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ABSTRACT

Improving the use efficiency of fertilizers and controlling the rate of fertilizers dissolution has
been an important mater in fertilizers manufacturing. In this study, an unsteady two dimensional
model has been considered to predict release time of zinc sulphate fertilizer granules. Note that
zinc sulphate is a strong electrolyte. The spherical granule modelling has been coupled to the soil
solution. This coupling model has been used to remove reaction rate term in the spherical granule
governing equation. It is assumed that the surface reaction is existed on solid-liquid surface. The
computational fluid dynamic (CFD) calculation with the finite element method (FEM) has been
carried out to simulate the governing equation. The effects of some important parameters such as
the height of soil solution (h) and the radius (R) of fertilizer granule have been investigated. The
complete release time has been achieved for different value of ratio of h and R.
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1. INTRODUCTION

Poor soil needs enough fertilizers and water to reach high quality of the soil
solution. The release time of fertilizer nutrients depends on several parameters as
the aqueous solution diffusivity in the solid fertilizers, shape and size (diameter)
of fertilizers and the amount of contact surface. These parameters are important to
improve the nutrients use efficiency by plant. The Application technology of
controlled-release fertilizers retains the nutrients concentration at a good level in
the aqueous solution. The study of nutrients release and control of water diffusion
in the granule have been known for several years. Ortil and Lunt [1] have first
practice about use of controlled-release fertilizers by the encapsulating
membranes. A recent practice was used controlled-release fertilizers to increase
efficiency and to decrease pollutant of environmental [2]. Another study was
estimating amount of fertilizers nutrients that are dissolved in the soil solution [3].
The nitrogen (N) - containing fertilizers with slow release of N have been
investigated by [4, 5]. Robert L. Mikkelsen [6] has offered the use of hydrophilic
polymers to control nutrient release. Shavit et al. [7] have demonstrated a rather
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new technology of controlled release fertilizers. The release rate of fertilizer from
polymeric membrane has been estimated by Al-Zahrani [8§].

Most fertilizers nutrients are Zn, N, K, P, Pb, Mg and etcetera. These nutrients are
the main components of the high- quality soil. The zinc sulphate is a salt and a
strong electrolyte. When a strong electrolyte dissolves in water, it will be
completely ionized. lons are divided into cation and anion. The diffusion
coefficient of the strong electrolyte is dependent on the diffusion coefficient and
the charge of cation and anion. This function is used to simulation. The solid
fertilizers are produced at different form, granule or powder. Note that spherical
granule is used in the model. These CFD results benefit all farmers about optimum
use of the zinc sulphate fertilizers and water.

2. MATHEMATICAL EQUATIONS

The fertilizer is taken as a spherical granular with radius R and center O in Fig.1.a.
According to this figure, h describes the height of the soil solution around the
fertilizers granules. In this research, the mass transfer of fertilizer components will
be studied into liquid phase in which all nutrients dissolve. The surface reaction
occurs in the interfaces between liquid- solid phases. As the nutrients continue to
be consumed from the non-porous granule surface, the soil solution must diffuse
farther into the solid to reach the unreacted solid phase. The fertilizer components
have to overcome two mass transfer resistant on their way from the solid to the
liquid phase: the first resistant on the solid surface, in which surface reaction
exists, and the second resistant within the liquid phase. According to these
resistances, two mass transfer equations are required to achieve the concentration
equation for the fertilizer granules. The general formula of mass transfer is:

Mass Mass Rate of Mass
. - + . (= . Ea. (1)
nput output surface reaction accumulation

Spherical fertilizer
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Earth  Soil solution I'surface reaction ’\ Tsurface reaction
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Fig.1. (a).The spherical granule in contact with the soil solution (b) Liquid element (¢) Solid
element.
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The initial and important step is to create an element in the modelling. Note that
two elements are required, one for the liquid phase and another for the solid phase.
The mass transfer equation is developed for both elements and then these
equations are coupled to reach an equation for concentration of fertilizer
components. According to Eq. (1), the mass transfer is derived for both phases as
below:

2.1. Liquid phase

The liquid diffuses from the soil solution to the solid surface where it reacts with
the solid fertilizer, Fig.1.a. The reaction on the solid surface is

nutrients (soli d)+ water — nutrlents(a queous) Eq. (2)
As regards the fertilizers are spherical granular, a good element is selected and
indicated in Fig.1.b. A theoretical model is derived on the assumption that steady
state profile is valid. This assumption is referred to the quasi-steady state
approximation [9]. According to the element of liquid phase and Eq. (1), the Mass

balance on the liquid phase yields
(Win Aw)_ (Wout AW)+ (fw VW)=O Eq. (3)

Where Wi, and W, are input and output flux of water, respectively. Ay is the
perpendicular cross-sectional area to the flux motion and Vy, is the volume of
element. ry, is the rate of surface reaction. Dividing Eq. (3) through by V,, and
taking the limit gives

The left side of this equation is the flux gradient and the right side is the rate of
surface reaction. Note that, the amount of reaction rate inside the liquid element is
negligible compared with the surface reaction.

2.2. Solid phase

A theoretical model is derived on the assumption that the solid is non porous and
the reaction is only on the solid surface. For this phase, the best element is
considered and indicated in Fig.l.c. This element doesn't inter or leave the
nutrients. According to this element and Eq.(1), mass balance on the solid granule
yields

5
0—0+(-rs)=% Eq. (5)

In this equation, ry is the rate of reaction, Vj is the volume of element and Cj is the
solid concentration. The right side of this equation is amount of solid mass
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accumulation. If 1 mole of water dissolved 1 mole of solid granule, then (-r5) = (-
ry). After rearrangement we obtain

o€
V(A Wy)=— Eq. (6)

For the case of dilute solution or non-convection, value of mass flux of solid is
equal to the mass flux of water as:

Ws=-Wy Eq. (7)

Substituting Eq. (7) into Eq. (6) and rearranging yields

V(A W) 9Cs
WSt ot Eq. (8)

The total mass flux of solid to the solid- water interface is

total mass flux = diffusion + bulk motion

- Eq.
W, =Jg +Bg a. (9)

Where Js is diffusion flux and By is the bulk flow term for species. The bulk flow
term is the multiplication of the species concentration and the mass average
velocity of species. At this case By is zero because the mass average velocity of
species is zero.

The constitutive equation for term diffusion flux of release of nutrient is related to
the concentration gradient by Fick's first law [*]:

Iy =-V(DCy) Eq. (10)

Where C; is total concentration of solid and Dy is diffusivity. Combining Eqg. (8),
Eqg. (9) and Eq. (10), we obtain expression for the solid concentration

oC

V(A V(DC))) = ats

Eq. (11)

According to Eq. (11) the partial differential equation (PDE) which describes the
unsteady transport of mass concentration, due to diffusion, in a three-dimensional
spherical space is:

oC oC oC
oD r?=>) 9(D, sin0—) 8D —
(D) 9@ysind ) 0D, 50 5
5 5 = Eq. (12)
r°or r°sin0o00 rzsinzeacp ot
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WhereD , D, and Dcp are the components of the diffusion coefficient along the

three spherical directions, respectively. If the diffusion coefficient were not
function of the spherical coordinate we can assume that D =D, =D(P=DS , then

the diffusion equation will be equal to:
06299 a(sine?%) 525
or 00 oo oC

| S o2 1T et
r“or rsinfod  r“sin“00¢ ot

Eq. (13)

According to Figl.c, it is predicted that the profile of concentration exist at the r
and ¢ directions. Simplifying gives

20C
or _oc
r2or rzsinzﬁa(p ot

a(r a(Zf;)

D

S

Eq. (14)

This equation describes the variation of zinc sulphate concentration. The spherical
granules contain with zinc sulphate (ZnSo4) that it is a salt and a strong
electrolyte. The diffusion coefficient of strong electrolytes can be a function of
diffusion coefficient of anion and cation. This function has been investigated in
[*] as bellow:

2.3. Diffusion coefficient of strong electrolyte

If an electrolyte contact with water, it will be ionized. The electrolytes are divided
to the strong electrolyte and the weak electrolyte. The diffusion coefficient pattern
is difference for two types of electrolytes. The diffusion coefficient of the strong
electrolytes is function of charge and the diffusion coefficients of cation and
anion.

1Z,1+1Z,|

AN
+
D D

a C

Dzinc sulphate (s) = F (D )

Eq. (15)

cation’ ~ anion

Where Dy is the diffusion coefficient of the strong electrolyte. D, , D, are the
diffusion coefficients and Z. , Z, are the charges of cation and anion, respectively.
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3. NUMERICAL SIMULATION

The spherical granule is simulated with use of computational fluid dynamic
(CFD). The base of CFD is computational numerical analysis [10]. CFD develops
numerical codes to solve the partial differential equation (PDE). At this study, the
finite element method (FEM) [11] has been applied. Note that FEM is one of CFD
techniques. For CFD simulation the important case is best choice of mesh
(element) because the mesh size influences the accuracy of the simulation. In this
study, the fine mesh has been used. The mesh size parameters have been shown
in table.1. The information of this table is for a mesh with minimum error in the
results.

Table.1. The element size parameters.

Maximum element size (mm) 0.106
Minimum element size (mm) 6e-4
Resolution of curvature 0.3
Resolution of narrow regions 1

3.1. Boundary and initial conditions

For solve PDE equation, the boundary conditions and an initial condition are
required. The spherical granules are surrounded by the soil solution in down and
the air in up. Note that fertilizers according to Figl.a aren't suspended in the soil
solution. The maximum height of the soil solution is assumed less than the
spherical granules diameter. So they are divided into two regions. A region is
contact between liquid and solid phase in which the surface reaction exists. It is
assumed that the rapid surface reaction is existed so the equilibrium state can be
used at the interface. The equivalent role for strong electrolyte can be expressed
with Hiickel-Onsage [12] equation.

A=Ao—(a+pAncd? Eq. (16)

Ay is ionic conductivity in the infinite dilution, o and B are constant and C is the

concentration of electrolyte on the liquid-solid contact surface. This concentration
is selected as a boundary condition. At another region (contact between air and
solid), no-flux boundary condition is used. The mass of salt per unit volume at t
equal zero is considered as the initial condition (Cy). Also the constants values
indicated in table.2.

Table.2. The constants values for CFD simulation.

Charges of cation (zinc) +2
Charges of anion (sulphate) -2
Diffusion coefficients of cation(zinc) at 25 °C, cm”.s™ 0.703e-5
Diffusion coefficients of anion (sulphate) at 25 °C, cm”.s™ 1.065e-5
Tonic conductivity A of zinc sulphate at25 °C, cm®.s.mol 85
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Tonic conductivity of zinc sulphate in the infinite dilution A, at 25 °C, 132.7
cm?.s.mol’

Density of zinc sulphate, kg. L™ 1.957
Constants of Hiickel-Onsage equation, a and 3 60.2,0.229

4. RESULTS AND DISCUSSION

It mentioned that h shows the amount of fertilizers in the soil solution or the
height of soil solution around the fertilizers. This paper investigates the variation
of release time and zinc sulphate fertilizer concentration with change of h and
granule radius (R). These results will be useful for farmers with better control of
the soil solution level; also these are useful results for the fertilizers manufacturing
to produce fertilizers with the optimum size. The two dimension contour graph of
the zinc sulphate concentration has been indicated in Fig.2.a and Fig.2.b. These
figures show the effect of h on the release of nutrients from the spherical granule

so that increase of h is a good influence on the permeation and the rate of
diffusion.
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Fig.2. The contour of zinc sulphate concentration at 3600s for (a) h=R/2 (b) h=R.

The dimensionless concentration versus the dimensionless radius at different time
is been shown in Fig.3. Three values of t are selected as 500s, 1500s, and 3500s.
The heights of soil solution (h) are 0.5R and R for Fig.3.a and Fig.3.b,
respectively. The slope of lines describes how the release of nutrients varies
during the radius. The steepness of the slope at the same time and the different h
shows the resistance is high. In other words, a lower h value indicates a steeper
incline and a small diffusion. For example, the slope of the line with t=500 s, for
h=0.5R is more than h=R, so the distribution of nutrients is small for h=0.5R.
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Fig.3. The dimensionless concentration versus the dimensionless radius at 500s, 1500s,
3500s for (a) h=0.5R (b) h=R.

Fig.4 describes the release time for the different points of granule. The Fig.4.a and
Fig.4b compare the release time for two values of h. According to this
compression, the release time decreases with increase of h. Also Fig.4 estimates
the complete time consumption of the zinc sulphate fertilizer.
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Fig.4. The dimensionless concentration versus the release time at the center of
granule(r=0) and r= R/2 for (a) h= 0.25R (b) h=0.75R.

Fig.5.shows the linear variation of complete release time (t;) of zinc sulphate
fertilizer with ratio of h and R. The below equation describes this variation

to =—-3.99(1)+ 6.29
R
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According to this figure at the constant h, the increase of R influences on the
release time as the complete release time increases. Also at the constant R, the full
release time increases with the decrease of h.

Release Time (h)

1] 01 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
h
R

Fig.5. The variation of complete release time of zinc sulphate with ratio of h and R (
h/R).

5. CONCLUSION

In this study, the dissolution of zinc sulphate fertilizers into soil solution has been
investigated. A parameter (h) has been defined to show the level of soil solution. It
is assumed that the surface reaction is existed on solid-liquid surface. Both the soil
solution and the spherical granule are modelled to reach concentration equation of
fertilizer. These models are solved together to remove the surface reaction term in
the solid mass equation. Finally, an unsteady two dimensional equation is
considered for zinc sulphate concentration. The model has been simulated by the
computational fluid dynamic (CFD) code and the finite element method (FEM).
Influence of h and R on the release time and the amount of fertilizers consumption
has been discussed. It is shown that the release time depends on h and radius of
spherical granule.
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