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Experimental study and mathematical modeling of convective fish drying gro@o

Summary

To study the equilibrium state of the fish and the air flow was carried out experimental st
moisture content of herring in the air stream with the specified parameters. The averag
m-s1 at a temperature of +30°C. Relative humidity was regulated from 85% to 30%.
curves of drying of the sabrefish is based on experimental data for different values of te
ity in the drying installation. The values of the current humidity fish was calcula
mass of moisture in the product to the mass of absolutely dry matter. The differentia
fer fish to the conditions of the experiments was solved by numerical methodk
the sabrefish convective drying in the period of falling speed for the two significan
sented in the article. The experimental points agree satisfactorily with the ri

tion of the beginning of the specified period.
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Modelowanie i badania eksperymentalne kon
Streszczenie

W celu zbadania stanu rozktadu wilgotnosci réwnowag

7

re and air humid-
on the ratio of the
ion of moisture trans-
Its of the calculations of
ifferent conditions are pre-
s@“calculations, with the excep-

N

<&
jiiego procesu suszenia ryb

rofilu gtebokosci tkanki ryby w zaleznosci od

parametréw powietrza suszqcego, przeprowadzono badania eksperymentalne. Srednia predkos¢ przeptywu po-

wietrza wynosita 1,2 m-s1. Wilgotnos¢ wzgledna powiéti

stawiono krzywe suszenia na podstawie wyznaczo, d
ratury i wilgotnosci powietrza w instalacji su§zqc

nych formut matematycznych. Wyznaczone eks
kiem poczqtkowego okresu suszenia. o

Stowa kluczowe: suszenie konwekcyjne,

Symbols:

nosita 85% i 30%, a temperatura 20 i 30°C. Przed-
ch eksperymentalnych dla réznych wartosci tempe-

onano réwniez obliczenia na podstawie zaprezentowa-

Inie punkty sq zgodne z wynikami obliczen, z wyjqt-

anie matematyczne

A - coefficient of moisture transfer [m#h1],
Ap- Equilibrium coefficient of moisture tran 1],
T - Temperature of the air [°C],

U - Fish moisture content [-],

Up- Equilibrium fish moisture cont

[

J - Intensity of surface moisture [m-h-],

t - Time [h],
X - Coordinate [m],

W - Fish humidity [%}],\

a - Dimensionless coefficient of moisture transfer [-],

q - Dimensionless gradient magnitude of moisture transport
d - Moisture content of the air, [g-kg]

u - Dimensionless fish moisture content [-],

Bi - mass exchange of Bio

a - coefficient of moisture exchange [m-h-1],

T - Dimensionless time [-],

x - Dimensionless coordinate [-],

K - Empirical coefficient [m#-h-1].

&“@

is one of the main stages in the prepara-
and dried fish products. Factors affecting the

Introductio

inter transfer in the fish and the external mass
tra the fish to the drying agent, to a large extent
affe ration of the process and its energy consump-

etermine the organoleptic characteristics of the

finished product and shelf life (Lykov, 1956; Risker, 1957;
Voskresenskiy, 1966; Buckle, 1995; Olokor and Omojowo,
2009).

Calculations of thermal dryers are usually reduced to the de-
termination of the heat consumption for drying in the parame-
ter values of the drying agent, the recommended technological
instructions. It does not take into account the patterns
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of moisture transport between the fish and the drying agent.
Working medium in the drying chamber is a mixture of dry air
and water vapor, the share of which in the mixture is charac-
terized by the value of its partial pressure. In this case the
partial vapor pressure in the boundary layer near a wet mate-
rial is always greater than in the bulk air.

Under the action of the difference of the pressures is vapor
diffusion from the material into the air. Under other equal
conditions the rate of evaporation from the surface of the
material depends on the partial pressure of vapor in the air
or its moisture content. The process of drying fish was ter-
minated when the boundary conditions when the moisture
content of the material reaches equilibrium moisture con-
tent. The isotherms of desorption of moisture depend on the
chemical composition of the material condition and installed
only experimentally.

Description of the experimental setup and methodology
of experiments

To study the equilibrium state of the fish and the air flow
was carried out experimental studies of equilibrium mois-
ture content of herring in the air stream with the specified
parameters. Equilibrium moisture content a whole round
herring were determined in a stream of air moving at an
average speed of 1.2 m-s-! at a temperature of +30°C. Rela-
tive humidity was regulated from 85% to 30%. Moisture
content of fish was determined by the standard method.

Studies to determine the equilibrium moisture content of fish

smoking is conducted at an experimental installation, allowin,
to maintain over a long period of time constant air para
ters: temperature, relative humidity and speed. The s¢he
installation is represented in Fig. 1 (Syslov et al., 2007). %

o
1 aty
>

in the air flow for the optimization of drying process and cold§ ,

o

Fig. 1. The scheme of ex
3 - cooler; 4 - electric héqt

Rys. 1. Schemat instajagji e mentalnej: 1 - wentylator; 2 - komora suszenia;
3 - chtodnica; 4 - grzejaikelektryczny; 5 - nawilzacz; 6 - wytwornica pary

The resu%@erimental research

In Fig. 2 @ 1t the curves of drying sabrefish is based on
At data for different values of temperature and

midifier; 6 — steam generator

exper
air hy y in the drying installation (fish humidity, W [%,
kg mois per kg dry matter]). The values of the current

humidity fish were calculated based on the ratio of the

mass of moisture in the product to the mass of absolutely
dry matter. The influence of the air temperature in the
drying installation can be seen from a comparison
1 and 4, 2 and 3: at 20°C the process of drying fish~N
acterized by low intensity, due to insufficien
thermoliposomes.

The increase in air temperature to 30°C i
cess, but also leads to deterioration o conditions
(lines 3 and 4) of the studied objec s ryness of the
surface layers leads to the formation ofacrust” that pre-
vents thermoplastique. Reducing %?sture content of

fr 0.8 to 7.4 g mois-
intensification of the

periment 2. Howe intensity of mass transfer in
experiment 1 led to theagt that the final moisture content
of fish in experi t Kis even slightly lower than in the
experiment Figy2).
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Fig. 2. The dependence of the drying sabrefish experimental results on the
temperature (T) and the moisture content (d) of the air: 1 - T =20°C; d = 7.4
g;2-T=20°C;d=1089;3-T=30°C;d=10.89;,4-T=30°C;d=74g.

Rys. 2. Spadek wilgotnosci (W) w rybie gatunku karpiowatych, w czasie (t)
suszenia, dla réznych temperatur (T) i zawartosci wilgoci (d) powietrza
suszqcego: 1 - T =20°C;d =749;2-T=20°Cd=108g; 3-T =30°C;
d=108g;4-T=30°C;d=74g.

Description of the experimental setup and methodolo-
gy of experiments

The differential equation of moisture transfer fish to the
conditions of the experiments can be written in the follow-
ing form (Lykov, 1956; Lykov and Mikhailov, 1963):

U _ 0,
ot oxX

where: t is the time, X - coordinate, U = U(X,t) is the mois-
ture content, 4 is coefficient of moisture transfer.

X

.auj (1)

Boundary conditions for differential equation (1):

UX0) = f(X),
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where J is the intensity of surface moisture.

In the period of falling speed of solving problems on finding
the moisture field was proposed a formula for moisture
exchange between the body surface and the environment
(Lykov, 1956):

J=a-U(L1)-U,) 3)

Where: a is the coefficient of moisture exchange related to
the difference in moisture contents; Uy - the equilibrium
moisture content.

Formula (3) applicable to the period of constant drying
rate, for J = const, the coefficient a will increase continuous-
ly with decreasing moisture content because the moisture
content on the body surface U(Lt) decreases during the
drying process.

The differential equation of moisture transfer (1) with
boundary conditions (2) under the assumption that mass
exchange features A and a do not change, was analytically
solved by Lykov (1956). But the coefficient of moisture
transfer fish A depends on moisture content, it is not to be

a-[auj =-Bi-u(1,7) (7)
O0X)y_q

Where the mass exchange of Bio Bi = aL/Ap.

The boundary value problem (6)-(7) cannot bes%ana-
lytically, since the mass transfer coefficie function of
moisture content. For the numerical <§ol n obthe prob-

lem in Mathcad, we introduce the im% ss gradient
magnitude of moisture transport q a quation (6) to (7)
can be written as:

au_aq @
ot 0X 0

’

=1
@,7)=0,
%jz—Bhu(l,r) )

roblem it is necessary to find the
apticular sample of fish (Naumov at al,,

(€]

X | <

To solve the boun
parameters

2015). In Fig ents the experimentally obtained de-
pendence of the eqtiilibrium moisture content of herring at
30°C of themeisture content of the supply air.

(N

e

=

U /
0.9

S

removed from under the sign of the derivative in equation /./ /
(1). The empirical formula (Ginsburg et al., 1980) was used: 0.6 P 2.
| =t
AU)=Ap +K-U-Up) 03— e
O |
Dimensionless quantities were introduced: % ) e
U-U 001 0012 0014 0016 0018 002 0022 4
p— p ’ Q
u= Un —U Fig. 3. Dependence of the equilibrium moisture content of herring (kg of
0 p moisture per kg of dry matter) from the moisture content of the air (g mois-
X ture per g of dry air) at T = 30°C: 1 - whole fish, 2 - pieces. Points - experi-
X= f' mental data; curves: calculation formulas (10)-(11)
t A Rys. 3. Zaleznos¢ wilgotnosci réwnowagowej dla $ledzia (U, - kg wilgoci na
r= P, kg suchej masy) od wilgotnosci powietrza (d - g wilgoci na g suchego
|_2 powietrza) w T = 30°C: 1 - cate ryby, 2 - kawatki. Punkty - dane ek-
A sperymentalne; krzywe: formuty obliczeniowe (10)-(11)
a=—=1+
Ap The method of least squares in Mathcad was established
u that the lowest variance is obtained by approximation
K=K. P (5) : .
- Ap based on a second-order polynomial. For whole fish:

From equations (5) expr@ ntities and substitute in (1)
and (2). After the conve /,will receive the differential
Q O

:a(a_auj (6)
@ ¢ ox ox

Uy (d) = 0.531-56.69 - d + 3623 d? (10)

For pieces:

U, (d) = 0.068 —18.65-d + 2058 - d (11)

The deviation of the calculation results by formulas (10)-
(11) from the experimental data does not exceed 3%.

Show you how to assess the value of the coefficient of mois-
ture transfer o from the experimental data (Syslov et al, 2007;
Naumov at al., 2016). In the period of constant drying rate:

Y _ Q = const (12)
ot
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Will printeriem both sides of equation (1) on the thickness
of the layer L:

L L
dexzi.ji A-@ dX,
) L dax " ax

ou
oucfe
OX )y _L

(13) subject to boundary conditions (2)-(3) can be obtained

__ QL
a(t)_U(L,t)—Up

(13)

(14)

Value U(L,t) decreases, and since Q = const, from (14) fol-
lows the well-known fact (Lykov, 1956): o(t) increases the
period of constant drying rate.

Based on the accepted model in the period of falling drying
rate a = const. Then this constant value can be estimated at
the boundary point between these periods of drying ac-
cording to the formula:

oW
ot

o (15)
-W,

a=

Where: W is the average moisture content of a sample of
fish defined in the experiments (Syslov et al, 2007; Naumov
etal, 2016).

mensionless moisture content with time. Fig. 4 and 5, one

can estimate the increase of drying speed sabrefish with the
increase of temperature and decrease of moisture ent of
the air supplied.
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iMe of dimensionless moisture content sabrefish: 1) on the
=1);2)x=08;3)x=0.5;4) x = 0.0; a) T=20°C, d = 10.8 g
dry air; b) T=30°C, d =7.4 g moisture per kg dry air

sample ac

na wilgotnosci réwnowagowej (u) dla ryb gatunku karpiowatych
: 1) x = 1(na powierzchni prébki); 2) x = 0,8; 3) x = 0,5; 4) x = 0.0
m probki); dla: a) T = 20°C, d = 10,8 g wilgotnoci na kg suchego

au ] powgtrza; b) T =30°C, d = 7,4 g wilgotnoci na kg suchego powietrza
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DA ———— 2 = \ Fig. 6. Curves of dehydration during drying sabrefish in the period of falling
&i\ speed (dimensionless variables): 1) T = 20°C, d = 10.8 g moisture per kg dry
02 y .._\\ air; 2) T=30°C, d =7.4 g moisture per kg dry air. Points - experimental data,
- lines - result of calculation
—_— |
——
0 02 04 06 08 Rys. 6. Krzywe dehydratacji (U ) w czasie (t) suszenia dla ryb gatunku kar-
2 A . . x

'omnoisture content sabrefish at different
:3)T=60;4) T =120; a) T=20°C,d =10.8 g

Fig. 4. Profiles of the dim
points in time: 1) T = 10;

™) T = 20°C, d = 10,8 g wilgoci na kg suchego powie-
) g wilgoci na kg suchego powietrza

Pying o gabrefish in the period of falling speed for the
two antly different conditions T = 20°C; d=10.8¢g
moir kg dry air and T = 30°C; d =7.4 g moisture per
kg dry air~Fig. 5 shows the evolution of the profiles of di-

piowatych: 1) T = 20°C, d = 10,8 g wilgotnosci na kg suchego powietrza; 2) T
=30°C, d = 7,4 g wilgotnosci na kg suchego powietrza. Punkty - dane ekspe-
rymentalne, linie - wyniki obliczen

In Fig. 6 average dimensionless moisture content, calculat-
ed on the thickness of the sample (16) (Naumov et al,
2015) compared with the experimental data on drying
sabrefish in the period of falling speed. The experimental
points agree satisfactorily with the results of calculations,
with the exception of the beginning of the specified period.
Perhaps the beginning of the period falling speed was not
accurately determined during the experiments. But during
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the period of constant drying rate of the considered model,
as mentioned above, it is not fair.

Conclusions

The obtained experimental data of the equilibrium mois-
ture content intact is a whole herring, which are approxi-
mated by a polynomial of 2nd order.

Differential equation of moisture transfer and boundary
conditions expressed in dimensionless form.

The numerical solution of the problem in Mathcad, taking
into account the experimental dependence of the equilibri-
um moisture content of the fish.

The results of calculations of mass-transfer Bio number
from the dimensionless parameters defining the boundary
conditions in the real range of their change.
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