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Abstract - This survey consists in determining the drying speed in thin layer of non
shelled shrimp with the help of a climatic chamber. The experiences made permitted to
elaborate a universal model. The considered parameters are the drying air temperature,
the product absolute humidity as well as the drying air relative humidity and its speed.
The adsorption curve of the product is also established. The model is validated through
confrontation between experimental and theoretical results.

Résumé - Cette étude consiste a la détermination de la vitesse de séchage en couche
mince de crevettes non décortiquées a I’aide d’une enceinte climatique. Les
expérimentations effectuées ont permis d’élaborer un modéle universel. Les parametres
considérés sont la température de séchage, I’humidité absolue du produit, I’humidité
relative de I’air asséchant et la vitesse de I’air asséchant. Nous avons pu établir
également la courbe de I’isotherme de désorption du produit. Nous avons pu valider ce
modele par confrontation entre les résultats expérimentaux et théoriques.

Keywords: Universal mode - Drying speed - Shrimp - Hygroscopic product -Numerical
simulation.

1. INTRODUCTION

Drying operation, transformation common to many industrial sectors, is energizingly
expensive. Besides, most thermal drying processes have a low energizing efficiency.
The improvement of drying efficiency requires the control of heat and mass transfers
that governs the behaviour of the product during drying.

Modelling and simulating the functioning of an industrial drier is necessary to know
the drying speed in thin layer of the considered product [1]. In general, this last is
determined experimentally and is subject to many works. Let's mention the one
elaborated by Troeger et al. for the corn drying in thin layer [2] and the other by Kachru
et al. for the paddy drying in thick layer [3, 4].

For the drying of fruit cut in small discs or in slices, the El-Salman model [5] is
more appropriated. Several works adopt the Combes model of transfer [6]. But these
models have some limits since they are based on polynomial expressions, mainly
function of the equilibrium content in water of the product and the relative humidity of
drying air.
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To palliate these inconveniences, this survey concentrates on the experimental
determination of the drying speed in forced convection of a thin layer of shrimp and the
adsorption isotherm of this product while adopting the universal model which was used
with success for the drying of small discs of pineapple [7].

After the experimental device description is analyzed the influence of the drying air
relative humidity, that of the product temperature and drying air speed influence on the
product behaviour during drying.

2. EXPERIMENTAL DEVICE

The device used is a climatic chamber (Fig. 1) provided with auxiliary contribution
systems in energy and in humidity. It is aimed to experimental determination of the
drying speed in forced convection for various products.

In this case, shrimps are arranged in thin layers on racks and submitted to an air flow
preheated by a heating pump. The experimental device is constituted by a CR23X
measure central, a computer for the management of the CR23X central, K type
thermocouples, a thermo hygrometer (Probe Testo 400), an electronic scale (Denver
Instrument IR30), a humidifier, a heating pump and a balance resistor. This device is
divided in three levels.

The first level includes the anemometer, the electronic central, the humidifier and
the balance resistor.

The second is divided in three cells. The first cell is occupied by the heating pump.
The second cell contains the balance resistor and the humidifier hose.

The third cell includes the system of hurdle to expose product samples to dry. The
third is the higher level of the device. It is used only for the circulation of the drying air.

© 000 0 © © @

v | L | 1 i : | |

T em

= v IS IR ' crasxl |

— v | : =" ml ||

% ne v G Lol
| el =B =~

)
E4

| 7 S S S S N
O 0 ® O 0 6 ©
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Fig. 1: The experimental device
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3. MATHEMATICAL MODEL

The adopted model is based on the research of linear transfer functions for every
output parameter. This model exploits the similarity between drying kinetic and
chemical kinetic. Knowing that the product is hygroscopic and, by hypothesis, the water
transfer within the product is of capillary origin [8], the product drying speed can be
formulated by the following relation:

T = —mx(Ng — Ng¢) 1)

Relation (1) is constituted by a non linear equation (first order differential equation)
that can be solved using the mathematical method of separated variable. The solution is
formulated in relation (2). It is the instantaneous absolute humidity of the product.

Ns = Nge + (Ng — Ngg )xexp(—m.t) (2)
The constant of drying is designated by m . This time, it is function of the product
temperature T, (T, is assimilated to the drying temperature), of the drying air relative

humidity hr and of the drying air speed. Thus, the speed of drying can be expressed by
the following way:

d
d'\ls — _mxF.(Ng) @3)
F.(Ns) = Ng — Nge (4)
m = a.E(Tp)H(h).G.(Va) (5)

E(Tp) represent the influence of the product temperature on the constant of drying

in maintaining constant the other parameters (relative humidity and speed of drying air).
It results from the Arrhenius law [9] and is expressed by the following way:

E(Tp) = exp[—_l_i—b} (6)
p

Thus, relations (7, 8) represent the influences of respectively the relative humidity
and the drying air speed on the constant of drying. Indeed, the constant of drying m can
be expressed by the relation (9).

H(h;) = exp(cxh, +d) )

G(Vy) = exp(exV, + 1) (8)

m = exp(—i +cxhy +exVy + QJ 9)
T

Q=d+f+Ina (10)
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The coefficients a, b, ¢, d, e and f f are gotten while using the linear regression
method [10]. Henderson model [11] is adopted to determine the adsorption isotherm
curve of shrimp {relation (11)}. The equilibrium absolute humidity Ngg is gotten from

this model:

9K xTyxNge

c 1)

hre = 100 x| 1 —exp| —

Besides, the product absolute humidity is defined like being the quotient of the mass
of water and the mass of the dry matter contained in the product. Relation (12) is used
for the calculation of the initial absolute humidity of the product.

M — Mg

Ngi = —— S 12
s = e (12)

4. RESULTS AND DISCUSSIONS

4.1 Experimental results

We chose samples of whole and cool no shelled shrimp. Before experimenting, the
product is soaked in boiling water to 100 °C during two minutes then cooled to free air
during five minutes. The shrimps are arranged in a single homogeneous layer on racks
and are exposed in forced convection to an air flow previously conditioned by the
heating pump.

The sense of the outflow drying air is parallel to the products to dry. The drying is
supposed finished when the temperature of the surface of shrimps is nearly equal to the
drying air temperature.

4.1.1 Determination of the initial absolute humidity of the product
The initial absolute humidity Ngj of the product is calculated from the

determination of the dry matter mass contained in the product. The mass of dry matter is
the mass of the product after a drying process during one day under a drying air
temperature of 80 °C.

Knowing the sample initial mass and the dry matter mass, the relation (12) is applied
to determine the product initial absolute humidity. The result is shown in Table 1.

Table 1: Initial absolute humidity of the product

Symbols Numeric values Units

M; 10.000 1073 kg

Mg 03.047 10°® kg

Me 06.953 10 kg

Ngm 2.300 kg water. kg™ DM
AMg 10°® kg

AMg 10° kg

ANg 107 kg water. kg™ DM

Ng 2.300 % 0.001 kg water. kg™ DM




Determination of the drying speed in thin layer of shrimp 299

4.1.2. Operative conditions of drying

The operative drying conditions are conforms to the different essays that will be
made. In principle, these conditions represent the different concerned parameters, their
variations and their values. The operative drying conditions kept in this survey are given
in Table 2.

Table 2: Operative conditions of drying
Essays Tae(°C) Tp(°C) Hye/hy Vam™  Mj(g)

Cl 61.06 59.35 40.00/39.50  03.000  26.500
C2 55.40 53.83  40.00/39.00  03.000  26.500
C3 42,51 41.62  40.00/39.00  03.000  26.500
C4 60.85 59.55 50.00/47.00 03.000  26.500
C5 61.09 59.07  60.00/52.00  03.000  26.500
C6 61.09 59.07 40.00/39.00 02.750  26.500
C7 61.09 59.07  40.00/39.00 02.500  26.500
E.A 0.60 0.60 5.00 0.001 0.001

4.1.3 Experimental results

Essays C1, C2 and C3 are achieved at different drying air temperatures, the other
parameters are maintained constant. These three tests permit to study the influence of
the drying air temperature on the product drying, therefore to verify Arrhenius law [9]
for the drying kinetic [12, 13].

Figure 2 presents the temporal variations of the product absolute humidity and the
influence of the product temperature. During the drying, with the conditions reported in
the Table 2, the product absolute humidity decreases and tends toward an asymptotic
value. Product drying is so fast that drying air temperature is high.

The evolution of the shrimp absolute humidity during the time is typical of that of a
hygroscopic product. The shrimp drying speed (the evolution in relation to the time of
the shrimp absolute humidity) is a decreasing function of the air temperature. It tends
asymptotically toward a quasi-constant value close to the drying air temperature value.

Essays C1, C4 and C5 are about the analysis of the relative drying air humidity
influence on the drying kinetic.

Figure 3 shows that product drying is so fast that drying air relative humidity is low.
Indeed, the speed of drying, proportional to the difference between the steam
concentration at the shrimp surface and that of the drying air, decreases with the
increase of the air relative humidity. It follows a reduction of the drying speed when the
air relative humidity increases.

Essays C7, C6 and C1, are about the analysis of the air speed drying influence on the
drying kinetics.

Figure 4 shows that product drying is so fast that drying air speed is strong. Indeed,
the drying speed, proportional to the difference between the steam concentration at the
shrimp surface and that of air drying decreases with the reduction of the drying air
speed.

It follows an increase of the drying speed when the air speed increases. In general,
for all essays, drying time increases according to the increase of drying air relative
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humidity and, contrarily, it decreases when the temperature and speed of the drying air
increase.
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Fig. 2: Influence of the product temperature on the
evolution of the product absolute humidity according to the drying time
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Fig. 3: Influence of the drying air relative humidity on the
evolution of the product absolute humidity according to the drying time

4.2 Treatment of the experimental results

This part consists to use mathematical tools to determine the different constants (a,
b,c,d,e, f)and (K, n)used respectively in the drying constant m expression and
the equilibrium absolute humidity Nge of the product.

4.2.1 Determination of the coefficients a and b

Drying speed models analysis is based on the product temperature and content in
water, the drying air relative humidity and temperature.
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Fig. 4: Influence of the drying air speed on the evolution on the

product absolute humidity according t

o0 the drying time

Essays C2 and C3 are considered to this effect. As the product parietal temperature

Tp is very closer of the drying air temperature, they
the experience is finished.

Graphical representations of —In(d Nsxdt_l)

are soon considered as equal and

according to the inverse of the

absolute temperature T for different values of the product absolute humidity is

appreciably parallel straight lines (Fig. 5).
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The product drying follows Arrhenius law. The coefficients a and b are
determined by the linear regression method [9] according to Table 3.

The calculation of absolute measure uncertainty by the quadratic mistake method
permits to write the numeric value of a that:

a =(5.542 +0.146 ).10° K.

Table 3: Numeric values of the coefficients a and b

N (kg water . kg™ DM) a (K) b
2.2000 5263.3600 -16.7947
1.6000 5392.0900 -16.7830
1.0000 5576.1200 -16.6511
0.8000 5936.0100 -17.2485
Mean 5541.8900 -16.8694

4.2.2 Determination of the coefficient o
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Fig. 6: Evolution of the drying speed according to the product absolute humidity

Figure 6 shows that the evolution of the drying speed according to the product
absolute humidity, for the three drying temperatures retained in this survey, obeys a
middle curve called drying characteristic curve.

These curves can be assimilated to straight lines. While using the mathematical
method of the Lagrange polynomial interpolation [14], numerical value kept is:

a =(3.30£0.28) x 10°h™.

4.2.3 Determination of the coefficients ¢ and d

Figure 7 represents the product drying constant evolution according to the drying air
relative humidity for different values of the product content in water. It is observed that
the influence of this last is not negligible.
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Fig. 7: Evolution of the drying constant according to the air drying humidity

Essays considered are C1, C4 and C5. The values of In[H (h,)] are calculated for
different values of the product absolute humidity Ng (kg water . kg™ Dry Matter). The
reference value taken for the air relative humidity is hyef = 40.72 %. The curves on

Figure 6 can be assimilated to parallel straight lines. The calculations drive to the
following numeric values of the parameters ¢ and d, shown on Table 4.

Table 4: Numeric values of the coefficients ¢ and d

Ng (kg water . kg™ DM) c (%Y d
2.2000 -0.0900 3.5525
1.6000 -0.0900 3.7554
1.0000 -0.1200 4.8303
0.8000 -0.1400 5.7783
Mean -0.1100 4.4791

The absolute uncertainty calculations allow to write:
c=(-011+0.01)% *and d = (4.4791 +0.5157).

4.2.4 Determination of the coefficients e and f

Figure 8 represents the evolution of the drying constant m according to the drying
air speed for different values of product content in water. It is observed that the
influence of the drying air speed on the drying constant is very important.

Considered essays are C1, C6 and C7. The values of In[G (V5 )] are calculated for
different values of the product absolute humidity Ng (kg water . kg™ DM). So the
curves on Figure 8 can be assimilated to parallel straight lines.
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Numeric values calculated for the parameters e and f are shown on Table 5.
Numerically, these parameters are:

e =(176+0.17) (msY and f =(3.5361 +0.3469).

Table 5: Numeric values of the coefficients e and f

Ng (kg water . kg™ DM) e (msh? f
2.2000 1.28 4.3782
1.6000 2.03 2.6790
1.0000 1.83 3.5283
0.8000 1.91 3.5588
Mean 1.76 3.5361
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Fig. 8: Evolution of the drying constant according to the drying air speed

4.2.5 Determination of the constants of Henderson K and n

The model adopted is the Henderson model [9], the drying air equilibrium relative
humidity can be expressed according to the product temperature, the product
equilibrium absolute humidity and Henderson constants.

While applying the mathematical method of polynomial interpolation [14], the
constants are determined for the different couples of tests according to Table 6.

Table 6: Numeric values of the constants K and n

N (kg water . kg™ DM) K n
C1/c3 0.195534 5.308070
C1/C5 0.190706 5.279884
C3/C5 0.194487 5.301511

Mean 0.193575 5.296488
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The kept values are:
K =(0.193575 £ 0.001466 ) and n = (5.296488 + 0.008515 ).

Shrimp isotherm adsorption curve is traced from the expression (10). It is shown on
Figure 9.

This curve shows that the shrimp equilibrium absolute humidity is an increasing
function of the drying air equilibrium relative humidity.

4.3 Result summing-up

The shrimp drying speed in thin layer is defined by the relation (1). This relation is
expressed according to the drying constant m, the product instantaneous absolute
humidity Ng and the product equilibrium absolute humidity Nge. According to the

treatment method applied to different essays, numerically the constant of drying m is:
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Fig. 9: The shrimp adsorption isotherm curve

m = exp( —Sf_ﬁ - 0.11.h; +1.76.V, + 16.1174j (13)
p

The temporal evolution of the product absolute humidity is assimilated to its initial
and final value. Initial value is: Ngj = 2.300 £ 0.001 kg water.kg™ dry matter and final
value is represented by the equilibrium absolute humidity Ngg. It is determined from
Henderson relation.

The calculations drive that numerically, Henderson constants are:

K =(0.193575 £ 0.001466 ) and n =(5.296488 + 0.008515 ).

4.4 Discussion

Figures 10-12 represent the validations of the universal model respectively on the
influence of the product temperature, the influence of the drying air relative humidity
and the influence of the drying air speed.
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This model has been successfully used in drying pineapple small discs, pouzzolane
[7] and ripe banana [15]. There is a concordance between experimentally and theoretical
results. Maximal gap between experimentally and theoretical results is lower than 5 %.

The model takes also drying air speed impact to account because it has a very
important role during drying. However, the present survey doesn't introduce the product
thickness influence in the shrimp drying speed model in thin layer because of all shrimp
samples are considered having the same thickness.
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5. CONCLUSION

In this survey was established a universal model of drying speed in forced
convection of shrimp in a single layer according to main drying parameters such as
drying temperature, product absolute humidity, drying air relative humidity, drying air
speed, and according to product features such as instantaneous and equilibrium absolute
humidity.

Product equilibrium absolute humidity has been calculated using Henderson model.
It is concluded that shrimp is a hygroscopic product and that water transfer within
shrimp is of capillary origin.

The next stage consists to experiment and simulate a new configuration for an
industrial shrimp drier already constructed at the University of Mahajanga, Madagascar,
intended to shrimp drying in forced convection in thin layer, and to propose a dimension
calculation method for driers of the same type [16-19].

NOMENCLATURE
DM Dry matter, (kg)
dNg/dt Product drying speed, (kgwater.kg*DM.h%)
hy Instantaneous relative humidity of air drying, (%)
Hye Relative humidity of order, (%)

hre Equilibrium relative humidity of drying air (%)

m Constant of drying, (h™)

M Product initial mass, (kg)

Mg Dry matter mass in the product, (kg)

Ng Product instantaneous absolute humidity, (kgwater.kg™*DM)

Ngc Product critical absolute humidity, (kgwater.kg™*DM)
Nii Product initial absolute humidity, (kgwater.kg™ DM)
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Nge Product equilibrium absolute humidity, (kgwater.kg™*DM)

t Time, (h)

tg Drying time, (h)
Tae Drying temperature (raising average), (K)
Tp Product temperature (raising average), (K)
n Reduced humidity rate

Va Drying air speed, (m/s)
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