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the production of most dairy products [1, 2]. The purpose 
of homogenization is a dispersion (reduction) of the average 
diameter of fat globules (ADFG) of milk from 3‒4 μm in 
nonprocessed milk to 0.75‒0.85 μm in a finished product. 
Such values correspond to dispersion characteristics of valve 

1. Introduction

Milk homogenization improves the taste of dairy prod-
ucts and extends their shelf life, so it belongs to standard 
operations used in the dairy industry. It is conducted in 
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One of the urgent problems in the 
dairy industry is to reduce power input 
in the process of dispersing milk fat 
while ensuring a high degree of homog-
enization. This problem can be solved 
through the development and imple-
mentation of a virtually unexplored 
jet-slot milk homogenizer. The prin-
ciple of its action implies the prelimi-
nary separation of cream from whole 
milk and its feed into the high-veloc-
ity flow of skim milk. The homogeni-
zation process occurs by creating a 
sufficient difference in velocities of the 
disperse and dispersing phases of the 
milk emulsion, which is mathematical-
ly described by Weber's criterion.

Experimental studies of the effect 
of fat content in cream, cream feed 
rate, and width of the annular slot 
on dispersion indices during process-
ing in the designed homogenizer have 
been carried out. The mathemati-
cal dependence which relates these 
parameters was found. It was proved 
that to obtain a milk emulsion with a 
dispersion level of 0.8 μm, the width of 
the annular slot should be 0.1–0.5 mm, 
fat content in cream 40–50 %, and the 
feed rate less than 40 m/s. The results 
of the evaluation of dispersion quali-
ty show a 7 % decrease in the average 
diameter of the fat globules compared 
to the most common values obtainable 
in the valve homogenizer. A refined 
critical value of the Weber criterion 
for dispersion of the fat phase of milk 
was determined (29 units) which indi-
cates an increase in the intensity of 
the homogenization process in com-
parison with the jet milk homogeniz-
er with a separate cream feed. The 
derived critical value of the criteri-
on is necessary to create a theory of 
the process of dispersing milk fat and 
develop more efficient designs of milk 
homogenizers
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lem (the results are given in [7]). In addition, micromixers 
do not achieve an effective impact of the cream flow on the 
stream of skim milk [8]. This problem can be solved by using 
a counterflow-jet homogenizer. Its design is described in [9]. 
This homogenizer contains two opposite nozzles so that the 
fat phase is dispersed by the collision of the milk jets. The 
counterflow-jet homogenizer features the creation of a high 
velocity of the runaround of fat globules by the dispersing 
medium and, as a result, high values of Weber’s hydrody-
namic criterion. It was shown in [9] that the counterflow-jet 
milk homogenizer provides ADFG at a level of 0.75–0.85 μm 
and has a specific power input of 1.2–1.5 kWh/t. However, 
the foaming-related issues, which occur because of the desta-
bilization of protein particles when the milk emulsion comes 
into contact with air, remain unresolved. An impact-jet 
homogenizer in which dispersion of the fatty phase occurs 
during the collision of milk flow with hard walls of various 
shapes has similar problems. This type of homogenizer is less 
power-efficient than the counterflow-jet homogenizer which 
has caused the suspension of its further study [10, 11].

The development of devices with the operation principle 
based on the cavitational hypothesis of dispersion of the fat 
phase of the milk emulsion may be an option of power effi-
ciency improvement. This approach is used in [12, 13], which 
provide a description of dispersers, in which cavitation is 
created by oscillations of plates or other working bodies due 
to the milk jet (flow). It was shown that such homogenizers 
have a simple and reliable design. However, recent studies of 
the cavitation effect on the destruction of milk fat globules 
have shown that this process is not a determining factor in 
homogenization [1, 14]. These results have called into ques-
tion the development of designs in which cavitation is the 
main driving force of the milk fat dispersion.

Separate homogenization of the fat phase is an effective 
way to reduce power input for dispersion. The principle of 
operation of a jet milk homogenizer with a separate feed of 
cream is given in [15]. In such a device, milk is separated 
before processing and then fed into the homogenizer in two 
separate streams: cream is fed through thin channels into the 
high-velocity flow of skim milk. Due to this, high values of 
the velocity of fat globules (Weber’s criterion) are ensured 
which leads to a reduction of the ADFG to 0.8–0.9 μm and 
specific power input to 0.9 kWh/t [16]. The main disadvan-
tage of this homogenizer is the need to use channels with 
an inner diameter of 0.6‒0.9 mm which results in channel 
obliteration and hence reduced operation reliability.

Options of overcoming the problem of low energy efficiency 
of dispersion include the use of counterflow-jet and jet homog-
enizers with a separate feed of the fat phase. However, these 
homogenizers have a number of disadvantages which include:

‒ a feed of the disperse phase through narrow channels 
which reduces the homogenizer reliability;

‒ contact of emulsion with air deteriorates the quality of 
the homogenized emulsion.

These shortcomings were eliminated in a jet-slot milk 
homogenizer with separate cream feed (JSHSCF). The 
device combines advantages of separate homogenization, 
creation of a maximum value of the Weber criterion, and 
the possibility of milk normalization by fat content, si-
multaneously with homogenization [6]. According to the 
results of analytical studies with the use of JSHSCF, it is 
possible to obtain fat globules with an average diameter of 
0.8–0.9 μm. In this case, the specific power input of the 
homogenizer will not exceed 0.7–0.8 kWh/t of homogenized 

homogenizers that are most common in the industry [1]. In 
addition, homogenizing provides uniform distribution of 
cream (disperse phase) in skim milk (dispersing medium). 
However, power input into the process is 6‒8 kWh per ton 
of homogenized milk [1, 3] when ensuring a high degree of 
dispersion with the use of valve homogenizers. Therefore, the 
improvement of the power efficiency of the homogenization 
process is an urgent task for scientists and specialists in the 
food industry.

Study and development of power-efficient designs of milk 
homogenizers are characterized by the difficulty of observing 
the fat globule destruction processes. This is because of their 
microscopic size (less than 1 μm), high milk velocities (up 
to 100 m/s in valve homogenizers), and low transparency 
of the milk emulsion. Because of this, researchers of the ho-
mogenization process put forward more than 7 hypotheses 
of the milk fat dispersion (cavitation, gradient, turbulent, 
subcavitation, etc.) which contradict each other [1–4]. 
Homogenizers designed on the basis of such hypotheses 
either do not ensure dispersion of ADFG at a level of valve 
homogenizers (centrifugal, electrohydraulic, oscillatory ho-
mogenizers) [3] or need high power inputs (valve homoge-
nizers, microfluidizers) [1, 4]. According to recent studies, 
the main hydrodynamic criterion for the destruction of milk 
fat globules is determined by the Weber number which in-
creases with increasing velocity of the fat globe relative to 
the milk plasma (velocity of the fat globule sliding) [2, 3, 5]. 
Therefore, the most efficient homogenizers are designed in 
such a way as to obtain the largest difference in the relative 
velocity of the fat and skimmed milk phases. Jet homoge-
nizers belong to this group. In addition, jet homogenizers 
are characterized by the low power input (1.0–1.8 kWh/t) 
and high reliability [6]. Therefore, the study of the process 
of milk fat dispersion in order to design power-efficient jet 
homogenizers is promising for the present-day food industry.

2. Literature review and problem statement

The urgency of development of jet dispersion of emulsions 
is evidenced by a large number of fundamentally different 
designs of jet milk homogenizers which were developed re-
cently. They include counterflow-jet, impact-jet, cavitational 
hydrodynamic, jet homogenizers with the separate feed of 
the fat phase, mini-mixers, and microfluidizers [3–15]. The 
latter belong to the most advanced type of homogenizers 
that enable obtaining of a milk emulsion with the finest 
dispersed composition (with ADFG of 0.1 μm and less) [3]. 
Despite this, because of high specific power input which is 
higher than in valve homogenizers and low productivity of 
industrial designs, microfluidizers have not been widely used 
at milk plants [4].

The results of studies presented in [7] show that it is pos-
sible to achieve a reduction in power consumption through 
the use of T-shaped or U-shaped mini-mixers. Skim milk is 
fed in them to the flow of cream moving along the central 
channel at a velocity above 100 m/s through channels per-
pendicular to the direction of movement of the dispersing 
medium. It was shown that such designs are characterized 
by moderate power inputs (1.5–1.7 kWh/ton) and ADFG is 
1.0–1.1 μm in the homogenized state [8]. A further improve-
ment of devices of this type is limited by the need to create 
a high fluid flow rate. Optimization of the shape of internal 
channels of mini-mixers practically does not solve this prob-



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 5/11 ( 107 ) 2020

18

emulsion [16]. Influence of confuser shape and diameter at 
the point of greatest narrowing on ADFG of milk emulsion 
after homogenization was determined in [17]. However, the 
analytical study of the influence of such factors as fat content 
in cream, the velocity of its feed, and the width of the annular 
slot on dispersion quality causes difficulties because of the 
complex interaction of multiphase jets of emulsions in the jet 
homogenizer. Such problems are usually solved by computer 
simulation methods. However, because of the lack of a unified 
theory of homogenization, computer models describing the 
dispersion of emulsions have not yet been developed. This 
fact suggests that it is advisable to conduct 
studies to determine the impact of techno-
logical, hydraulic, and design parameters 
on the quality of dispersion in JSHSCF.

When studying the dispersion of fat 
globules (droplets) in the dispersion me-
dium, it is important to take into account 
the resistance of the globule to the action 
of forces tending to destroy it. Their ratio is 
determined by Weber’s criterion We [2, 18]. 
When We exceeds some critical value Wek 
which depends on the properties of dis-
persing and dispersing media, destruction 
of the fat droplet occurs. Values of criti-
cal Weber criterion in various literature 
sources are in a range from 8 to 28. This 
is explained by the complexity of calcula-
tion or experimental establishment of the 
relative velocity of dispersing and disperse 
phases [3, 5]. Given such a wide range of 
fluctuation of Wek values, refinement of 
this value enough for the destruction of the 
milk fat globules is an important task in 
the study of the mechanisms of dispersion 
of the disperse phase of the milk emulsion.

3. The aim and objectives of the study

The study objective consists in determining the influ-
ence of fat phase dispersion in JSHSCF on milk quality 
characteristics and the Weber criterion. This will make it 
possible to substantiate rational indicators of JSHSCF and 
develop an industrial design of a homogenizer for its im-
plementation in production to reduce power input for milk 
homogenization.

To achieve this objective, the following tasks were set:
‒ to determine the effect of fat content, the width of the 

annular slot at the point of greatest chamber narrowing, and 
cream feed rate on the ADFG after dispersion in JSHSCF;

‒ to evaluate dispersion characteristics of the milk emul-
sion obtained after processing in JSHSCF;

‒ to determine the critical value of the Weber criterion in 
the homogenization of milk in JSHSCF.

4. The procedure of milk homogenization in a jet-slot 
homogenizer

4. 1. Scheme and principle of the homogenizer operation
The chamber of the jet-slot milk homogenizer (Fig. 1) 

consists of a confuser 2 and a diffuser 5, pipes 1 and 6 for feed-

ing the starting milk and discharging the finished product, a 
cream container 4 with an annular slot 3 [6]. Pre-skimmed 
milk is fed through the nozzle 1 with a velocity υsk. At the 
point of the greatest narrowing of the confuser 2 with a diam-
eter dk, cream is fed with velocity υc from the cream container 
through a narrow annular slot 3 with width h. When the 
annular stream of cream and the jet of skim milk enter, a high 
velocity of streamlining the fat globules is created and, as a 
consequence, the Weber criterion. As a result, the destruction 
of fat globules occurs during the transition to the diffuser 5 
expansion. Homogenized milk is discharged through pipe 6.

The developed device normalizes milk by fat content si-
multaneously with homogenization. Therefore, the feed rate 
of skim milk, cream, and fat content in cream are calculated 
from the ratio found in analytical studies to obtain milk with 
the required fat content [17].

4. 2. Methods of experimental studies
To conduct experimental studies, a laboratory JSHSCF 

facility was built at the Department of Processing and Food 
Production Equipment named after professor F. Yalpachik at 
the Dmytro Motornyi Tavria State Agrotechnological Uni-
versity, Ukraine. The facility consists of a container 8 with 
skim milk coming to a gear pump 2 of NSh type via flexible 
hose 1. The pump is driven by a three-phase electric motor 5 
which is started when a rotary switch 4 is on.

The working pressure of skim milk is regulated by 
closing the throttle valve 11 and controlled by the adjacent 
manometer 12. After preliminary separation, the skim milk 
coming from the pump 2 through the pipes 6 is fed to the 
homogenization chamber 9. At the narrowest point of the 
chamber, cream is fed to skim milk from the cream contain-
er 3 through the flexible hose 10 by means of the pump 7. 
The cream feed pump is actuated when power supply 16 
is connected to the mains and the toggle switch 15 is on. 
The required amount of cream is provided by a frequency 
converter 13 with a regulator. Normalized and homogenized 
milk is discharged through a flexible hose 14 into a special 
container [16].

 

 
  

Fsk 

Fc 

Fst 

υsk 

υc 

d c
 

Fig.	1.	Scheme	of	jet-slot	milk	homogenizer	with	the	separate	feed	of	cream:	
1	–	pipe	of	skim	milk	feed;	2	–	confuser;	3	–	annular	slot;	4	–	container	with	

cream;	5	–	diffuser;	6	–	pipe	of	finished	product	removal;	υc	is	cream	feed	rate;	
υsk	is	the	rate	of	feed	of	skim	milk;	dc	is	the	diameter	of	the	confuser	at	the	point	

of	greatest	chamber	narrowing;	h	is	the	width	of	the	annular	slot;	u	is	sliding	
velocity	of	fat	globules	relative	to	milk	plasma;	Fsk	is	the	fat	content	in	skim	milk;	

Fc	is	the	fat	content	in	cream;	Fst	is	the	fat	content	in	the	finished	product
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Cow’s milk meeting requirements ISO 9622:2013 Milk 
and Liquid Milk Products was used for experimental stud-
ies [19]. Sampling was performed according to ISO 707:2013 
Milk and Milk Products. Guidance on Sampling [20].

Disperse composition of fat globules was determined 
after dispersion using Micromed R–1–LED optical micro-
scope, Russian Federation, with a total magnification of 
1,500 times. Mustek Wcam 300 digital camera, Taiwan, 
with 640×480 resolution [21] was connected to the micro-
scope. Each of the experiments was repeated three times.

The temperature of skim milk and cream was the con-
stant factor of the dispersion process in the jet-slot milk 
homogenizer. The optimal temperature was set at 60–
65 °С [2, 15, 22]. Fat content in cream, cream velocity, and 
width of the annular slot were variable factors. The following 
limits of variation of variable factors were established for the 
experiment [16]:

‒ fat content in cream (10–50 %);
‒ velocity of cream (5–110 m/s);
‒ width of the annular slot (0.1–0.9 mm).
The quality of the milk homogenization process was 

determined by the ADFG parameters and the width of 
the distribution of the disperse composition of the milk 
emulsion. The latter indicator can be visually assessed by 
the histogram of the distribution of fat globules by size and 
quantitatively by the coefficient of variation.

4. 3. The procedure for determining the critical value 
of the Weber criterion

The Weber criterion is the main criterion of the fat 
globule destruction. Its value depends mainly on the sliding 
velocity which is the difference between relative velocities of 
the dispersing and disperse phases of milk (Fig. 1) [2, 5, 11]. 
Average diameter dav of fat globules after dispersion for jet-
slot homogenization depending on Wek can be determined 
as in [3]:

�
2 ,

2
k f p

av
p

We
d

u

σ
=

ρ
 (1)

where σf-p is surface tension at the phase in-
terface “milk fat-skim milk plasma”, N/m; ρp 
is the density of milk plasma, kg/m3; u is the 
velocity of sliding of the fat globule relative to 
the milk plasma, m/s.

The velocity of sliding of the fat globule 
for the jet-slot milk homogenizer can be de-
fined as a difference between velocities υsk 
and υc of skim milk flow and cream flow, 
respectively. To create the best conditions for 
the destruction of fat globules, the skim milk 
velocity should be increased. Such conditions 
are created in the central part of the axial line 
of the inner surfaces of the confuser at the slot 
location. At perpendicular feed of the flow of a 
fat phase (Fig. 1) in relation to the direction of 
movement of skimmed milk, the velocity of the 
sliding fat globule will be equal to the velocity 
of the flow of skimmed milk: u=υsk. The feed of 
cream with a minimum velocity υc through an 
annular slot with width h is the condition for 
the adequacy of the above equality [17]. The 
above expression is valid only if a single fat 
globule is fed through the slot. In a jet homog-
enizer of a slot type, cream (an emulsion of fat 

phase in milk plasma) is fed through the slot, so the value of 
velocity u depends on the slot width at the cream feed point, 
fat content in cream, and velocity of the cream flow [18, 23]:

,s sku k= υ  (2)

where ks is the coefficient of slot homogenization with a 
transverse feed of the fat phase which takes into account the 
influence of fat content, velocity, and width of the annular 
slot for cream feeding.

The coefficient ks takes into account [23] the following:
‒ fat content Fc in the cream fed to the homogenizer;
‒ width h of the slot at the point of cream feed to the flow;
‒ velocity υc of the cream at the point of the globule tran-

sition from the slot to the skim milk flow.
Equation (2) has a coefficient that takes into account the 

influence of the actual flow of cream (a certain fat content, 
feed velocity, and the width determined by the width of the 
annular slot of the homogenizer chamber) on the velocity of 
streamlining the fat globule surface. Assuming conditions 
under which only a single fat globule is fed through the an-
nular slot, in this case:

‒ Fc=100 %;
‒ h=dav, that is, only one fat globule of milk passes 

through the annular slot;
‒ υc=0, that is, the velocity of streamlining the fat glob-

ule is equal to the velocity of the plasma flow, then ks in 
equation (2) will be equal to 1 and the sliding velocity of the 
fat globule will be equal to the skim milk velocity.

The dependence ks=f(Fc, h, υc) must be determined ex-
perimentally.

To determine the critical value of the Weber criterion, 
graphical dependences of ADFG on variable factors were 
built on the basis of the obtained data. After that, values 
of cream feed rate, slot width, and fat content in cream for 
the conditions that imitate entry of a single fat globule 

 

 
  Fig.	2.	Laboratory	facility	of	a	jet-slot	milk	homogenizer:	1	–	flexible	pipe	

for	the	feed	of	skim	milk;	2	–	gear	pump	of	NSh	type;	3	–	container	with	
cream;	4	–	rotary	switch;	5	–	three-phase	electric	motor;	6	–	pipeline;	
7	–	pump	for	feeding	the	disperse	phase;	8	–	container	with	skim	milk;	

9	–	homogenization	chamber;	10	–	a	flexible	hose	with	a	clamp	for	feeding	
cream;	11	–	throttle	valve;	12	–	manometer;	13	–	frequency	converter	with	
regulator;	14	–	flexible	hose	for	draining	homogenized	milk;	15	–	switch	to	

start	the	cream	feed	pump;	16	–	electric	drive	of	the	cream	feed	pump	
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into the skim milk flow were assessed employing Micro-
soft Office Excel 2010.

The critical value of the Weber criterion was calculated 
from the following formula obtained from formula (1):

( )2

�

2
,p s sk av

k
f p

k d
We

ρ υ
≤

σ
. (3)

In this formula, the values of ks, υsk, and 
dav obtained in the experimental studies were 
used.

5. The results obtained in experimental 
studies of milk homogenization in a jet-slot 

homogenizer

5. 1. The effect of velocity, fat content 
in cream, and width of the annular slot on 
dispersibility of the milk emulsion

In accordance with the developed meth-
od, experimental studies of the effect of ve-
locity, fat content in cream, and width of the 
annular slot on the ADFG of milk after its 
homogenization in JSHSCF were carried out.

The reduction of ADFG to the lev-
el obtainable in valve homogenizers can be 
achieved by increasing the fat content and ve-
locity of cream feed (Fig. 3). ADFG after the 
dispersion at the level of dispersion in valve 
homogenizers was achieved at a cream feed 
rate υc=5–40 m/s and at a velocity of more 
than 100 m/s. This is explained by the fact 
that in the range of values of the cream feed 
rate υc=40–100 m/s, a minimum difference 
between velocities of dispersing and disperse 
phases of the emulsion was ensured. It is pos-
sible to obtain high dispersibility of the prod-
uct by the use of the mode which enables feed 
of cream at a velocity υc≥100 m/s. However, 
power input in the creation of a high-velocity 
flow will be high and the power efficiency of 
homogenization in JSHSCF will decrease. 
Therefore, the feed of cream at a velocity of 
less than 40 m/s is the most efficient in terms 
of homogenization quality and power input.

The reduction of ADFG can be achieved by reducing 
the width of the annular slot h (Fig. 4). When using a slot 
width of 0.1–0.5 mm, it is possible to obtain a product with 
ADFG=0.75–0.85 μm which is at the level of dispersibility 
with the use of the valve homogenizer [1–3].

As fat content in the cream fed to the JSHSCF increas-
es, the degree of dispersion increases. The lowest values of 
ADFG can be achieved with the use of cream with a fat 
content of 40‒50 % (Fig. 5).

With a decrease in fat content in cream 
to less than 10‒20 %, a slight decrease 
in ADFG takes place as well. But when 
using the simultaneous normalization 
of milk by fat content, the use of cream 
with such fat content is practically irra-
tional. ADFG depends on the width of 
the annular slot and when it increases 
from h=0.1 mm to h=0.9 mm when using 
cream with a fat content of 30 %, the dis-
persibility indicators deteriorate by 10 %.

Therefore, in order to obtain homog-
enized milk with a fat content of 2–4 % 
in which ADFG is at a level of that ob-
tainable in valve homogenizers, cream 
feed rate must be less than 40 m/s. 
At the same time, fat content in cream 
should be within 40–50 % and the width 
of the annular slot should be 0.1–0.5 mm.
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Fig.	3.	Graph	of	the	dependence	of	the	average	diameter	of	fat	globules,	dav,	
on	cream	velocity	υc	and	fat	content	in	cream,	Fc,	at	h=0.5	mm,	Fst=3.5	%,	

dc=3	mm,	υsk=60	m/s
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Fig.	4.	Graph	of	the	dependence	of	the	average	diameter	of	the	fat	globules,	
dav,	on	width	of	the	slot	of	the	homogenization	chamber	at	the	point	of	the	
greatest	confuser	narrowing,	h,	and	fat	content	Fc in	cream	at	Fst=3.5	%,	

dc=3	mm,	υsk=60	m/s
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Fig.	5.	Graph	of	the	dependence	of	the	average	diameter	dav of	fat	globules	
on	fat	content	Fc in	cream	and	width	of	the	homogenization	chamber	slot	at	
the	point	of	the	greatest	narrowing	h	at	Fst=3.5	%,	dk=3	mm,	υsk=60	m/s
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5. 2. Determination of qualitative charac-
teristics of milk emulsion

Fig. 6 shows photomicrographs of non-ho-
mogenized milk and milk samples processed in 
a jet-slot milk homogenizer with a separate feed 
of cream.

Following the photomicrograph analysis, a his-
togram of ADFG distribution by size groups was con-
structed for the found rational parameters of fat con-
tent, cream feed rate, and slot width (Fc=40 %, υc=20 m/s,  
h=0.5 mm), Fig. 7.

The obtained data show an increase from 55 % for the jet 
milk homogenizer with the separate feed of cream to almost 
65 % for the jet-slot milk homogenizer at ADFG in the range 
of 0.5–1 μm. Milk before homogenization had the following 
parameters: average diameter of fat globules dav=2.49 μm, 
dispersion σ=1.66, coefficient of variation V=33 %. Pa-
rameters of milk processed in a valve homogenizer were 
as follows: dav=0.85 μm, σ=0.51, V=18 % (at a pressure of 
20 MPa) and when the product was processed in a jet-slot 
homogenizer, dav=0.79 μm, σ=0.48, V=15 %.

The histogram data show that after processing in  
JSHSCF, the coefficient of variation was 17 % lower than the 
same indicator for the valve homogenizers. In this case, the 
ADFG of the product processed in JSHSCF was 7 % smaller 
than that obtained in the valve homogenizers which are 
among the best in this regard [2, 24].

5. 3. Determining the critical value of the Weber cri-
terion

Graphs of dependences kh=f(h), kf=f(F), kυ=f(υ) were 
constructed using the experimental data (Fig. 3–5). The 
experimental data were extrapolated to the conditions under 
which ks=1 (Fig. 8–10).

As a result, empirical expressions were obtained for the 
components of ks:

  �2 2 �23.5 10 9.6 10 0.99,hk h h= ⋅ − ⋅ +   (4)

 �5 2 �32 10 2.7 10 0.99,c ckυ = ⋅ υ − ⋅ υ +   (5)

 �5 2 �35 10 2.2 10 0.64.f c ck F F= ⋅ − ⋅ +   (6)

Taking into account equations (4) to (6), formula (1) 
takes the form:
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Fig.	6.	Photomicrographs:		
a	–	unskimmed	milk	(dav=3.2	μm);		

b	–	milk	homogenized	in	JSHSCF	at	h=0.5	mm;	
dk=3	mm;	Fc=10	%	(dav=0.84	μm);	c	–	milk	

homogenized	in	JSHSCF	at	h=0.5	mm;	dk=3	mm;	
Fc=30	%	(dav=0.91	μm);		

d	–	milk	homogenized	in	JSHSCF	at	h=0.5	mm;	
dk=3	mm;	Fc=40	%	(dav=0.79	μm)
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According to formula (3), the critical value of the 
Weber criterion was 29 at ρp=1,030 kg/m3, dav=0.75 μm, 
υsk=60 m/s (at the confuser diameter at the point of greatest 
narrowing, dc=3.5 mm), σf-p=0.1 N/m.

The obtained formula (7) makes it possible to choose 
technological, hydraulic and design parameters of JSHSCF 
operation to ensure the required value of ADFG of the milk 
emulsion at the stage of design of the JSHSCF commercial 
prototype.

6. Discussion of the results obtained in the study of 
quality of milk emulsion dispersion

The results obtained in the study are a continuation of the 
developments published in the series of articles devoted to 
mathematical model construction, determination of quality 
indicators, and power consumption of JSHSCF [16, 17, 23]. 
The jet-slot milk homogenizer features an ability to direct a 
thin stream of cream through a narrow annular slot to the 
rapid flow of skimmed milk. Implementation of this method 
makes it possible to appreciably cut (up to 6‒8 times) specif-
ic power input for dispersion while ensuring dispersibility at 
a level provided by the valve homogenizers [16]. The study 
limitations include the lack of photomicrographs at the stag-
es of the process of destruction of milk fat globules during 
homogenization in JSHSCF. This is explained by significant 
technical difficulties associated with the high velocity of the 
movement of fat globules and their microscopic size [24, 25].

The results of experimental studies (Fig. 3) confirm the 
possibility of obtaining a product with dispersion indicators 
at the level obtainable in valve homogenizers at a feed rate of 
less than 40 m/s. Such parameters are close to the results of 
studies of the jet milk homogenizers with the separate feed of 
cream in which the rational value of the cream feed rate was 
less than 30 m/s [18]. The discrepancy in results is explained 
by the presence of several channels in the jet milk homoge-
nizer which makes it possible to ensure the required perfor-
mance of the homogenizer at a lower feed rate. An increase in 

ADFG was observed in the range of cream feed rate 
of 40–100 m/s. This is explained by the fact that 
to obtain a milk emulsion with dispersibility at the 
level provided by valve homogenizers, the feed rate 
of skim milk should be 60‒90 m/s as the results of 
analytical studies have shown [17]. When the cream 
feed rate exceeded 100 m/s, a decrease in ADFG 
was observed. However, the application of this mode 
is characterized by low power efficiency. The power 
input to create a thin stream of viscous liquid (milk 
cream) at a velocity of more than 100 m/s becomes 
close to the power input in the valve homogeniz-
er [1, 2, 5]. The obtained results correlate well with 
the dependences found for the jet milk homogenizer 
with the separate feed of cream [5, 26, 27].

It is possible to obtain a milk emulsion with 
ADFG at the level of that obtained in valve ho-
mogenizers by reducing the width of the annular 
slot (Fig. 4). At the same time, the central zone 
of the cream jet with a reduced flow rate of fat 
globules becomes smaller. The reduction of this 
zone leads to an increase in the degree of emulsion 
dispersion. Thus, the rational value of the annular 
slot width should tend to a minimum. However, 
too low values of the slot width result in an in-

creased obliteration of the inner surfaces which will reduce 
the reliability of the experimental homogenizer. Therefore, 
the rational values of the slot width are 0.1–0.5 mm. The 
obtained range of values is expected to be smaller than 
the diameter of cream feed channels in the jet milk homog-
enizer with separate cream feed (0.6–0.8 mm) [18]. The 
cross-sectional area of the annular slot in JSHSCF is close 
to the values of the total area of the cream channels in the 
jet homogenizer with a separate feed of cream. However, 
when using an annular slot instead of tubular channels, it 
becomes possible to reduce the width of the slot which in-
creases the degree of dispersion of the milk emulsion (Fig. 4).

Experimental studies have shown that the increase in 
dispersion of the milk emulsion occurs when the fat content 
in the cream increases to 50 % (Fig. 5). This is because of 
the inefficient dissipation of energy of the skim milk jet into 
which the jet of cream is introduced, to the milk plasma 
contained in the cream. Therefore, with an increase in the 
amount of plasma in the cream flow (which is inversely pro-
portional to their fat content), the rate of streamlining of the 
fat globules by the skim milk decreases and hence the degree 
of dispersion gets smaller.

Limits of fluctuation of the obtained range of rational 
values of fat content in cream are in good agreement with 
the dependences of the jet milk homogenizer with a separate 
cream feed [18]. Rational fat content in cream varies for it in 
the range of 35–45 % while the ADFG fluctuation is 0.8–
0.9 μm [18]. Studies of rational parameters of a T-shaped 
mini mixer show that the rational value of the cream feed 
rate is 40 % [28, 29]. When using it, a milk emulsion is ob-
tained with ADFG varying in the range of 1.0–1.1 μm [30]. 
The use of cream with fat content more than 50 % is irratio-
nal in view of a significant increase in power input for addi-
tional homogenizing the high-fat cream [31, 32].

The critical value of the Weber criterion Wek=29 was ex-
perimentally determined for JSHSCF. The obtained results 
show its increase in comparison with the values known from 
other studies. For example, the critical value of the Weber 
criterion is 8–10 units when dispersing in air and 28 units 
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for a jet milk homogenizer with a separate cream feed [23, 5]. 
The difference between the density of the disperse and dis-
persing phases is 2 orders of magnitude less than for liquid 
and air. The increase in the criterion value for emulsions 
compared to gas occurs due to the greater involvement in 
the movement of adjacent layers of the liquid surrounding 
the globule compared with the course of dispersion in the 
air [26, 27]. The distinction of the obtained critical value of 
the Weber criterion from that obtained with the jet milk ho-
mogenizer with a separate cream feed is explained by greater 
involvement of adjacent layers. This effect is achieved when 
an annular slot is used in JSHSCF for feeding cream instead 
of channels. This leads to an increase in relative velocity 
and, as a consequence, to an increase in the intensity of the 
homogenization process [5, 27].

The obtained results of breaking the ADFG into size 
groups (Fig. 6) show a 17 % decrease in the coefficient of 
variation and increase in dispersion in the developed ho-
mogenizer compared to the valve homogenizer [2, 33]. This 
improvement in the quality of the milk emulsion correlates 
with values of the Weber criterion for the JSHSCF and the 
valve homogenizer [5]. Therefore, the obtained results con-
firm the hypothesis of the decisive influence of the difference 
between velocities of the disperse and dispersing phases on 
the degree of dispersion [5, 21, 27].

The study limitation consists in the lack of data on the 
degree of obliteration of inner surfaces of the annular slot 
during prolonged operation of the homogenizer. This can 

potentially lead to lower productivity and higher specific 
power input. It is planned to conduct a study on the im-
pact of obliteration after the development of a commercial  
JSHSCF prototype is completed.

7. Conclusions

1. A relationship between cream velocity, the width of 
the annular slot, fat content in cream, and average diameter 
of fat globules after dispersion in JSHSCF was established. 
Its analysis has allowed us to find rational parameters of the 
homogenizer to ensure ADFG at a level of 0.75–0.85 μm: 
cream velocity shall be 40 m/s and less, fat content in cream 
of 40–50 %, and the ring slot width of 0.1–0.5 mm.

2. Dispersion characteristics of the milk emulsion ob-
tained by its processing in the JSHSCF were evaluated. 
The coefficient of variation was 15 % and the ADFG of 
milk emulsion was 0.79 μm which is lower by 17 and 7 %, 
respectively, than for valve homogenizers. This proves the 
high quality of the milk emulsion after processing in the 
experimental homogenizer.

3. Experimental data based on extrapolation of experi-
mental data have allowed us to refine the critical value of the 
Weber criterion for milk dispersion equal to 29 units. The 
value found shall be used in the creation of mathematical 
models of milk fat dispersion and the development of more 
efficient designs of milk homogenizers.
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