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Abstract - The design and the technological parameters of the disk nozzle and circulation reactor for biodiesel production are
established. The basis of the research is to determine the effective length of the emulsion flow in turbulent regime with
minimal energy consumption. The effective length of the emulsion flow was determined on the basis of determination of the

axial velocity in the flow sections at different distances from the nozzle. The value of the average axial velocity was carried out
using the principle of conservation of the kinetic energy of the flow with the determination of the kinetic energy of the annular
elements of the emulsion flow at the beginning and at the end of the flow. To conduct the experimental studies of changes in
the emulsion flow rate, a specially designed plant was used, which consisted of a disk nozzle, a working capacity and a
hydroelectric station. The conducted research allowed to coordinate the design and the technological parameters of the
circulation reactor for high-quality biodiesel production with minimal energy consumption.

Keywords - Transesterification, emulsion, turbulent regime, power consumption, clearance, depth of immersion.

1. Introduction

Significant emission of greenhouse gases from the
burning of fossil fuels (natural gas, diesel fuel, coal, etc.)
encourages people to switch to renewable energy sources [1,
2]. A range of new equipment types has emerged, which use
biodiesel [3].The production and the use of biodiesel can
increase the level of energy autonomy of agricultural
production [4]. Biodiesel can be produced from different
sources such as vegetable oils, animal fat [S] and waste
cooking oil [6]. Using biodiesel in the production of
agricultural products reduces emissions of carbon dioxide
(CO») [7], nitrogen oxides [8] sulfur compounds, soot, and
hydrocarbons [9].

Biodiesel is mainly produced in the process of
transesterification [10] of vegetable oil with methyl alcohol
[11] with a catalyst [12]. Methyl alcohol, oil and catalyst

form a multiphase emulsion in which the reaction is slowed
down due to the small area of the interphase contact of the
components [13]. To accelerate the transesterification
reaction, the necessary formation of an emulsion with an
increased contact area of the components is required, which
is achieved by constant mixing [14]. Due to the mixing, the
quality of transesterification process can be achieved. [15].
The quality of the transesterification reaction depends on
hydrodynamic conditions and requires mixing with the
corresponding intensity [16, 17].

The most widely used reactors for the transesterification
process are equipped with mechanical mixers [18]. The
mathematical model of the transesterification process for
biodiesel production based on the fuzzy logic theory has
been designed. [19]. The simulation of the technological
process of transesterification of vegetable oils in batch
reactors [20] was carried out. However, in biodiesel
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production there are problems associated with the mixing of
emulsion components in the process of transesterification,
such as a significant duration of the process, the destruction
of the required contact surface area of reagents, and a
significant energy consumption.

For biodiesel production, the fermentation reactors of
conventional [21] and rotating [22] types are often used, but
they are of low productivity. Due to the insufficient
efficiency of mixing, the transesterification process is not
fully implemented and therefore additional washing [23] and
purification [24] operations are used, which complicate the
technological process of obtaining biodiesel in agricultural
production.

In studies on the use of film [25] and tubular mixers [26]
based on cavitation [27] or ultrasound [28], it is shown that
the rate of the process of transesterification increases if small
amounts of reacting substances (emulsion components) are
mixed. However, such technologies of biodiesel production
are characterized by high specific energy consumption.

Similar results regarding the efficiency of a mixing
process are achieved in reactors with nozzles [29] and the
circulation of the emulsion in a closed circuit [30]. With
hydraulic mixing, the efficiency of the transesterification
process is maintained when the turbulent regime is present in
the emulsion jet [31]. The use of plants with hydraulic
emulsion mixing and circulation allows the processes of
transesterification and settling to be carried out in one vessel
(container). However, during the operation of such a reactor,
it is possible to form areas of emulsion stagnation. Besides,
the issue of safe removal of biodiesel obtained during the
reaction has not been resolved.

The analysis allows us to conclude that the existing and
promising equipment for the biodiesel production does not
fully ensure the efficiency of the technological process in
agricultural production. There is a need for theoretical
substantiation and experimental study of the parameters of
the equipment for the biodiesel production when using
hydraulic mixing.

2. Materials and Methods

A circulation reactor is proposed for the process of
transesterification of vegetable oils (Fig. 1), which provides
the repeated pumping of the emulsion in a closed loop. The
disk nozzle is installed in the upper part of the reactor with
the possibility of its movement along the reactor axis.

When the emulsion passes through the disk nozzle, a
turbulent flow is created, which provides the necessary
efficiency of the emulsion mixing in a fixed-height layer. By
pumping the emulsion from the bottom of the mixer, the
layer of the mixed emulsion is lowered, the mixing intensity
is reduced and then the process of transesterification takes
place.

The flow of the emulsion flowing out of the disk nozzle
expands along the perimeter, forming a circular, prismatic in
section, discharge pattern. This is because the emulsion flow
portion flows out of the nozzle, pushing the portion of the
emulsion that is in the vessel before the nozzle. And the

emulsion layers around the flow, due to the viscosity action,
are involved in the flow movement. Based on the condition
of continuity of the flow [32, 33], the emulsion flow rate in
all sections of the nozzle was the same and equaled the
productivity (supply) of the hydraulic pump Q,.
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Fig. 1. The circulation reactor: a) — 3-D model, b) — block
scheme; 1 — disk nozzle; 2 — reactor; I — the mixing area; II —
the reaction area; III — the area of glycerin upholding; H.— the
reactor height, m; H, — the height of the mixing area, m; H, —

the height of the reaction area, m; H, — the height of the
glycerin settling, m; D,— the working diameter of the reactor,
m; Dy— the nozzle diameter, m; /,— the height of the nozzle
installation, m; dy — the diameter of the nozzle inlet, m; d. —
the diameter of the emulsion pumping hole, m

Two ring prismatic in the cross section of the emulsion
flow elements were theoretically analyzed (Fig. 2, a) with the
width /j, at the beginning of the flow (at the outlet of the
nozzle) and at the end of the flow at a distance /, from the
injector nozzle (Fig. 2, b).
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In order to avoid additional loss of pressure in the middle
of the nozzle, it was made in the form of cones without a
bottom, which are combined with each other by their bases in
such a way that they form a slit for the output of the circular
flow of the emulsion. It allows to keep a constant emulsion
speed v0 in all internal circular cross sections of the nozzle.

J 7

b)

Fig. 2. Disk nozzle: a) model, b) scheme; 1 — disk nozzle; 2 —
the free emulsion surface; 3 — emulsion flow; %, — the final
gap between the nozzle disks, m; %, — the initial height of the
final flow section, m; /4y — the final height of the initial flow
section, m; /,; — the final height of the final flow section, m;
[, — the length of the emulsion flow, m; /) — the width of the
studied annular in the emulsion flow, m; D,— the nozzle
diameter, m; dy — the diameter of the nozzle inlet, m; 8 — the
flow expansion angle, rad; vy — the emulsion axial velocity at
the beginning of the flow, m/s; v, — the emulsion axial
velocity at the end of the flow, m/s; &;; — the nozzle
immersion depth, m

An experimental plant was developed to study the
energy efficiency of circulating reactors equipped with a disk
nozzle and the dynamics of the emulsion flow (Fig. 3, a). It
contained: a disk nozzle (Fig. 3, b) with the diameter of 0.32
m, working capacity, hydraulic station for emulsion transfer,
frequency converter Hitachi-3G3JX-A4075-EF, digital
analyzer of energy consumption parameters DMK-30,
tachometer UT-372. The hydroelectric station contained:
gear pump NSh-100, asynchronous electric motor AIP-112-
M4 with a capacity of 5.5 kW and a rated speed of 1500 rpm,
a system of hoses and pipes. The frequency of rotation of the
hydro station electric motor was regulated by the frequency
converter Hitachi-3G3JX-A4075-EF and measured by the
tachometer UT-372, the power consumption of the hydro
station was determined according to the DMK 30 analyzer
readings.

For experimental studies, sunflower oil was used, which
pre-filled the working capacity at a certain height.

During the experiments the clearance between the nozzle
disks hy, the depth of immersion of the nozzle hid, the speed
of the hydraulic pump rotation n and the power consumption

N of the electric motor during the operation of the disk
nozzle, and the speed of the emulsion jet in the range of
distances from the beginning of the flow [,=0...0.3 m were
changed.

Fig. 3. The plant for experimental studies of the disk nozzle
(a) and the disk nozzle (b)

The velocity of the jet was determined by the formula:

v=\2¢H,, (1)

Where H, — the velocity head in the emulsion flow, m.

The velocity head H, was defined with the help of
piezometric pipes (Fig. 4) and was equal to the emulsion
height in the tube above the free surface.

The intervals of the studied values are given in Table 1.
For research D-optimal Box-Behnken plan was used.
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Table 1. Intervals of values and levels of variation of the

studied parameters

Parameter name and Factor levels Variation
designation 1 0 1 intervals

The speed of the pump | 30 | g5 | 1400 | 550
rotation n, min
Nozzle immersion
depth fig, mm 7 27 47 20
The clearance between
the nozzle disks h,y, 2 4 6 2
mm

b)

Fig. 4. Piezometric pipes (a) and measuring the emulsion
flow rate (b)

The obtained data were processed using specially
developed software for the analysis of multifactor
experiments. The homogeneity of the dispersion of the
experimental data was evaluated by the Cochran criterion,
the significance of the regression equation coefficients was
evaluated by the Student criterion, and the adequacy of the
obtained regression equation was evaluated by Fisher's ratio
test.

3. Results and Discussions

3.1. Theoretical studies of the disk nozzle

We write the flow equation as the difference of kinetic
energies in the annular elements at the beginning and at the
end of the flow:

_mXva=2Ao_2AX’ ®)

where: vy — the emulsion axial velocity at the beginning
of the flow, m/s; v, — the emulsion axial velocity at the end of
the flow, m/s; m, — the mass of the emulsion annular at the
beginning of the flow, kg; m,— the mass of the emulsion
annular at the end of the flow, kg; 24, — the sum of forces at
the beginning of the emulsion flow, J; 24, — the sum of
forces at the end of the emulsion flow, J.

2
My

We assume that the flow of the emulsion is counteracted
by the hydrostatic pressure force F,, the hydraulic friction
force F,, and the force of the hydraulic resistance F, (Fig. 5).
With this in mind, the equation (2) is rewritten as follows:

myy _ m;
2 2
_(lx +ZO)(pr +F:;x +F;x)

=ZO(Fp0+F:70+F;O)_ 3)

Fig. 5. The scheme of the main forces acting in the emulsion
flow elements: F,, — the power of hydrostatic pressure at the
beginning of the flow, H; F,,. — the power of hydrostatic
pressure at the end of the flow, H; Fy — the hydraulic friction
force at the beginning of the flow, H; F,, — the hydraulic
friction force at the end of the flow, H; F,; — the hydraulic
resistance force at the beginning of the flow, H; F,,— the
hydraulic resistance force at the end of the flow, H; Fp — the
force of the pump hydraulic pressure, H

The calculation formulas for the forces that counteract
the movement of the emulsion flow are presented in table 2.

Table 2. Forces that counteract the movement of the
emulsion flow

At the beginning | At the end of the

The force name of the flow flow
Hydrostatic
pr}fl:ssure force, H F,y = A,08h, F, =A4.pgh,
Hydraulic friction
fO}I'ICG H F;O = kl’?ASO le = ktnAsx
Hydraulic r_k PUL A, F ok OV A,
resistance force, H 00 = 2 ox = 2
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Where: p — the emulsion density, kg/m’; g — the gravity
acceleration, m/sz; hi; — the nozzle immersion depth, m; &y —
the hydraulic resistance coefficient, m/m; k, — the viscous
friction coefficient, s'l; n — the emulsion dynamic visc, Pa-s;
vy — the emulsion axial velocity at the beginning of the flow,
m/s; v, — the emulsion axial velocity at the end of the flow,
m/s;

The calculation formulas for the areas that are included
in the formulas in table 2 are shown in table 3.

Table 3. Calculation formulas of the areas of the emulsion
flow

Name Atthe beginning of At the end of the flow
the flow

Alo =JTX Alx =7 X
Head P P
resistance x(ho +2, tana)x x(ho +2(1, +1, )tanz) X

2

area, m

X(Df'+210) x(Df +2(lx+lo))
Friction
area 271, (D, +1,) 27, (D, +21, +1,)
(lateral Ay=——"—L| 4, = ~
surface A cos(0,56) ‘ cos(0,56)
area), m”

The masses of the annular elements at the beginning and
at the end of the flow were found by the formulas:

m, =erlO(Df+lo)(ho+lo tang) , “4)

m, =7r,010(Df+21x+10)(h0+(2lx+10)tang). (5)

The axial velocity of the emulsion at the beginning and
at the end of the flow was found by the formulas:

L (©)
7zD,h,
mOUg _2 lo (Fp() +E;0 +F;0)_
_(lx +IO)(pr +I:ox +Ex)
v, = . (7

m

x

The solution of the equation (7) taking into account the
parameters given in the tables 1 and 2 and equations (4-5)
allow us to determine the change in the axial flow rate of the
emulsion according to its length depending on the supply of
the hydraulic pump Qp, the dynamic viscosity 1, the
emulsion density p, the depth of immersion of the disk
nozzle hid, and the clearance between the nozzle disks 4.

Taking the hydraulic radius of the emulsion flow as for
the rectangular cross section [29, 30], it is possible to specify
the emulsion flow effective length /,, where mixing will
occur with the required intensity, that is, when the Reynolds
number Re>2,320 is determined by a well-known equation:

4v R
Re = ———, ®)
n

Where the hydraulic radius was found by the formula:

”(Df +2(1, +1, ))(ho +2(1, +lo)tan§)
R, = )

4
2(Df +h, +2(1, +IO)(1+tan§))

Considering that the pump speed linearly affects its
supply (performance):

Q():qonga (1 O)

where: g, — the working volume of the hydraulic pump,
M, ng — the speed of the pump, .

The solution of the equation (3) with the parameters
given in the tables 2 and 3 and equations (4-6) allows us to
set the speed of the pump to provide the required emulsion
flow length depending on the depth of the nozzle immersion
and the clearance between the nozzle disks.

The solution of the equation (3) allows to determine the
effective emulsion flow length (/,=/,+21,), find the necessary
value of the pump supply and agree the design and
technological parameters of the circulating reactor for
biodiesel production.

3.2. Experimental study of disk nozzle

The results of experimental studies are presented in
table. 4. The Cochran criterion equaled to G=0.082 and was
less than its table value G;=0.335 with 95% confidence. This
indicates the homogeneity of the experimental data
dispersion. The Fisher criterion at 95% confidence
probability equaled to F=2.37 and was less than its table
value F7=2.53, which indicates the adequacy of the obtained
regression equation.

As a result of the analysis of experimental studies of the
relationship between the pump speed 7 (min™"), the depth of
nozzle immersion k;; (mm) and the clearance between the
nozzle disks /4y (mm) and the power consumed by the electric
motor of the hydroelectric station N (W) and the speed v,
(m/s) of the emulsion jet at the nozzle exit, the corresponding
empirical dependences were obtained:

N=625.5739-1.03221+0.00177°, (11)
05=2.4301+0.0017-0.9657h+0.0904h,> (12)

It was found that the power consumption is significantly
affected by the speed of the pump, and the initial flow rate of
the emulsion is affected by the speed of the pump and the
clearance between the nozzle disks.

The dynamics of power change depending on the speed
of the pump motor is shown in Fig. 6. The graph shows that
the minimum power of 466 W is observed at a minimum
pump speed of 300 min™', with an increase in the pump speed
up to 1400 min', the power increases in parabolic
dependence and reaches the maximum value of 2460 W.
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Table 4. Values of the set and measured values during the study of the disk nozzle

. . Flow rate, m/s
Pump speed, min" | Immersion depth, | Nozzle clearance,
Ne ! mm mm Power, W Flow length, cm
0 15 30
n hiq hy N Dy Vs 30
1 1400 47 4 2475 1.469 0.28 0.198
2 300 7 4 470 0.280 0.198 0
3 1400 7 4 2500 1.534 0.313 0.14
4 300 47 4 475 0.343 0.198 0
5 1400 27 6 2470 1.329 0.343 0.14
6 300 27 2 470 1.172 0.28 0.198
7 1400 27 2 2400 2.078 1.01 0.485
8 300 27 6 465 0.243 0.14 0
9 850 47 6 955 0.886 0.14 0
10 850 7 2 1010 1.981 0.980 0.42
11 850 47 2 955 1.657 0.28 0.198
12 850 7 6 960 0.578 0.198 0
13 850 27 4 960 0.767 0.198 0.14
14 850 27 4 955 0.886 0.28 0.198
15 850 27 4 965 0.886 0.28 0.198
the decrease in the flow rate with an increase in the clearance
3000 between the nozzle disks occurs by parabolic dependence.
When a clearance is bigger than 5 mm, the initial velocity of
2500 the emulsion flow becomes stable and remains practically
2 2000 / unchang;d with further increase of the clearance between the
o - / nozzle disks.
% 1500 S
[N /
1000 /
500 ——
0
300 575 850 1125 1400

Pump speed, min'!
Fig. 6. Dependence of the power consumption by a
hydroelectric power plant while a disk nozzle is operating, on
the pump engine rotations

On the basis of equation (12) the graphical dependence
of the emulsion flow velocity at the exit of the nozzle
depending on the speed of the pump of the hydro station and
the clearance between the nozzle disks has been obtained.
Analysis of the equation (12) and the graph in Fig. 7 allows
us to make conclusion as for the linear nature of the
dependence of the flow rate at the exit of the nozzle on the
pump speed. The minimum flow rate at the exit of the nozzle
was 0.24 m/s and was observed at the clearance between the
nozzle disks of 6 mm and the speed of the hydro station
pump of 300 min™'. The maximum flow rate was 2.08 m/s at
a clearance of 2 mm and the speed of the hydro station pump
0f1400 min™ (Fig. 8).

Regarding the effect of the clearance between the nozzle
disks on the initial emulsion flow rate, it was found out that

Flow rate, m/s

300

Nozzle clearance, mm
Pump speed, rpm

02.0-2.5 @O1.5-2.0 0O1.0-1.5 @0.5-1.0 @0.0-0.5

Fig. 7. The dependence of the emulsion flow rate at the exit
of the nozzle on the hydro station pump speed and the
clearance between the nozzle disks

The analysis of the experimental research of a disk
nozzle made it possible to determine the dependence of a
speed change in emulsion flow at emulsion flow length on
the clearance between the disks of a nozzle.
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Fig. 8. The nature of the emulsion flow at a flow rate of 2.08 0 005 01 015 02 025 03
m/s, the clearance between the nozzle disks of 2 mm and a Emulsion flow length, m
rotation speed of 1400 min™ ) _'
theoretical speed W experimental speed
Thus, under the hydro-pump rotation frequency of 1400
min” the speed of the emulsion flow is described by the Fig. 9. Change in average flow rate along the flow length
equation: i
v=3,237-0.6805/,-0.1168/+ 1
+0.06044,+0.0034A,l, +0.00197 (13)

Under the hydro-pump rotation frequency of 850 min-1
the speed of emulsion flow is described by the equation:

0=2,7953-0.6487h,-0.09771,+
+0.04964,°+0.0065k,l, +0.00131,° (14)

Under the hydro-pump rotation frequency of 300 min -1
the speed of the emulsion flow is described by the equation:

v=1,8887-0,5348/,-0,0498/,+ . . i
+0,04224,7+0,006 14,1, +0,00031,° (15) Fig. 10. The nature of the emulsion flow at a flow rate of

1.66 m/sec, the clearance between the nozzle disks of 2 mm
The equations (13, 14, 15) analysis shows that the and a rotation speed of 850 min™'

maximal speed is observed at the exit of an emulsion flow
from the nozzle under the clearance of 2 mm between the
disks of a nozzle.

For example, when the gap of the nozzle was 2 mm, the
immersion depth of the nozzle under the free surface was 47
mm and the rotational speed of the pump of the hydro station
was 850 min” (the pump flow was 0.0014 m?/s), the flow
rate at the beginning was 1.65 m/s (Fig. 9 and 10) and
decreased down to 0.14 m/s at a distance of 30 cm from the
edge of the nozzle. It fully corresponds to the theoretical
studies.

The change in the average flow rate along the length of
the flow was obtained as a result of experimental studies
corresponding to the change in the average flow rate
obtained as a result of theoretical calculations. A slight
discrepancy in the results is due to inaccurate measurements
in experimental studies.

On the basis of the conducted research, an experimental
sample of the circulation reactor with the volume of 0.15 m’
for biodiesel production (Fig. 11) was made.

The conducted studies can be used while designing of
circulating reactors for biodiesel production (table. 5).

Fig. 11. The circulation reactor for biodiesel production
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Table 5. Rational parameters of circulation reactors

The inner diameter of the reactor Dz, m
Parameter

0.56 0.8 1.2 14 2.2 3
Nominal volume Vp, m3 0.15 0.4 1 2 6.5 18
Effective length of the emulsion 0.12 014 017 0.2 025 03
flow /,, m
Diameter of the disk nozzle D, m 0.32 0.52 0.86 1 1.7 2.4
The clearance between the nozzle ) ) 3 3 4 5
disks i, mm
rTnhe height of the mixing area H, | ) o35 | 00400 | 0049 | 0049 | 0071 | 0085
The height of the separator Hz, m 0.65 0.95 1.1 1.6 2 3
Pump flow Q,, m’/s 0.0025 0.0047 0.0128 0.0187 0.0517 0.1103
Theoretical pump power Ny, W 300 560 1540 2240 6200 13240
3\1]’2:}‘“’ output of the pump 7, | 544 1400 1540 1120 954 736

The disk nozzle can also be used to remove the resulting
biodiesel from the circulation reactor after the technological
operations of transesterification and settling. The disk nozzle
allows to pump the obtained biofuel from the top of the
reactor, which makes it impossible to get glycerol into
biodiesel. The use of disk nozzles in mixers allows to
produce biodiesel by a simplified technology.

4. Conclusion

The disk nozzle is used to form an emulsion flow in
which the emulsion components are mixed with the required
intensity.

Substantiation of the parameters of the circulating
reactor was based on the establishment of the effective length
of the emulsion flow. To establish the effective length of the
emulsion flow, the axial velocity of the emulsion in the flow
sections was determined. Determination of the average speed
was carried out by using the principle of conservation of the
kinetic energy. For this purpose, the change of the kinetic
energy of the annular elements of the emulsion flow at the
beginning of the flow (at the outlet of the nozzle) and at the
end of the flow (at an effective distance from the nozzle
edge) was considered.

As a result of mathematical modeling, it was found that
when the hydraulic pump output of 0.0085 m?/s, the dynamic
viscosity of the emulsion of 0.081 Pa s, the emulsion density
of 950 kg/m’, the clearance between the nozzle disks of 2
mm and the depth of immersion of the nozzle, which
corresponds to half the height of the mixing area of 0.035 m,
the effective emulsion flow length is 0.32 m. It is at a
distance of 0.32 m from the nozzle edge that a turbulent
mixing mode with the required mixing intensity is observed.

The minimum power consumption of 466 W was
observed at a minimum hydroelectric pump speed of 300
min”', with an increase in the pump speed up to 1400 min™,
the power increases in parabolic dependence and reaches the
maximum value of 2460 W.

When changing the speed of the pump, the minimum
flow rate at the exit of the nozzle was 0.24 m/s and was
observed at a clearance between the nozzle disks of 6 mm
and a speed of 300 min™'. The maximum flow rate was 2.08
m/s and was observed at a clearance between the nozzle
disks of 2 mm and a rotation frequency of 1400 min™.
Regarding the effect of the clearance between the nozzle
disks on the initial flow rate of the emulsion, it can be
concluded that the flow rate is reduced by the parabolic
dependence with an increase in the clearance between the
nozzle disks. When the clearance between the nozzle disks is
in excess of 5 mm the initial velocity of the emulsion flow
becomes stable and remains practically unchanged with
further increase of the clearance between the nozzle disks.

With a clearance between the nozzle disks of 2 mm, the
depth of immersion of the nozzle under the free surface of 47
mm and the rotation speed of the hydro station pump of 850
rpm (corresponding to the pump flow of 0.085 m’/s), the
flow rate at the beginning was 1.66 m/s and decreased down
to 0.2 m/s at a distance of 30 cm from the nozzle edge. The
dynamics of the change in the average flow rate along the
length of the flow was obtained as a result of experimental
studies consistent with the dynamics of the average flow rate
obtained as a result of theoretical calculations.

According to the obtained parameters, an experimental
sample of the circulation reactor was made to produce
biodiesel with a nominal volume of 0.15 m’, an internal
diameter of 0.56 m, a height of 0.65 m, and a disk nozzle
diameter of 0.32 m.
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