (]1)
_WB igl + WB igz t (UVA}' + ftht - ‘.stAS + WDhAvAS
- deig
T odt (12)
For a dz of the VC and simplifying
ay Y  aY amg
— = —t—— 13
WBaZ+WDds pBSV6t+6z 3t ( )
i . .
WBa_g"' "Uva'j + Gy = qysas + WDhAva'S
di, 8iydmy (4

=S50 5, e

Sy is the cross section of vapor and py is the density of dry
air.

5) Saturated steam VC,

Inside the tubes and jacket there is a two-phase system of
saturated vapor and saturated liquid that are mixed and
changing state continuously, because of the dynamics of the
system it is difficult to independently assign the parameters of
the phases, so it is assumed a uniform mixture of the two
phases (liquid and gaseous) for to apply the theory of single-
phase system.

The mass and energy balance equations can be obtained to
model the mass ratio of saturated vapor and saturated liquid in
the system and then calculate the outline of temperature in z
and t, but it must be determined whether the friction factor in
the fluids are representative, to find the depression.

The evaluation of the equations of [6] in the system, reject
the equations that modelling it, because the depression of the
saturated steam generated by the friction in the walls to this
biphasic fluid is almost 0, therefore it is considered constant
temperature of the tubes and jacket along of the dryer. So it is
only necessary the dependence between temperature and
saturated pressure (Antoine's equation)

3878

In Psat =11,759 - m

(15)

B. Heat and mass transfer coefficients

It is important to determine each of the coefficients (8), (9),
(13) and (14) to determine the rate of energy ¢ and mass
transfer wp in each of the VCs.

QJV =jjuAT}'v;Qtv = Jewl Tt Qus = JusATyss

‘Iths =j/tsA7}ts Awp = kydY (16)

j is the heat transfer coefficient and ky is the mass transfer
coefficient to the gas phase.

1) Coefficient of heat transfer by convection between
Jacket and vapor

During the drying process a volume of vapor is produced
inside the dryer, the vapor is located in a closed space
subjected to an extractor that creates depression in the outlet
control valve of the vapor. The difference of pressure creates
a flow of vapor in countercurrent to the meal creating the heat
transfer by forced external convection. The interior of the
jacket will be considered as a smooth tube of large diameter,
the average values of Re and Pr are analyzed, determine to be
a turbulent flow the vapor. The equations in [7] are used to
calculate Nu; and obtain the value

Nu]k,,

Jjy = T (17)
2) Coefficient of heat transfer by convection between
tube and vapor

The tubes are continuously rotating in the interior where is
evenly distributed. To find the real value of j;, is complex, so
it is assumed that the vapor only has 2 components, the radial
component (Figure 4) and the longitudinal component

— 2
Vpromt = ’Vpram2 + Vmax

(18)



Figure 4 Radial direction of the fluid in the tube bank

Vprom i the longitudinal velocity of the vapor and vy, is
the component perpendicular to the tubes of minimum area
that produces the maximum speed [8] which is produced by an
infinite bundle of tubes; with this resultant component is used
to calculate of Nu, and obtain the value

Nu.k
Jew = _l;t . (19)
3) Coefficient of convective heat transfer between vapor
and solids

The rotating cylinder with the paddles raises the wet
particles that are inner the perimeter, the particles falls creating
spherical particle curtains throughout the dryer, this causes the
area of heat transfer by convection to increase to dry faster and
uniform. In order to calculate the rate of fall of the solids in a
turbulent fluid, it is considered that the trajectory of the solids
is only affected by gravity and resistance to the movement of
the vapor towards the surface of the solid. So the limit speed
v, that gets the particles by their apparent weight submerged
in the vapor

- <idv_9__Ps - f’v)m (20)

T30

determine the value of Nu; [9] and since the particles behave
as unitary spheres, it is possible to obtain
. Nug k
Jos=—— (21)
14
4) Coefficient of heat transfer by conduction between
Jjacket, tubes and solids

Part of the solid particles is in direct contact with the
paddles, tubes and the lower part of the cylinder, which are in
steady state at time intervals, even when the system is rotating,
The value of jj. is found in [10] considering that the particles
are spherical, stationary and the diameter of the particles are
much smaller than the diameter of the pipes and jacket d, <

D, < Dy; itis calculated for the particle layer that is in contact
with the surfaces, finding the coefficient of heat transfer by
instantaneous local convection, considering that the particles
expand during the drying process, the coefficient is calculated
as a function of the porosity €

k,Pri/3

Jjes = 3.55 ————
Jes (13 = 1)d,

(22)

5) Mass transfer coefficient
a) The constant drying rate period

The particles are immersed in turbulent fluids, making it
impossible to accurately determine by mathematical

calculations the flow conditions, for that reason these
conditions rely on experimental calculations which must meet
certain conditions and ranges for the properties of the fluid. In
this zone it is considered that each particles is covered by water
up the critical humidityX,,, so is used the general case of the
Chilton-Colburn [7]

Jus (Deff)
ky =—{—=
Cbv\ @

The effective diffusion of moisture is the physical
phenomena is the representation of mass transfer, to the
particles of fish meal it has the form of Arrhenius.

2/3
(23)

E,
Deff = Doexp (_W) (24)
As there are no specific values for this material, the values
are from estimated the active energy E,, considering the
phenomena of diffusion strongly linked to the Arrhenius
constant D, and these values depend moisture [11]; the
evaluation of experimental data [11], [12], [13] and [14] is
calculated

. 35.2 + 55X
D,y = (—4+ 150X)x10 5exp (.__) (25)
b) The decreasing drying rate period

To find the characteristic curve drying is used as base the
value of characteristic moisture ¢

X-x

=7
X —X*

{26)

X, is the critical moisture content, it is invariable and
independent of any internal or external condition. There are
studied models that best model the case [15], but for its
simplicity is used

wp = kyGAY (27)

C. Flow and speed of vapor

The vapor inside the dryer does not have a uniform
movement because there are solids that create depressions and
turn the vapor into a turbulent fluid, but the predominant
depression is the one created by the extractor regulated by a
valve in the outlet of the vapor. The vapor velocity is
calculated from the volume of the vapor-gas mixture per unit
mass at pressure P, and temperature T,

Vy = 1 + )T"R 28
H_mB(MG M) P, (28)
Related to a wet volume differential

(29)

WB( 1 o Y )T,,R
v, = —\——+——
prom = s, \Mg ~ My/ P,

Mg, My are the molar mass of dry air and water. The vapor
flow F, at the outlet is almost saturated or saturated, so the

output flow can be formulated from the depression created by
the value for a saturated steam (Figure 5).

Fy = %S. Ko/ Bp, (01 + D2)

%S is the percentage of opening of the valve

(30)
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Figure 5. Depression of the valve at the vapor outlet

D. Heat transfer area
1) Surface of jacket and tubes

The constant movement of the dryer causes the solids to
disperse throughout its interior, but the most significant area in
contact is the bottom of the dryer (Figure 6) where the solids are
accumulates and in partial contact with the internal part of the
jacket and the surface of tubes that are immersed in the solids,
and that i{s the reason why it is necessary to know the
volumetric fraction fr of the solids in the dryer

4
=—13 31
fr 3T (31)

To calculate the area of submerged tubes use the arrow rf

formed by the arc of the jacket
Dy
rf=7(1—cosr) (32)

With these values, the area in contact per unit length of

jacket a;, tubes a, and paddles a,, is calculated

a«j=Dj.ﬂ+a—pAdt=Nt Dtﬂ' (33)
for convection and conduction
D; T T—T
a,jl=—21-(1r+r)+;a,p+?a,p/\aﬂ=NtDtrr (34)
A =ar—anNap=a;—ay (35)

The value of N, is in function of fr.
2) Surface of the solids

The granules of meal are irregular particles whose
dimension is a function of the sphericity factor ¢, which relates
the average equivalent diameter d,, and the diameter of the
particle d,,

tpe = ¢ dy (36)
The sphericity factor is correlated as
1
(37)

¢ =T101+ 414q,

The specific surface area of the particles is determined by
the ratio of surface area to particle volume
6

Ay = —F—

i, (38)

Therefore, the surface area of the particles per unit length
of the dryer
asg=a, S fr (39)

S is the area of the cross section of the dryer.

Figure 6. Cross section of dryer

IV. SIMULATION AND RESULT

The model is used to identify along time t and space z the
measures of: temperature of the fishmeal T, temperature of the
vapor T, moisture of the fishmeal on dry basis X, absolute
humidity of the vapor Y, fishmeal mass mgX, vapor mass
mgY, fishmeal speed L/7, vapor speed Vyyom. It is plotted
with respect to the excitation signals of the operational
variables: input flow of the fishmeal F;, X;,, initial moisture
of the fishmeal on dry basis Xy, initial temperature of the
fishmeal Ty, saturated steam pressure Pg,. and percentage of
opening of the valve %S.

The sampled data from a rotary dryer from Diamante S.A.
fishmeal factory in Peru is used as a basis for the simulation in
this paper. The dryer of L = 21.7m has 2 stages L; = 4.1m
and L, = 16.6m, with a 7, =2700s, considering the
constant speed of fishmeal estimated in vy = 0.00794 m/s.
Inside the dryer the numbers of concentric tubes, N, 150; the
outside diameter of the tubes, D, = 0.127 m; internal
diameter of the jacket, D; = 3.356 m; total area of pallets,
a, =20 m?2; vparticle diameter, d, =2mm; critical
humidity, X, = 0.25; moisture in equilibrium, X* = 0.02;
porosity, € = 0.2.

It is known that the boundary conditions for the design and
simulation in the countercurrent type are defined at the
opposite ends, so that to solve the EDP is used the orthogonal
collocation method, where differential equations are solved by
approximating the solution to polynomials are found by the
collocation points on the spatial domain and the approximate
solution is forced to coincide with the exact one at these points.

P
(O)=v 6_}’1@ f’Z—(t) + F(xp;(t), £),
= % g (40)

k=1,.KAi=1,.P

The simulation uses Radau roots of order 3 as collocation
points (P = 3). For the first stage are used 2 elements Ky = 2
and second stage are used 5 elements K, = 5 for the solution
of the equation system. The boundary conditions are
established by Ts(0,t) = Ts,., X(0,t) = Xi, Ws(0,8) =
Wy T(Lt) =Ty, YL, D) =Y.

The values were recalculated in equidistant distances in
each stage to have a more uniform response and easier to locate
in longitudinal points on the plots of PROOSIS in T, Ty, X and
Y (Figure 7 and Figure 9), but in the accumulated mass it should
be considered that the value 61 is not the same in each stage
(Figure 10).
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V. CONCLUSION

The main advantage of modeling in distributed parameters
is that you can know the internal dynamics in the dryer and
take corrective actions so the fishmeal is not subjected to high
temperatures and obtain the desired humidity. Corrective
actions can be applied to the model by altering control
variables (Pyq: ¥ %S) which are used for operators in the real
dryer. The model allows testing other control variables such as
the speed of rotation of the dryer or dry air flow to the dryer.

Determine an equation equivalent to the porosity model of
fishmeal dependent X y Ts is very important because the area
of heat transfer and mass of the particle depends on the
porosity as the equivalent model of D, s, which was calculated
theoretically.

The discretization method by orthogonal collocation
reduces the computational weight compared to finite volume
method and facilitates the implementation of the coding of the
model countercurrent compared to FDM.

The PROOSIS tools facilitate the simulation by giving a
quick analysis of the inconsistencies in the model or
considerations in the modeling, which can be corrected more
quickly. In the plots of the EDP that PROOSIS gives are not
easy to interpret the values of the states, being the reason why
the data is exported to MATLAB to plot the surface of states
in space-time (Figure 8).
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