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Abstract  

Homogenization is commonly used in many food processes in which products pass 

through a narrow gap causing break down of large particles into smaller one thereby 

reducing creaming and sedimentation of the products. 

This study aims to investigate fragmentation of tomato fibers and test which breaking 

mechanisms are dominating in a high-pressure homogenizer. The study also includes 

the influence of several passages’ homogenization.   

Numerous mechanisms of particles disruption have been proposed, including viscous 

shear, turbulence, cavitation, squeezing and impingement with a solid surface. However 

recent researches suggested fragmentation by turbulence, and cavitation as the 

primary mechanisms for emulsions drop break up in the homogenization valve. The 

study discusses fragmentation by laminar shear, turbulent inertial, turbulent viscous as 

well as squeezing.     

Several hypotheses have been suggested to explain which breaking mechanisms are 

controlling fiber fragmentation in the high-pressure homogenizer. Each of the 

mechanism results in quantifiable predictions about operating conditions: The laminar 

viscous mechanism implies that increasing of homogenization pressure and continuous 

phase viscosity would lead to smaller particles size for the tomato suspension. 

Turbulent inertial implies no impact of serum viscosity on the particles break up, while 

turbulent viscous predict that higher continues phase viscosity results in smaller 

particles size. Both of turbulent theories agreed on smaller suspension particles 

obtained by higher homogenization pressure with a relation described as 𝑑𝑚𝑎𝑥 ∝  P−1 

in turbulent viscous regime and 𝑑𝑚𝑎𝑥 ∝  P−4/5 in turbulent inertial system. For the 

fiber squeezing by the homogenization gap, it is expected that smaller gap height will 

result in smaller fiber particles of the tomato suspension. Experiments were carried out 

to investigate if these trends could be seen in data, and thus if any of the suggested 

mechanisms could be rejected.   

The results revealed that high homogenization pressure increases the homogenization 

efficiency and smaller particles size obtained. However, the calculated slope from laser 

diffraction results was -0.599 for the 18.8% of tomato concentrate juice and -0.523 for 

the juice of 9.2% of tomato concentrate which not match the expected value of the 

laminar shear, turbulent inertial and turbulent viscous. The influence of the serum 

viscosity on the particles size showed higher serum viscosity result in larger particles 

size. Most significant reduction of size was obtained by the lowest continues phase 

viscosity which disapproves the influence of the most often suggested mechanisms. The 

result obtained by different gap height shows no apparent effect of the gap height on 

the size of tomato fiber, such a result explains that squeezing plays no role in fiber 

fragmentation. Moreover, the size distribution results were confirmed by microscope 

images and rheology measurements. Several passages showed the capability of tomato 

fiber to break up even after 32-time homogenization and particles would continue to 

fragment with further homogenization. 



 
 

In conclusion, this study has shown that most previously suggested mechanisms do not 

correspond with tomato fiber breakup and further investigations are needed.  

 

Abbreviation 

Symbol                                    Description                                        Unit  

HPH High pressure homogenizer  
d43 Volume base average particle size                    μm 
d32 Surface base average particle size                              μm 
𝑄 Flow rate                                                            Lh-1 

𝑟𝑖                        Gap inlet raduis                                                  m 
𝑟𝑒 Gap exit radius                                                    m 
Re Reynolds number  N 
u Local fluid velocity                                               ms-1 
ρ Mass density of the liquid                                     kgm-3 
ν kinematic viscosity of the liquid                               m2s-1 

L The characteristic length                                       m 
ℎ Gap height  m 
𝑈𝑔 Gap velocity ms-1 

𝜌𝑐 Mass density of the continuous phase                                 kgm-3 
𝑐 Dynamic viscosity of the continuous phase Pas 

𝑝 Dynamic pressure  Pa 
𝛾 Surface tension  Nm-1 

𝑊𝑒 Weber number   
𝐶𝑎 Capillary number   
G Velocity gradient  s-1 

d Drop diameter  m 
𝑊𝑒𝑐𝑟 Critical Weber number   
𝜏𝑑𝑒𝑓 Drop deformation timescale  s 

𝑑𝑚𝑎𝑥 Maximum drop size  m 
𝜎𝑓𝑟𝑎𝑔 Fragmentation Stress acting on the drop  Pa 

u̅ Time average of velocity ms-1 
u’ root mean square average of velocity ms-1 

𝜀 Energy dissipation rate per unit mass m2s-3 

λ Kolmogorov length scale m 
𝜀  ̅ Mean value of dissipation rate per unit mass m2s-3 
𝑙𝑒 Eddy length in intertrial region  m 
𝑙 Eddy length scale  m 
Nc Cavitation number  
d𝑗  Orifical diameter or jet diameter  m 

𝑋 Distance between the gap and impingement ring   m 
PSD Particle size distribution   
𝑛𝑖  Percentage of particles   
NH Number of passages   
Rei Inlet-radius based Reynolds number  
∆𝑝𝐼𝐶  Homogenizing pressure in the inlet chamber Pa 
∆𝑝𝑔𝑎𝑝 Homogenizing pressure in the gap Pa 

∆𝑝𝑂𝐶 Homogenizing pressure in the outlet Pa 
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1 Context and background  
 

1.1 Introduction  
High-pressure homogenization (HPH) is a technology that is widely used in different 

types of application such as food, chemical and pharmaceutical industry. The most 

common food application is probably the homogenization of milk, which serves to 

reduce the size of the fat globule, thus reducing the rate of creaming and 

sedimentation. Roughly, 270 Mt of dairy products are processed with high-pressure 

homogenization annually (IDF, 2010). The importance of the homogenizer in the dairy 

process and other industry sectors encourage the world to investigate the fundamental 

part of drops and particles fragmentation, and establish several theories explaining 

which mechanisms control fragmentation. Furthermore, understanding the 

fragmentation process benefits on the efficiency and application of the homogenization 

process, as well as the design of the homogenization valves. 

The tomato industry is one of the most advanced, globalized and innovative 

horticultural sectors, furthermore, tomato is considered as one of the most important 

vegetables in the food industry. The world production of fresh and processed tomatoes 

was estimated to be 170 million tons in 2014 according to the Food and Agriculture 

Organization FAO (FAO ,2007). However, approximately 80% of tomatoes consumption 

are in the form of processed tomato products, which make tomatoes the world’s 

leading vegetable for processing (Lehkoživová et al., 2009). Homogenization is a 

common unit operation in the production of tomato products. Homogenization affects 

the rheology properties of tomato products by reducing the particle size of tomato 

suspension. Previous studies of rheology properties of homogenized tomato products 

indicated an increase in the consistency and improvement of sensory acceptance of the 

tomato products (Kubo et al., 2013). Therefore, this study of how tomato fibers break 

up as well as breaking mechanisms are essential for an efficient product and process 

design. 

 

1.2 An historical perspective of the homogenizer 
In the 1890s, the French engineer Auguste Gaulin invented the first model of the 

homogenization device (Francis, 1999). The machine was patented in 1899 by Gaulin 

with the purpose of fixing, stabilizing a fat emulsion against creaming and gravity 

separation. Gaulin presented the device to the world for the first time at the world fair 

in Paris 1900 (Francis, 1999; Innings, 2015). In 1901, Gaulin manufactured his first 

homogenizer by Manton-Gaulin Manufacturing Company. During the period from 1900 

to 1930s, the design of the device changed several times and led to the innovation of 

the two-stage homogenizer by Gaulin in 1925. 
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Throughout the years the usage of high-pressure homogenizer increased, and it was 

used all over the world for different applications such as, chemicals, pharmaceutical and 

biotechnology industry. 

From the beginning of the homogenization process different theories were established 

trying to explain the fundamental part of the drop breakup. Gaulin speculated that 

mechanical interaction between the gap wall and the drops leads to the fragmentation 

of the drops (Gaulin, 1904). However, this explanation was soon disproved when it 

became clear that the machine has a large gap size comparing to the size of the initial 

drop size (Håkansson, 2015). 

Another suggestion proposed that fragmentation of the drops is a result of a collision 

of the drops with the impact ring in the outlet chamber. This occurs when the drop has 

high velocity enough to reach the impact ring (Håkansson, 2015). Innings observes that 

drop velocity decrease rapidity in the gap exit as a function of distance (Innings & 

Trägårdh, 2007). Analyzes of the jet images on exit chambers show that the drop cannot 

travel far without breaking up (Innings et al., 2011). Thus, impingement cannot be 

considered as a fragmentation mechanism. Then researchers searched for more reliable 

breaking theory explaining drops breakup in HPH.  

 

1.2 The homogenizer  
The homogenizer is a common unit operation used in the production of the tomato 

products. The technology is usually classified depending on homogenization pressure; 

The ultrahigh-pressure homogenization for homogenization pressure up to 350-

400MPa, or a high-pressure homogenization when the pressure is between 150-200 

MPa (Trujillo et al., 2016). 

The high-pressure homogenizer consists of two major components: a high-pressure 

piston pump and a narrow gap. However, the tomato suspension enters the pump back 

and the piston pump pressurize fluid suspension, which force it to pass through the 

homogenization gap. In the gap, the pressure convened into velocity and the particles 

confront several forces leading to break up (Innings, 2005). 

Figure 1: Illustration shows the working of the homogenization device (Bylund, 2015). 
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1.2.1 The high-pressure pump 
A piston pump is a positive pump that creates a pressure of 10 to 500 MPa (Innings, 
2005; Bylund, 2015). The capacity of the pump depends on the speed of the motor as 
well as the size of the piston. The pump of the homogenizer is designed to deliver a 
constant flow rate, with a range from a few liters per hour for the small-scale machine, 
up to 53000 liters per hour for the large production scale machine (Francis, 1999). 
 

1.2.2 The homogenization device 

A homogenizer can consist of one homogenization head referred to as single stage 

homogenizer, or It may consist of two homogenization heads in series, called a two-

stage homogenizer. In the single stage homogenizer, the homogenization pressure (P1) 

applied over the first head, and the back pressure(P2) is generated by the process.  

 

Figure 2: Detailed structure of the two-stage homogenization device (Innings, 2015). 

 

In the two-stage homogenizer, the second homogenization head is creating the back 

pressure, which is usually used to maintain optimal homogenization efficiency. Two-

stage homogenizers are commonly used in food application with second stage 

homogenization pressure around 20% of that in the first stage to obtain the best 

homogenization result (Bylund, 2015). A specified structure of the two-stage 

homogenizer is shown in Figure (2).  

The product is a pump to the homogenization valve utilizing a positive-displacement 

pump. At the homogenization valve, the fluid velocity increases as it is pushed through 

the first-stage gap between the seat and the forcer, then the fluid accelerates again as 

it is forced through the second stage homogenization gap. Upstream of the gap, the 

seat gives rise to a narrow region known as the inlet chamber. The fluid exits as a jet to 

a large space downstream of the gap referred to as the outlet chamber. The outlet 

chamber is equipped with a unique impact ring to adjust the outlet chamber geometry 

(Håkansson, 2015).   
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The gap height is not fixed and can be adjusted by lowering and raising the position of 

the forcer by controlling the homogenization pressure — illustration for 

homogenization head shown in Figure (3). 

 

Figure 3: Illustration describes the homogenization valve (redrew using AutoCAD 2018 
from Håkansson, 2017). 

 

2 Objective and research questions  
The major objective of the project is to increase the fundamental understanding of 
tomato fiber break in the high-pressure homogenizer by investigating which 
fragmentation mechanisms are consistent with experimentally observed trends with 
operating conditions. 
 
To reach the objective the following questions will be answered:  

1. How fiber breakup is affected by increasing the homogenization pressure? 
2. Will increasing the continues phase viscosity of the product lead to bigger or 

smaller particles size of the homogenized products? 
3. How fiber breakup is affected by gap height? 
4. Will fiber continue to break up when homogenizing it for several passages? 
5. How does rheological properties of the products change with homogenization 

pressure, gap height and several passages? 
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3 Theory  
 

3.1 Fruit and tomato structure 
During the homogenization process of a tomato product, mechanical force is applied to 

the tomato causing drastic changes in the physical properties, as well as the 

microstructure of the tomato product. Understanding the microstructure of tomato 

suspension before and after homogenization is necessary to also understand the 

mechanism in which these forces are affecting the tomato product or any other types 

of food with a similar composition. 

There are two phases in the structure of the tomato juice: an insoluble phase (pulp or 

dispersed phase) in a viscous solution (serum or continues). The dispersed phase 

consists of tissue cells and their fragments, cell walls and insoluble polymers. The serum 

phase includes soluble polysaccharides, sugars, salts and acids (Augusto et al., 2012).    

The main fraction of cells in tomato products is Parenchyma cells. These cells have an 

almost spherical shape and function mainly as general-purpose plant cells with a three-

layer cell wall.  

 

Figure 4: Parenchyma cell of tomato (Elfick, 2018). 

 

Den Ouden and Van Vliet (1997) suggested that these cells are highly deformable and 

can pass through a pore of the sieve with a smaller size than its original size (Ouden & 

Vliet, 1997). 

In Figure (5) the structure of a tomato cell wall is shown. The cell wall structure consists 

of three layers; primary, secondary cell wall, and middle lamella. The primary function 

of the cell wall is to support the cell structure, provide it with protection, maintain the 

shape and form of the cell as well as involve in transporting the material and 

metabolites into and out of the cell. 

The primary cell wall is composed of the polysaccharides´ cellulose, hemicelluloses, and 

pectin. Cellulose is the main chemical component of the primary cell wall and exits in 

the form of microfibrils that composed of thousands of glucose molecules. Pectin and 

hemicelluloses are branched polysaccharides that organized in the form of a gel-like 

matrix that contains cellulose microfibrils. 
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Figure 5: Cell wall structure of plant cell wall (Bailey, 2018). 

 

The composition of the secondary cell wall includes cellulose, hemicelluloses, and rich 

in lignin. This rigid layer forms inside the primary cell wall when the primary cell wall 

stops to grow. Lignin confers support and mechanical strength to the secondary cell 

wall. 

In additional plant cell walls include a small amount of proteins. A part of cell wall 

proteins contributes to the structure and the mechanical strength of the wall. The outer 

layer of the cell wall is known as a middle lamella, and it is composed mainly from pectin. 

The middle lamella functional as a binder for the neighboring cells which enables the 

cells to shear their content with each other. Pectin fragments in the middle lamella are 

contacted directly to the softening of the fruit tissues. 

The highest concentration of pectin is in the pant tissue mainly located in the middle 

lamella of the cell wall. Pectin is soluble in hot water, except for the protopectin parts 

that usually found in unripe fruits. Thus, depending on the solubility of pectin two types 

of pectin are recognized: water-insoluble pectin and water-soluble pectin (Thakur et al., 

1997). 

One of the most critical capability for pectin is the ability to form a gel which is 

contributed to increasing the viscosity and consistency of fruit products — 

characteristics of pectin gel as in solubility is affected by molecular weight and DE. The 
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gel formation ability, solubility, and viscosity are usually related. For example, increase 

the viscosity due to increase the molecular weight will lead to increase in the tendency 

to form a gel as well as a decrease in the solubility of pectin (Sriamornsak, 2003). 

Furthermore, the gel formation capacity is influenced by several factors such as pH, 

temperature, and the presence of counter ions or liquefied substances (Sriamornsak, 

2003). For instance, in tomato process, higher breaking temperature is applied for the 

inactivation of enzymes result in a higher flow resistance due to the retention of pectin 

(Thakur et al., 1996).  

Previous studies have reported that the presence of soluble pectin in the continuous 

phase contributes to an increase in the viscosity of the fruit suspension (Reo, 2010). 

Numerous studies have considered the viscosity of continuous and dispersed phases as 

an essential factor that affects the homogenization effectiveness (Innings, 2005; Kolb, 

2001); thus, the concentration of pectin can be considered as an important factor in 

tomato juice homogenization. 

 

3.2 Fruit juice definition 
Fruit juice (Including tomato juice) was defined by Codex Alimentarius Commission of 

food stander supplied by FAO and WHO in General Standard for Fruit Juices and Nectars 

(CODEX STAN 247-2005) as the following:    

 

“Fruit juice is the unfermented but fermentable liquid obtained from the edible part of 

sound, appropriately mature and fresh fruit or of fruit maintained in sound condition by 

suitable means including post-harvest surface treatments applied in accordance with 

the applicable provisions of the Codex Alimentarius Commission.  

Some juices may be processed with pips, seeds and peel, which are not usually 

incorporated in the juice, but some parts or components of pips, seeds and peel, which 

cannot be removed by Good Manufacturing Practices (GMP) will be acceptable.” 

 

3.3 Tomato juice production 
Tomato juice production begins with harvesting and transporting of tomato into a 

storage house at the production facility. The degree of ripeness at the harvesting time 

changes the utilization characteristic of tomatoes such as wholeness, serum viscosity 

and the percentage of soluble solids. (Leonard, 1971). Preparation of tomato for 

processing start with washing the tomatoes with water using either sample static tanks 

or high-pressure water jets (Goose & Binsted, 1973). Afterward, sorting and trimming 

of tomato starts to avoid any defective materials.  



8 
 

 

Figure 6: Production line of tomato juice. 

 

Then, a starting of a combination of crushing, chopping, and slicing of tomato with 

different heat treatment to inactivation of the enzyme. The enzyme inactivation is 

known as a hot break when the treatment temperature more than 85 ̊C or a low 

temperature less than 70 ̊C then it is called as a cold break (Tornberg, 2016). The 

consistency of the final product is profoundly affected by the inactivation of pectin 

enzyme of fresh tomato. Several types of research reported that the breakdown of 

pectin material by enzymatic action results in a product with low viscosity. Thus, as 

expected that the cold break is resulting product with low consistency comparing to hot 

break due to pectin degradation by the action of a specific enzyme (Tornberg, 2016). 

 

3.4 Homogenized juice 
Microscopic examining of tomato suspension before the homogenization shows drastic 

changing of tomato suspension before and after homogenization process as is shown in 

Figure (7) (Bayod, 2008). The unhomogenized tomato suspension consists of large 

whole tomato cells, as well as other cellular materials. While, after homogenization, the 

juice forced to pass through a gap, which will damage and break up tomato cells result 

in a number of small size particles that are composed mainly form the cells materials as 

well as fragmentation of the cell wall materials (Lopez et al., 2011). As a result of altering 

size distribution, a fiber network is formed, which tends to hold a more significant 

amount of the continuous phase in the product (Panozzo et al., 2013). 
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Figure 7: Microstructure of tomato suspension under microscope before and after 
homogenization. The scale bar is 150 μm (Bayod, 2008). 

 

Furthermore, the surface area is increased resulting in higher interaction among the 

suspension particles (Augusto et al., 2012). More fiber aggregates are caused by small 

fiber particles and the high interaction between particles (Bengtsson et al., 2011). Thus, 

several studies have reported that homogenization alters the nature of the suspension 

network and improve the rheology properties of the suspension (Bayod, 2008).     

 

3.5 Introduction to fluid dynamic of the homogenization 
As was mentioned before, the homogenizer consists of a pump that forces the fluid to 

pass through a narrow gap where the fluid velocity is rapidly increased result in a 

different flow pattern within the homogenizer.  The two types of flow, which can be 

distinguished in the homogenizer are a laminar or turbulent flow. The flow type 

depends on the fluid position in HPH. The flow is laminar as the flow tends to be a sheet-

like in which the fluid drops move in parallel layers. In turbulent flow, the fluid 

undergoes an irregular movement of particles in which the fluid speed at a point is 

continuously changing in both magnitude and direction due to this movement the flow 

can counter eddies that intersect the overall movement of the fluid. 

The primary method to characterize the flow pattern whether a laminar or turbulent 

flow is by using Reynolds number (Re): 

 

 
Re =

u𝐿𝜌


 

 

(Eq.1) 

 

Reynolds number inside the gap can be found from equation (2) (Phipps, 1975): 
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Re =

𝑄𝜌

2𝜋𝑟𝑒
 (Eq.2) 

 

There are two types of disruptive forces that lead to drops fragmentation in HPH: a 

frictional (i.e., viscous or shear force) and an inertial force. Viscous forces, by definition, 

are dominant in the regions of the laminar flow, and the breakup regime designates as 

a laminar viscous (LV). In turbulent flow, the breakup regimes are defined as a turbulent 

inertial (TI), or viscous forces cause the particles fragmentation then the regime is 

known as a turbulent viscous (TV).    

The valve unit geometry governs the flow characteristics of the fluid. However, the 

displacement piston pump of the homogenizer is designed to deliver an almost constant 

flow rate. The flow rate of the gap can be obtained by using equation (3) (Håkansson, 

2017): 

 

 𝑄 = 2𝜋𝑟𝑒ℎ𝑈𝑔  (Eq.3) 

 

Since the gap height is not fixed (depends on the forcer position), a higher 

homogenization pressure is required to maintain the same flow rate to overcome 

fractional flow forces for small gap height. 

The total pressure drop in the valve gap is set by regulating the force applied on the 

forcer, which in turn, adjusted the gap height and usually given by using correlations 

such as (Phipps, 1975): 

 

 ∆𝑝 = ∆𝑝𝐼𝐶 + ∆𝑝𝑔𝑎𝑝+∆𝑝𝑂𝐶 

=
1

4
 [

𝑄

2𝜋𝑟𝑖ℎ
]

2

+ ∆𝑝𝑔𝑎𝑝 +
1

2
 [

𝑄

2𝜋𝑟𝑒ℎ
]

2 

 
(Eq.4) 

 

Since most of the pressure loss occurs at the exit chamber of the homogenizer, the 

homogenization pressure can be expressed by the third terms of equation (3), and the 

homogenization pressure can obtain as following (Håkansson, 2015): 

 

 

∆𝑝 =
𝜌𝑐𝑈𝑔

2

2
 (Eq.5) 
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3.6 Fragmentation theory of emulsion droplets  
When explaining and discussing the breaking mechanisms, it is important to mention 

that the different mechanisms are set to explain emulsions break up in the 

homogenization valve, and they have been tested on tomato suspension in this diploma 

work. This section discusses emulsion breakup theory. A discussion on cell breakup can 

be found in Section 3.7. 

The most common fragmentation theories proposed for emulsions droplets are 

fragmentation by laminar shear, turbulence, and cavitation (Håkansson, 2015). The 

breakup is a result of external forces which is act via the continuous phase (Walstra & 

Smulders, 1998).  

Most of the fragmentation mechanisms are based on the relation between the 

disruptive forces (pulling drops apart) to the interfacial forces (holding the drop 

spherical). This relation is known as a capillary number (Ca) when the disruptive forces 

are based on viscose forces, or a Weber number (We) when the disturbing force are 

based on the inertial forces (Innings,2005). 

 

 
𝑊𝑒 =

inertial force

interfacial tension force
=

𝜌𝑐𝑈2

4𝛾
 (Eq.6) 

 

 
𝐶𝑎 = 𝑊𝑒𝐿 =

viscous force

interfacial tension force
=


𝑐
𝐺𝑑

2
 

 

(Eq.7) 
 

 

The most critical factor, which affects the particles break up, is homogenization 
pressure. With an increase in the homogenization pressure, smaller mean particle size 
was obtained for homogenized milk (Walstra et al., 1998, kolb et al., 2001). 
Several studies suggested the continuous phase viscosity as an essential factor that 
affects the homogenization efficiency, and an increase in the serum viscosity will lead 
to a smaller emulsions’ droplets (Walstra, 1983). 
 

3.6.1 Laminar Shear (LV) 

Here fragmentation of drops is a result of the viscous forces that generate by the 

velocity gradient inside the viscous product. In general, the LV regime occurs when Re 

flow <1000 and Re drop <1 (Walstra & Smulders, 1998). The two possible scenarios that 

occur in laminar shear are simple shear and purely elongational, see Figures (8). In the 

simple shear, the particles start to rotate due to higher liquid velocity in the top of the 

particles comparing to the velocity in the bottom of particles, or the liquid itself inside 

the particles start to rotate. While purely elongational causes particles elongation and 

deformation due to viscous drag on the interface (Rayner, 2015; Håkansson, 2015). 
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Figure 8: Illustration shows drops deformation and fragmentation in laminar flow 
under: Simple shear flow (a) and elongational flow (Redrew using AutoCAD 2018 from 
Rayner, 2015). 

 

The Fragmentation stress applied on the drops described as function of velocity 

gradient as shown (Walstra & Smulders, 1998): 

 

 𝜎𝑓𝑟𝑎𝑔 = 
𝑐
𝐺 (Eq.8) 

 

The deformation of the drops is described by the ratio between viscous forces and 

Laplace pressure, i.e. Weber number (We), equation (6). The drops break up into 

smaller drops when the drops are long enough to divide into smaller ones that occur 

approximately as the drops twice long as thin drops (Håkansson, 2015). Based on 

Equations (6 & 7), the deformation of the drops increases by increase Weber number 

until it reaches above a critical value (𝑊𝑒𝑐𝑟) that leads to the drops burst (Walstra & 

Smulders, 1998). 

Several studies have suggested that fragmentation of drops depends on the viscosity 

ratio of the fluid (ratio of dispersed phase viscosity to continuous phase viscosity) which 

affects the critical Weber number required for the drops break up. For the simple shear 

maximum droplet size are expressed by Equation (9) (Walstra & Smulders, 1998; 

Walstra, 1993). 

 

 
𝑑𝑚𝑎𝑥 =

2𝛾𝑊𝑒𝑐𝑟


𝑐
𝐺

 (Eq.9) 

a) Drop break up in simple shear flow

Y

X

X

b) Drop break up in elongational flow
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From equation (8) and (9), it is possible to conclude that increases of the continues 

phase viscosity will lead to increase in the fragmentation force applied on the drops 

result in smaller particles size. 

Furthermore, previous research has indicated that if the viscosity of the dispersed has 

four times more than the viscosity of continuous phase, the drop begins to rotate 

without breaks up in a simple shear (Walstra,1983). Thus, Walstra argued that the only 

drop with low viscosity has the necessary time to deform.  

Håkansson observed that the high laminar shear exists in two locations in the 

homogenization valve: at the inlet chamber, and the boundary layers of the gap 

(Håkansson et al., 2011). In the inlet chamber, the laminar shear was a result of increase 

fluid speed as it was passing through a smaller area before entering the gap 

(Håkansson,2015). Flow profile of the drops in the gap showed that the vast majority of 

the drops pass through the center of the gap. Thus, it is expected that the boundary 

layers would not have a significant effect on the result of the homogenization 

(Håkansson,2015). 

 

3.6.2 Fragmentation by turbulence  
The fluid speed accelerated as it was passing through the homogenization gap, due to 

high pressure applied to the product upstream of the homogenization valve. The rapid 

acceleration of the liquid in the narrow gap creates a jet flow downstream of the 

homogenization valve. The kinetic energy is stored in the jet give rise to the formation 

of coherent structures know as turbulent eddies. A portion of this turbulence dissipated 

as thermal energy, when the jet broke-up, otherwise it contributed to particles 

disruption (Innings, 2005; Håkansson et al., 2011).  

Previous research has indicated that eddies with different length scale affecting 

particles differently which means that particles disruption in turbulent flow connects to 

length scales of these eddies, l.  Thus, Kolmogorov theory used as scaling laws, 

Kolmogorov length scale can be calculated using (Håkansson, 2015): 

 

 

𝜆 = [
𝜈3

𝜀
]

1/4

 (Eq.10) 

 

Where 𝜀 defines as the energy dissipation rate per unit mass. Eddies with different 

length scales have a various amount of turbulent, which will influence drops 

fragmentation differently. Innings has estimated the mean efficient value of dissipation 

rate as following (Innings & Trägårdh, 2007): 
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𝜀̅ =
𝑈𝑔

3

80ℎ
 (Eq.11) 

 

Kolmogorov–Hinze discarded the drops fragmentation in turbulent flow in two primary 

mechanisms: a turbulent inertial (TI), and turbulent viscous (TV). An essential aspect of 

the Kolmogorov theory is to identify the dominating turbulent flow mechanisms and 

which length scale contributing more to drops breakup within the HPH. 

Visualization of particles fragmentation has suggested that the particles fragmentation 

happens in the outlet chamber. Thus, Innings and Trägårdh identify the drops 

fragmentation in turbulent flow as a primary mechanism for drops break up in HPH 

(Innings & Trägårdh, 2005). 

3.6.2.1 Turbulent inertial (TI) 

Inertial fragmentation originates from the smallest length-scale eddies in the system, 

comparable in size or smaller than the droplets, i.e.𝑙 < 𝑑, an illustration of particles 

break up in turbulent inertial shown in Figure (9). In this case, the distribution of 

particles occurs due to pressure fluctuations act over the surface of the particles, 

however, the fragmentation stress acts over the drops can be calculated from 

(Håkansson,2015): 

 

 
𝜎𝑓𝑟𝑎𝑔 =

𝜌𝑐𝑢′

2
 (Eq.12) 

 

Eddies with large length scale have a higher degree of velocity fluctuations, 𝑢′. The 

kinetic energy of the large eddies transfers to small eddies which have smaller 𝑢′. Thus, 

small eddies have higher kinetic energy content and larger velocity gradient (𝑢′/𝑙).  

Walstra has suggested a relationship between the maximum size of drops can survive 

without breakup in TI regime and energy dissipation of the eddies (Walstra & 

Smulders,1998) as shown: 

 

 𝑑𝑚𝑎𝑥 ≈ 𝜀−2/5𝛾3/5𝜌𝑐
−1/5

 (Eq.13) 

 

The above equation shows that higher dissipation rate will lead to smaller particles size 

and changing of the continuous phase viscosity will not influence the maximum size of 

drops resulting in this regime.  

3.6.2.2 Turbulent viscose (TV) 

The drop Fragmentation in this regime is due to viscous forces created by eddies of a 

length scale much larger than the drops, as shown in Figure (9). Since the acting force is 
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similar to laminar viscose, then shear forces acts on the surface of the drops are 

changing with continuous phase can be found from: 

 

 
𝜎𝑓𝑟𝑎𝑔 =  

𝑐

𝑢′

𝑑
 (Eq.14) 

 

Moreover, the maximum drop size survived the breakup is given by: 

 

  𝑑𝑚𝑎𝑥 = 𝛾𝜀−1/2
𝑐
−1/2 (Eq.15) 

 

The above equation (15) shows that fragmentation of drops in TV regime depends on 

the continuous phase viscosity and a higher continuous phase viscosity will lead to 

smaller particles size.  

 

Figure 9: Schematic illustration of drops formation in turbulent flow under Turbulent 
inertial regime(a) turbulent viscous regime(b) (redrawn using AutoCAD 2018 from 
Rayner, 2015). 

 

b)Turbulent viscous(Drops are smaller than

the smallest eddies)

a)Turbulent inertial (Drops are larger than the

smallest eddies)
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3.6.3 Fragmentation by cavitation 
Cavitation is a complex phenomenon that occurs when fluid subjected to rapid changing 

in the pressure. The fluid shrinks arise when the pressure increase, or it extends as the 

pressure decrease. In HPH, the velocity of the pressurized fluid rapidly increases when 

it passes through the narrow gap, lead to low static pressure zone. As the static pressure 

acting on the fluid fall a critical value (below vapor pressure), vapor cavities begin to 

form. These cavities continue to grow with the fluid extension until the liquid pass into 

regions of higher local static pressure where these cavities collapse generating an 

intense shock wave which disrupts the surrounding drops, this phenomenon called 

hydrodynamic boiling, or cavitation (Håkansson,2015). 

Innings among other founds that 15-20% of second stage pressure lead to avoid 

immoderate cavitation that leads to the formation of large cavities, which affect the 

homogenization effectiveness by increasing the gap height (Innings, 2005).  

A dimensionless number is used to characterize the potential of the flow to cavitate 

known as Cavitation number (𝑁𝑐). Cavitation number defined as the ratio of local 

absolute pressure from the vapor pressure and the kinetic energy per volume. In 

general, if the Cavitation number lower than the critical value, cavitation will occur, and 

it becomes denser as a result to decrease the Cavitation number (Håkansson, 2015).  

Previous experimental works have indicated that cavitation likely occurs at the entrance 

of the homogenization valve due to the high local velocity generated at this narrow area 

(Phipps,1974) such a result is compatible with Håkansson researches. Håkansson has 

observed by visualizations of cavitation that the cavities collapse before exiting into the 

outlet chamber. Furthermore, wear measurements at the corner conform the entrance 

of the gap as a cavitation region. Wear measurements also suggested that cavitation 

located on the other side of the gap just before the entrance of the outlet chamber.   

Fragmentation location can be used to indicate which breaking mechanism is 

dominated the HPH. Innings & Trägårdh have reported that break up occurs at the 

outlet chamber at 10–20 gap heights downstream of the gap (Innings & Trägårdh, 2005, 

2007). Comparing the location of fragmentation and cavitation does not support 

cavitation as a dominant mechanism, and it is possible to conclude that cavitation 

causes drops deformation drops to a limited extent and drops fragmentation is a result 

of turbulence at the exit chamber of HPH. 

 

3.6.4 Other fragmentation mechanisms 
The previously discussed mechanisms suggested drops fragmentation occurs as a result 

of the interaction between the drop and the flow field. However, other mechanisms 

have been proposed, suggesting that break up is a result of friction between the 

particles and the solid surface of the homogenization valve itself. 

First theory proposed that particles deformation caused by the direct collision of drops 

with the impact ring of the homogenizer due to the high jet velocity at the outlet 
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chamber, this theory is known as impingement theory (Kleinig & Middelberg, 1998; 

Engler & Robinson, 1981). Impingement theory has been refuted by the observation of 

drops fragmentation in HPH valve, which shows that fragmentation of particles placed 

in 10–20 gap heights downstream of the gap before they reach the impingement ring 

(Innings el al., 2011). Furthermore, measurement of exit jet velocity down steam of the 

gap has shown that jet velocity decrease with distance, and it becomes relatively low 

when the jet reaches the impingement ring (Innings & Trägårdh, 2007).  

 

3.7 Cell fragmentation  
Substantially less is known about cell or fiber breakup in high-pressure homogenizers 

compared to emulsion drop breakup, at least in terms of the fundamental breakup or 

mechanism. It is often assumed that one of the mechanisms suggested for drop breakup 

also controls cell and fiber breakup. However, since length-scales and material 

properties differ, it is not necessarily the same mechanisms that control fiber, cell and 

emulsion drop breakup.  

Moreover, some studies suggest new mechanisms not often encountered in drop 
breakup literature. Most of the previous researches do not consider squeezing of 
emulsion droplets between the seat and the forcer as they pass through 
homogenization valve as breaking mechanism that because the small size of fat drops 
(3-5 μm) comparing to gap height of the homogenizer valve (Håkansson, 2015). 
However, squeezing can be discussed as a possible mechanism in the case of tomato 
suspensions due to the large size of tomato cells comparing to the gap opening of the 
homogenizer. The average diameter calculated of the tomato cells was 350 to 450 μm 
estimated by light microscopy (Lopez‐Sanchez et al., 2011). The gap height of the bench 
top homogenizer range between 20-60 μm (optimum 50-60 μm). Comparing the cells 
size to the gap Hight indicates a significant difference in size between the gap height 
and cells size which could result in deformation of particles due to the interaction 
between the particles and solid surface of the valve. 
Several researchers have investigated the potential of HPH to disrupt and inactivate 

bacterial cells in food and other products. Research into this type of applications has 

reported that inactivation of bacterial cells decreased with increasing fluid viscosity, 

which mean that higher serum viscosity leads to less homogenization efficiency (Diels 

et al., 2005, Coccaro, et al., 2018). The attempts to explain cells breakup also suggested 

impingement as breaking mechanism that leads to disruption of yeast cells rather than 

E. coli cells determined by a fluid dynamics computational model (Kleinig & Middelberg, 

1996). Cells impingement rely on pressure at the collision point that depends on the 

velocity of the jet, the density of the fluid, the distance between the gap and the 

impingement ring as well as the jet diameter, which estimated to be equal to gap height 

(Moore et al., 1990), whereas that fluid viscosity has no influence on the impingement. 
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3.8 Hypothesis  
The objective of this project was to investigate to which extent the previously proposed 

fragmentation mechanism explains fiber break up in the high-pressure homogenizer. 

Several hypotheses were formulated based on the different mechanistical suggestions 

to test which breaking mechanism is causing fragmentation of fiber in the 

homogenization valve. Table (1) summarizes how the particles size is expected to scale 

following each hypothesis.   

If LV regime were dominating the fiber breakup, increasing of serum viscosity would 

decrease the drop size for the homogenizer juice with an expected slope value of -1, 

see equation (9). The relationship between pressure and 𝑑𝑚𝑎𝑥 suggests that particles 

size is inversely proportional to pressure, see Appendix (A). 

In TV regime smaller particles size can be obtained by higher continuous phase viscosity 

as is shown in the equation (15). If the TI mechanism would be the dominating 

mechanism, serum viscosity does not influence on particles break up in the HPH. 

Correlation between maximum size and pressure hypothesizes that increasing of 

homogenization pressure would decrease the maximum particles size for homogenized 

tomato suspension with an expected slope of -1 and -4/5 for TV and TI regimes 

respectively, see Appendix(B). 

Table 1: Expected particles size for each hypothesis. 

Hypothesis Experimental 
action  

Expected 
particles 
size 

Expected 
slope  

Equation  

LV Increasing 
𝑐
   Decreasing 

𝑑𝑚𝑎𝑥  
𝑑𝑚𝑎𝑥

∝ 
𝑐

−1 
𝑑𝑚𝑎𝑥 =

2𝛾𝑊𝑒𝑐𝑟


𝑐
𝐺

 

Increasing 

P* 

Decreasing 
𝑑𝑚𝑎𝑥 

𝑑𝑚𝑎𝑥

∝ P−1  
𝑑𝑚𝑎𝑥 =

𝛾𝑊𝑒𝑐𝑟𝜌𝑐

𝜋𝑟𝑒𝑐
∆𝑝

 

TV Increasing 
𝑐
   Decreasing 

𝑑𝑚𝑎𝑥  
𝑑𝑚𝑎𝑥

∝  
𝑐

−1/2 
𝑑𝑚𝑎𝑥

= (
𝜋𝑟𝑒

10𝑄𝜌𝑐
2

)
−1/2

∆𝑝−1𝛾
𝑐
−1/2 

Increasing 

P** 

Decreasing 
𝑑𝑚𝑎𝑥 

𝑑𝑚𝑎𝑥

∝ 𝜀−1/2

∝  P−1 

𝑑𝑚𝑎𝑥 = 𝛾𝜀−1/2
𝑐
−1/2 

TI Increasing 
𝑐
   No effect  - 𝑑𝑚𝑎𝑥 ≈ 𝜀−2/5𝛾3/5𝜌𝑐

−1/5
 

Increasing 

P** 

Decreasing 
𝑑𝑚𝑎𝑥 

𝑑𝑚𝑎𝑥

∝ 𝜀−2/5

∝  P−4/5 

𝑑𝑚𝑎𝑥

= (
𝜋𝑟𝑒

10𝑄𝜌𝑐
2

)
−

2
5

∆𝑝−
4
5𝛾

3
5 𝜌𝑐

−1/5
 

Squeezing   Changing gap 
height  
 

converges 
to gap 
height    

- - 
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* Appendix (A) shown the relationship between the pressure and the particles size in LV 

regimes **See Appendix (B) shown the relationship between the pressure and the particles 

size in TV and TI regimes.  

 

4 Material and method 

 

4.1 Bench top homogenizer 
Experimental works were performed using two stages benchtop homogenizer. The 

homogenizer designed by Tetra Pak and it has the same gap opening as production scale 

homogenizer i.e., the gap height is approximately 45 µm when operated at 150 bar and 

flow rate of 304 L/h.  The homogenizer consists of a pump that delivers 38 ml of product 

with each piston stroke, and two homogenization heads as shown in Figure (10). 

     

Figure 10: Benchtop homogenizer trail setup at chemical center, Lund.  

 

The benchtop can create a wide range of homogenization pressure up to 500 bar and 
flow rate range between 6.8-342 L/h by changing the stroke time of the piston. The 
specification of the bench top homogenizer shown in Table (2). 

Regular checking for the homogenization head was performed to avoid wearing forcer 
and seat due to the homogenization of such an aggressive product. Wear may decrease 
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the homogenization efficiency and prevent the machine from achieving high 
homogenization pressure. 

Table 2: Geometry and properties for the bench top homogenizer (Tetra Pak internal 
system). 

Description      Symbol  value Unit  

Flow rate 𝑄 6.8-342 L/h 

Gap Inlet radius 𝑟𝑖 1.5 mm 
 

𝑟𝐼𝐶 1.5 mm 

Gap exit radius 𝑟𝑒 2 mm 

  𝑟𝑂𝐶 2 mm 

Stroke time - 0.4-1 s 

Homogenization pressure  𝑝 0-500  bar 

Gap height  h 20-60 μm 

 

4.2 Material  
 

4.2.1 Raw material 
Hot break tomato paste of concentration 28-30% (Sugal Group, Spain) was used in all 

experimental trials. The paste was purchased by Tetra Pak and has been stored in a 6˚C 

cool room, the specification of raw material is shown in Appendix H.  

 

4.2.2 Juice preparation for investigation of the influence of several passages, gap 

height, and homogenization pressure  
The hot tomato break was used for the preparation of the tomato juice that contains 

18.8 % of tomato concentrate. The percentage of tomato concentrate was chosen base 

on the Brix value of commercial tomato juices, which had a Brix value equal to 4.9±0.1 

Brix.   

The juice preparation began with the dilution of tomato paste to the 4.9 B̊rix level by 

mixing with cooled tap water with hand mixing until all tomato lamps dissolved. The 

Brix level was measured by a HI-96801 refractometer. Then samples were vacuumed to 

remove the air bubbles that could affect the hominization efficiency by using a 

Buechner flask and pipe water as a vacuum source. The samples vacuumed until the air 

bubbles exploded. After vacuuming, the juice was transferred to clean flasks and ready 

for homogenization. 

In case of investigation of several passages’ homogenization, only the juice with 9.2 % 

of tomato concentrate was used because the pretrial on 18.8 % of tomato concentrate 
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had caused drastic damage to the homogenization machine due to viscosity increasing 

of the homogenized juice with each passage. 

   

4.2.3 Juice preparation for investigating of the influence of continuous phase 

viscosity  
A serial of tomato juice with different continuous phase viscosity was proposed to 

investigate and understand the effect of serum viscosity on the homogenization of 

tomato suspension. It was suggested to use the serum phase viscosity values of the 

tomato juice concentrations shown in the table (3). After preparation of juice with a 

higher percentage of solids using the same method as in the previous sections, the 

shown procedure in section 3.2.4.1 and 3.2.4.2 was used for the proportion of tomato 

juice of different serum phase viscosity. Note that a higher percentage of tomato 

concentrate led to higher Brix level due to increasing the amount of the soluble fibers.   

Table 3: Suggested tomato juices concentration for investigation of the influence of 
continuous phase viscosity 

Tomato juice concentration % Brix level 0.1 

9.2 2.4 

18.8 4.9 

28.4 7.4 

38 9.8 

45.7 11.9 

 

4.2.4.1 Serum viscosity for tomato juice  

In order to determine the serum viscosity of tomato juice, the tomato juice of different 

concentration was centrifuged using ultracentrifuge (Optima LE-80K, Beckman Coulter) 

at 11000g for 20 mins at 20°C using an SW41Ti rotor that can hold six tubes of 13.2 ml 

(tube diameter 14 mm). After centrifugation, the serum phase was separated from the 

solids using pipet. 
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Figure 11: Centrifuged tomato juice that have different percentage of tomato 
concentrate. 

 

Considering serum phase has shown a shear thinning behavior, it was suggested to use 

apparent viscosity at a shear rate equal to 10 s-1(see section 3.3.2.3 which explains the 

method used to determine the apparent viscosity). The serum viscosity of tomato juice 

increased with the percentage of tomato concentrate, and the 9.2% of tomato 

concentrate has the lowest value of apparent viscosity as shown in Figure (12). The 

estimated apparent viscosity values represent the target apparent viscosity values that 

should be achieved by adding sugar to tomato juice of 9.2% of tomato concentrate.  

   

Figure 12:  Apparent viscosity values of TJ of different percentage of tomato concentrate 
at shear rate 10 s-1. The error bar represents 2± stander error.   
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4.2.4.2 Estimation of the required amount of sugar  

In order to rich higher serum viscosity of the samples, sugar was added with using the 

same volume fraction of the dispersed phase. Estimation of the required amount of 

sugar started with the dilution of sugar in hot water and cooling it down again. The 

percentage of sugar added, and the included amount of water are shown in the table 

(4).  

Table 4: Formulation for tomato juice with randomly chosen sugar concentration. 

TJ concentration 
% 

Sugar 
% 

Water 
% 

sugar solution 
% 

9.2 0 90.8 90.8 

9.2 5 85.8 90.8 

9.2 10 80.8 90.8 

9.2 15 75.8 90.8 

9.2 20 70.8 90.8 

9.2 25 65.8 90.8 

9.2 30 60.8 90.8 

9.2 35 55.8 90.8 

9.2 40 50.8 90.8 

 

Next, tomato juice concentration of 9.2% was mixed with the sugar solution using a 

simple wire whisk. Finally, juice was centrifuged, and serum viscosity was measured as 

described for tomato juice serum without sugar. All measurement was duplicated. 

  

Figure 13: Serum viscosity at shear rate of 10 s-1 as a function of added percentage of 
sugar to TJ of 9.2% of tomato concentrate. The error bar represents 2± stander error. 
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By applying the target serum viscosity values on Figure (13), the needed amount of 

sugar was estimated. Not that Linear interpolation was used to obtain a better-

approximated value for the sugar percentage. The calculated percentage of sugar that 

used in juice preparation for investigating the effect of increasing serum viscosity are 

shown in Table (5). 

Table 5: Formulation of tomato juice that used in investigating of the influence of 
continuous phase viscosity. 

TJ concentration% Target serum viscosity 
(Pas)×10-3 

Sugar concentration% 

9.2 2.72 0 

9.2 3.07 10.28 

9.2 3.6 20.59 

9.2 4.8 25.67 

9.2 5.9 30.48 

 

Juice was prepared as explained before with adding the desired amount of sugar and 

ready to be homogenized.  

  

4.3 Experimental procedure 
 

4.3.1 Experimental design  

4.3.1.1 Investigation of the influence of homogenization pressure 

In most of the food application, two stages homogenization is usually applied. It is 
common to use 20% of homogenization pressure in the second stage, although there is 
no clear evidence regarding the contribution of the second stage to the breakup of 
particles in HPH. The second stage homogenization pressure was fixed to 20% of the 
first stage pressure. The suggested combination of pressure shown in Table (6).  

Table 6: Experimental matrix for the investigation of the influence of homogenization 
pressure. The shown pressures represent the first stag pressure and the second stage 
pressure is 20% of the first stage pressure.  

Investigation the influence of the homogenization pressure 

TJ% Pressure   
 0bars  50bars  100 bars  200bars 300 bars  

9.2      

18,8      

 

After homogenization, the used hydraulic and homogenization pressures were 

documented, and homogenized samples are ready for further analyses.  
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4.3.1.2 Investigation of the influence of several passages  

Base on the juice experts in Tetra Pak, most of the consumers, prefer juices with 
homogenization pressure around 150 bar on the first stage and 30 bar (20%) on the 
second stage. However, in this stage the machine was shown some limitation (vibration) 
when it was operated at 30 bar (20%), thus the second stage homogenization pressure 
was reduced to only 14% (20bar) of the second stage was used. The experimental matrix 
is shown in Table (7). Note that the juice was recycled until it reaches to the desired 
number of passages to prevent in the incorporation of the air bubble that may affect 
the homogenization efficiency.   

Table 7: Experimental matrix for the investigation of the influence of several passages. 

Investigation the influence of the several passages  

TJ% Several passages   
0NH NH 2NH 4NH 8NH 16NH 32NH 

9.2        
 

4.3.1.3 Investigation of the influence of continuous phase viscosity  

In this part of investigation homogenization pressure fixed to 150 bar for the first stage 

and 20 bar for the second stage. Various amount of sugar was added to tomato juice of 

9.2% tomato concentrate to achieve higher continuous phase viscosity, see Table (5) 

that shows the formulation of tomato juice used for investigation.    

Table 8: Experimental matrix for the investigation of the influence of continuous phase 
viscosity. 

Investigation of the influence of continuous phase viscosity 

TJ% Serum viscosity   
2.72*10-3 Pas  3.07*10-3 Pas 3.6*10-3 Pas 4.8*10-3 Pas 5.9*10-3 Pas 

9.2      
 

4.3.1.3 Investigation of the influence of gap height 

The influence of the gap height on the breakup of fibers was tested by changing gap 
height value that obtained by varying the flow rate of the machine. Base on the machine 
ability three values of flow rate was selected, and the responding gap height values 
calculated as shown in Appendix(F). The homogenization pressure is 150 bar for the first 
stage and 20 bar for the second stage.   

 Table 9: Experimental matrix for the investigation of the influence of gap height.     

Investigation the influence of gap height  

TJ% Gap height   
 45 μm 34 μm 26μm 

9.2     
18,8     
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4.3.2 Analytical method 

4.3.2.1 Microscopy 

The effect of homogenization on tomato juice samples was examined by using a light 
microscopy (Olympus BX50 F4, Olympus Optical CO, Japan) with a magnification level 
of 5X. The samples were placed on glass using a pipette and carefully covered with a 
cover glass. After adjusting the samples, clear images were taken using attached Sony 
digital camera and image software IC-Capture. Then ImageJ was used to set a scale bar 
upon the saved imaged.  
 

4.3.2.2 Particle size distribution  

The particles size measurement (PSD) was conducted using laser diffraction analyzer 
(Mastersizer 2000, Malvern UK). Data were analyzed using the Mie model which 
assumed that particles have a spherical shape. The average reflective index of plant cells 
was set to 1.42 with adsorption of 0.2 (Gausman et al., 1974). The stirring speed was 
used to be 1500 rpm. After setting the samples in the master sizer, one-minute waiting 
time was used to make sure that samples dispersed within the MiliQ water. Three 
measurements were taken for each sample by recording both the individual and the 
average of them. The particles size obtained a base on the volume or the area occupied 
where area-based diameter(D32) and the volume-based diameter (D43) respectively. 
 
 
 

𝑑32 = ∑ 𝑛𝑖  𝑑𝑖
3

𝑖

/ ∑ 𝑛𝑖  𝑑𝑖
2

𝑖

 (Eq.16) 

 
 

𝑑43 = ∑ 𝑛𝑖  𝑑𝑖
4

𝑖

/ ∑ 𝑛𝑖  𝑑𝑖
3

𝑖

 (Eq.17) 

 
 

The area-based diameter determined by smaller particles in the system. The suspension 

volume-based diameter specified by the large particles present in the suspension 

(Goodwin, 2009; Bayod, 2008). Therefore, it was decided that the best method to adopt 

for this investigation was to use volume-based diameter since all the breaking 

mechanisms make predictions on the size of the largest surviving particles size i.e. 

𝑑𝑚𝑎𝑥. 

 

4.3.2.3 Rheology measurements 

Rheology measurements were measured by Malvern Kinexus Pro viscometer with a 

four-bladed vane(d=21mm) and a regular cylindrical cup(d=25) that results in a gap 

height 2mm which can be considered suitable for large particles of the fiber 

suspensions. Several studies have shown that using vane geometry necessary to avoid 

slipping phenomenon. After loading the samples in the viscometer, samples were left 

to stabilize in 5 min before preforms the measurements to avoid time dependence 
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effect. Steady shear testing was used, the shear rate ranges from 10-4 to 100 s-1 at 20 ̊C, 

and about 49 points were determined. The obtained date was moved to MS office for 

further analyses. 

The juice serum was obtained by centrifuging, was subjected to same procedure with 

using a concentric cylinder as an upper geometry. 

4.3.2.3.1 Analyzing viscosity 

The apparent viscosity at a shear rate value of 10 s-1 was estimated from the obtained 

rheology date using two-point interpolation. The reason for using this value of shear 

rate was to make sure that samples reach to flow point, as well as some literature 

studies estimated the shear deformation of fluid food during oral processing is 

correspond to 10 s-1
 (Chen & Stokes, 2012).  

4.3.2.3.2 Yield stress  

Yield stress represents the lowest shear stress value needed to create flow. Yield stress 

obtained by using tangent analysis as shown in Figure (14), the red line represents the 

yield stress value that obtained by applying tangent between the linear viscoelastic 

region (the horizontal line) and the flow region (the slope) and the crossing point of 

these tangents representing the yield stress value. 

  

Figure 14: Illustration shows determination of yield stress by tangent analysis using 
steady shear testing (redrawn using Google Drawing from Panalytical, 2018). 

 

4.3.3 Statistical analyses 

One-way Analysis of Variance (ANOVA) was evaluated using MS Excel. The analyses 

were carried out on particles size results obtained by different gap height. The reason 

for performing this type of analyses to check whether there is a significant difference 

between the groups or not. The null (H 0) and alternative (H a) hypotheses were set up 

in the following way: 
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H 0: μ1 = μ2, which hypothesizes that the mean values of particles size obtained from 

different gap height are equal. 

Ha: not all μ are equal, which hypothesizes that not all the mean values of particles 

size obtained from different gap height are equal. 

Using 95 % of confidence interval (α= 0.05), the null hypothesizes is rejected when P 

value ≤ α which mean that there is a significant difference between the samples.  

Confidence Intervals for a single slope in simple linear regression was estimated using 

the data analysis function in MS Excel. The analysis was executed on the results 

obtained by changing the homogenization pressure as well as changing the continues 

phase viscosity. Using 95 % of confidence interval (α= 0.05), a confidence interval for 

single slope can be calculated by:  

 𝐶𝑜𝑛𝑓𝑖𝑑𝑎𝑐𝑛𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = (𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑠𝑙𝑜𝑝𝑒) ∓ (𝑡 − 𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒) 
(𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑜𝑝𝑒)   

(Eq.18) 

 

With degree of freedom of n-2. 

 

5 Result and discussion  
 

5.1 Investigation of the influence of homogenization pressure 
At this part of the investigation, the influence of homogenization pressure was tested 

on tomato juice with 9.2% of tomato concentrate and tomato juice with 18.8% of 

tomato concentrate.  The homogenization pressure was changed between 0 and 350 

bar for the first stage and 20% of first stage homogenization pressure was used in the 

second stage.  

 

5.1.1 Particles size 
The unhomogenized tomato juice (0 bar) has the largest volume-base average diameter 

of 303 μm. The result in Figure (15) indicates that the mean volume base diameter 

decreases with increasing the homogenization pressure. The homogenized juice of 18.8 

% of tomato concentrate has D43 between 283.6 and 85.7 μm for pressure ranges 

between 50 bar and 350 bar. The lowest volume-base average diameter of 9.2% of 

tomato concentrate obtained at the highest homogenization pressure.  These results 

indicate that tendency of particles to break up increase with increase the 

homogenization pressure. 
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Figure 15: Volume weight mean D43 of TJ as function of homogenization pressure. The 
error bar represents 2± stander error. 

 

The value of the slope of homogenized tomato juice of 18.8% is -0.599 found by plotting 

log D43 vs. log P, resulting in a slope of -0.523 in the case of 9.2% tomato juice as shows 

in Figure (16). The results of the surface base average diameter are shown in 

Appendix(C). The 95% confident interval of the slope is between -0.93 and -0,26 for 

18,8% homogenized tomato juice and slope confidence interval of -0,76 and-0,29 for 

homogenized tomato juice of 9,2% solids, see Appendix(C). 

 

Figure 16: Log D43 as function of Log P of TJ (left)9.2% of tomato concentrate (right 
)18.8% of tomato concentrate. 

 

For the particle size distribution, it reasonable that the unhomogenized sample has the 

largest size. As the homogenization pressure is applied the distribution is shifted 

towards more distinct bimodal distribution, and the peak is shifted toward the left as is 
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shown Figure (17). When applying a homogenization pressure at of 350 bar, the main 

peak can be seen at 79.4 μm, which complies with the average in Figure (15).     

 

Figure 17: Particle size distributions of 18.8%TJ suspensions treated at different 
homogenization pressures. 

 

5.1.2 Microscopy  

In Figure (18), the microstructure of unhomogenized and homogenized tomato 

suspension can be compared. The picture of the unhomogenized sample reveals the 

presences of whole tomato cells with an approximate diameter of more than 250 μm. 

With increasing the pressure at 100 bar, the cells break up is started and picture shows 

a combination of some surviving cells, damaged cells and cell wall fragments. As the 

pressure is continuing to increase, the particles size continues to decrease rapidly, and 

only cells fragment are shown with no more extended present for tomato cells, 

indicating a higher tendency for breakup under higher homogenization pressure. The 

change in the structure appears to correlate well to the obtained particle sizes 

measurements.   
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Figure 18: Comparing microstructure of unhomogenized tomato juice and homogenized 
tomato juice at different first stage homogenization pressure and 20% second stage 
homogenization pressure. The stander bar is 100 μm. 

  

Microscopic images were taken from undiluted samples to avoid change of structure 

and try to get the nearest image of the structure before and after the homogenization. 

However, stirring during samples preparation may cause some breaking and change of 

the structure for a certain extent. Furthermore, each picture represents a part fiber 

network should be taken into consideration.  

 

5.1.3 Rheology measurements 
Rheology measurements of 18.8% tomato juice after homogenization is shown in Figure 

(19). The unhomogenized samples have the lowest apparent viscosity at 10 s-1 and yield 

stress value of 0.316 Pas and 0.073 Pa, respectively. As the homogenization pressure 

increase to 50 bar, the apparent viscosity increases to 0.618, and it continues to 

increase with increasing pressure. From the data in Figure (19), it is apparent that the 

yield stress of the unhomogenized sample is increased with homogenization pressure 

and higher homogenization pressure leads to higher yield stress.  

 

Figure 19: Apparent viscosity at shear rate of 10 s-1 and yield stress of 18.8% 
homogenized tomato juice as function of homogenization pressure. The error bar 
represents 2± stander error. 

 

These changes in rheology properties match with the results of particles size as well as 

the change of structure shown by microscope. The reason for this behavior is that 

unhomogenized samples have the largest fiber particles, which are randomly arranged 

with a loose interaction between them, while the increase in the hominization pressure 

results in smaller fiber particles with higher number of particles that start to tangle and 

interact with each other and form a network. This network resists the applied force on 

the fluid resulting in higher viscosity and yield stress.  
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5.2 Investigation of the influence of continuous phase viscosity  
The approach in this part of the investigation is to check the effect of increasing 

continuous phase viscosity on the particles’ fragmentation of tomato juice in HPH. The 

continues phase viscosity was increased by adding varying amounts of sugar. The 

homogenization pressure was kept constant at 150 bar (first stage) with 20 bar for the 

second stage. In this section the characterization of rheology will not be included, due 

to sugar addition to the samples that leads to higher apparent viscosity and yield stress, 

thus comparing of samples will not be helpful. 

   

5.2.1 Particles size 
The results obtained from the preliminary analysis of particles size are shown in Figure 
(20), the samples that have lowest serum viscosity have the lowest volume-base 
average diameter of 198.3 μm. As the Serum viscosity increase, the tendency of HPH to 
break up the particles becomes lower resulting higher particles size. The sample of 
5.9×10-3 Pas less affected by hominization pressure and has volume-base average 
diameter of 237 μm. In summary, these results show that higher continuous phase 
viscosity results in larger particles size. The value of the slope is 0.22 that is obtained 
from Figure (20). The 95% confident interval of the slope is between 0,148 and 0,292, 
as shown in Appendix (D).   
 

 

Figure 20: The influence of serum viscosity on volume weight mean D43 of 
homogenized tomato juice. The error bar represents 2± stander error. 

 

The results of surface-based mean diameter D32 shows the same behavior as D43, and 

the mean diameter increased by increasing the continuous phase viscosity, the results 

shown in Appendix (D). 

Although, the difference of size distribution between the samples is a small, comparing 

the samples that have the highest serum viscosity with the one that has lower viscosity 

shows decreases the size fraction of the largest particle group and main peak shifting 

towards lower particles diameter. 
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Figure 21: Particle size distributions of TJ of different continuous phase viscosity. 

 

5.2.2 Microscopy   
The pictures obtained by light microscopy for tomato juice with different continuous 

phase viscosity is shown in Figure (22).  The homogenized samples of 2.7×10-3 Pas 

serum viscosity is shown small particles size and more even distribution of particles as 

result of homogenization treatment.  
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Figure 22: Influence of homogenization on the microstructure of tomato juice of 
different continuous phase viscosity. The standard bar is 100 μm. 
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while the pictures above for the treated samples with highert serum viscosity shows an 

uneven distribution compose from some big survived cells, cells fragment and residues 

of cells wall. This result refers that the homogenization efficiency decreased by 

increasing the serum viscosity leading to some unaffected cells. This observation is 

compatible with results obtained by the size distribution which showed a bigger 

particles size for higher serum viscosity. 

 

5.3 Investigation of the influence of gap height   
In this part of the investigation, the only variable that has been changed is the flow 

rate which results in different gap height: 45,34, and 25 μm. The homogenization 

pressure is 150 bar for the first stage and 20 bar for the second.    

 

5.3.1 Particles size 
The influence of gap height on particles size is shown in Figure (23). In case of 18.8%TJ, 

the volume-based average diameter resulting from the highest gap is 219μm, while the 

lowest gap height results in an average diameter of 225.8 μm, which indicates that gap 

height cause no variation in the particles diameter of homogenized juice.  

  

Figure 23: Influence of gap height on volume weight mean D43 of homogenized 18.8% 
and 9.2% of tomato juice. The error bar represents 2± stander error. 

 

From the output of the one-way ANOVA analysis, see Appendix (G), the gap height 

shown no statistical difference between the resulting diameter of the homogenized 

juice. The obtained p values are 0.235 and 0.343 for D43 and D32, respectively.   
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Testing tomato juice of 9.2% demonstrates no clear trend of gap height on the surface 
or volume base diameter and this observation was consistent with the results for 
ANOVA analysis of D43 and D32 as shown in Appendix (G).  
 
It should be noted that the homogenization pressure in the HPH is not fixed instead it 
has a small variation with each stroke which can explain the variation in the obtained 
diameter of the homogenized juice.   
    

5.3.2 Rheology measurements 
As mentioned before, the rheology measurements reflect particle size of the tomato 

fiber, smaller fiber particles lead to higher viscosity, and yield stress or large particles 

lead to smaller values of viscosity and yield stress. Figure (24) shows the influence of 

gap height on the rheology of homogenized tomato juice of 18.8 %. The results shown 

no evident effect of the gap height on viscosity and varies from 1.208 to 1.33 Pas when 

changing the gap height from 45 to 26 μm. Yield stress as well is showed no differences 

with the gap height.     

  

Figure 24: Apparent viscosity at shear rate of 10 s-1 and yield stress at different gap 
height for 18.8% of tomato juice. The error bar represents 2± stander error. 

 

The same behavior was noticed by 9.2% homogenized tomato juice as shown in 

Appendix (G). These results match with results obtained by light diffraction showing no 

influence of gap height on the particle size in the HPH. 

 

5.4 Investigation of the influence of several passages  
The tomato juice of 9.2% was homogenized for several times at 150 bar first stage 

homogenization pressure and 20 bars for the second stage, samples were withdrawn 

after homogenization for 0 ,1, 2, 4, 8, 16 and 32 of passages.  

 

 5.4.1 Particles size 
The unhomogenized sample has the largest volume-base average diameter of 303 μm. 

Homogenization of tomato suspension resulting in smaller particles size as provides in 
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Figure (25), the most significant part of particles size lost in the first two passages and 

the particle diameter reach to 115 μm. After 32 times homogenization, particles 

continue to break up, and more passages will be needed to reach a point where no 

break up occurs. 

It is possible to notices that volume-based average diameter is reached a value of 21.5 

μm after 32 passage which can be considered as extremely low value comparing to the 

gap height that has a value of 45 μm. 

 

Figure 25: The Influence of several time homogenization on the volume base mean 
diameter D43. The error bar represents 2± stander error. 

 

The surface base diameter results are shown in Appendix E. The highest surface mean 

is for unhomogenized tomato juice which has value of 143.865 μm. The surface base 

dimeter reaches to value of 12.599 μm.  After the second passage. Then, the 

fragmentation continues to occur with less intensity, but it does not stop even after 32 

passages.    
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Figure 26: Particles size distribution of the 9.2 of homogenized tomato juice treated for 
several passages. 

 

The particle size distribution of the measured samples is shown in Figure 26. It can seem 

that unhomogenized and one homogenized passage samples exhibit a more unimodal 

distribution. Homogenization with two and more distribution shifted towards bimodal 

distribution as there is increasing of the particles fraction of size less than 10 μm. Thus, 

the treated samples for 32-time passage observed two beaks in 25 μm and 2 μm.  

  

5.4.2 Microscopy  
Figure (27), shows the influence of homogenizing the tomato juice with several 

passages. Observed particles in the picture appears to match the measured particle size 

distributions very well. As discussed before, it is possible to notice whole tomato cells 

for the not, and one passage homogenized juice. After the second the passage, only 

cells wall fragmented is present with no longer exist for the tomato cells. 
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32 passages 
homogenization of TJ  

 
Figure 27 : Comparing microstructure of TJ after several passages’ homogenization. 
The standard bar is 100 μm. 

   

Then, the particles continue to break up with higher passage number and smaller 

particles size obtained. The homogenized juice of 32 times has the smallest particles 

size achieved.  

  

5.4.3 Rheology measurements 
As expected, the unhomogenized samples of 9.2 % tomato concentrate have the lowest 

apparent viscosity of 0.012 Pas and yield stress value of 0.0156 Pa as shown in Figure 

(28), which shows rheology properties as a function to the number of passages. At the 

first two passages, rheology measurements increase rapidly. After the second passage, 

the increasing continues with less intensity comparing to two first passages. This 

behavior is compatible with size measurements which showed that most of the size 

reduction is in the first two passages leading to the formation of a network of small fiber 

particles. However, between the 4th and 16th passages, the particles continue to break 

up less severity. Thus, the rheology properties increased slowly.    

 

Figure 28: Apparent viscosity at shear rate of 10 s-1 and yield stress of 9.2% homogenized 
tomato juice as function of homogenization passages. The error bar represents 2± 
stander error. 
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After the 16th passage, it is possible to note small decrease in the apparent viscosity and 

yield stress. This occurs at the same time as the size of particles got smaller. This can be 

explained by that the size changing is very small after all these passages. Moreover, that 

it is possible that the repeated homogenization process could lead to destroying the 

fiber network instead of help to forming it.  
 

5.5 Discussion on dominating break up mechanism 
All the hypothetical mechanisms for fibre breakup (see Table 1), i.e. laminar shear, 

turbulent inertial and turbulent viscous, suggest that increasing of the homogenization 

pressure will increase fiber fragmentation leading to smaller fiber fragments. As seen in 

Section (3), the homogenized juice particles size is getting smaller with homogenization 

pressure. Qualitatively, this is in agreement with all the suggested mechanisms. 

However, the experimental results are shown that the slope value is -0.6 for 18,8% of 

tomato concentrate, and -0.5 for 9.2% tomato concentrate. These slope values do not 

match with the expected values for the different breaking mechanisms as shown in 

Table (1). Thus, none of the suggested mechanisms predict the scaling with 

homogenizing pressure seen in the results, suggesting that neither of them are 

dominating fiber break up in the high-pressure homogenizer.   

For the influence of the continuous phase viscosity, experiment reveals that the most 

significant reduction in size occurs at lowest serum viscosity. Higher serum viscosity 

results in lower fragmentation efficiency. As shown in Figure (20), the obtained slope 

value is 0.22. These results are not in agreement with any of the hypothesis shown in 

Table (1). These propose that increasing serum viscosity lead to increased breakup 

effectivity and, hence, produce tomato suspension with smaller particles size. This 

prediction follows for both laminar viscous and turbulent viscous mechanisms. 

Furthermore, there is no match between the obtained results and the turbulent inertial 

regimes that assume no influence for the continuous phase viscosity on the fiber break 

up in the homogenization valve. 

Moreover, the so-called squeezing theory is also not consistent with experimental 

observation. The results showed no major influence of the gap height on the particles 

break up and obtained particles were the same for all suggested gap height. These 

results do not fit with squeezing theory hypothesis of the obtained particles size should 

converge to gap height, thus smaller particles for smaller gap height. Also, the results 

from several passages can indicate no influence of the squeezing on the particles size 

breakup as the particles size went further smaller than the gap height value is (45 μm) 

see Figure (25). 
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6 Conclusion  
Homogenization pressure proves to be the main factor that controlling fiber 

fragmentation in the homogenization valve and higher pressure means increasing the 

homogenization effectiveness, i.e. smaller particles size is achieved. The study shows 

that higher continuous phase viscosity led to smaller particles size for the homogenized 

juice. Tomato fiber shows the ability to continue to break up with each passage even 

after 32 passages and the point where there is no influence for the homogenization was 

not reached and further treated is needed.  The investigation of the gap height influence 

has shown that no impact of the gap height on fiber break up in the high-pressure 

homogenizer.  

This study has shown that improvement of rheology measurements of the 

unhomogenized juice with increasing the homogenization pressure and several 

passages homogenization by enhancing the interaction of fibers network.  

The study rejected laminar shear, turbulent inertial and turbulent viscous as well as 

squeezing as the dominant breaking mechanisms. It is still unknown which mechanism 

(or combination thereof) that controls fiber breakup in high-pressure homogenizers.  

 

7 Recommendations 
Experimental works were performed using homogenizer that tested on milk products, 

which are different products comparing to tomato products, thus confirming the results 

using another homogenizer will be preferable.  

Although there is a lot of literature study that does not consider or minimize the 

influence of the cavitation theory, cavitation could be a possible breaking mechanism. 

However, cavitation theory was not studied, due to machine limitation, especially in the 

second stage.  

The study of each breaking mechanism individually conducted without considering that 

fragmentation could be the result of a combined work of different mechanisms. The 

research tried to explain the obtained results, but lack of information and literature 

studies concerning tomato fiber breakup in high-pressure homogenizer make it hard to 

reach for a suitable explanation, further investigation will be required. 

More development method may be the key to provide more information and a more 

in-depth understanding of fiber fragmentation in the high-pressure homogenizer.  
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9 Appendices  
 

Appendix A: The correlation between 𝑑𝑚𝑎𝑥 and ∆𝑃 for LV regime 
The relation between the velocity gradient and gap velocity is given by equation (19): 

 

 

𝐺 =

1
2

𝑈𝑔 

ℎ
 

(Eq.19) 

 

The gap height can obtain using equation (3) which can be rewritten as following:  

 

 
ℎ =

𝑄

2𝜋𝑟𝑒𝑈𝑔
 (Eq.20) 

 

𝑈𝑔 is function to homogenization pressure and can be obtained from Equation (5): 

 

 
𝑈𝑔

2 =
2∆𝑝

𝜌𝑐
 (Eq.21) 

 

By substituting Equations 20 and 21 in Equation (19), velocity gradient i.e. shear can 

experience by homogenization pressure:  

 

 
𝐺 =

2𝜋𝑟𝑒∆𝑝

𝜌𝑐
 (Eq.22) 

 

By substituting Equation (22) in Equation (9), maximum drop diameter can be 

expressed in terms of homogenization pressure: 

 

 
𝑑𝑚𝑎𝑥 =

𝛾𝑊𝑒𝑐𝑟𝜌𝑐

𝜋𝑟𝑒𝑐
∆𝑝

 (Eq.23) 

  

Base on Equation 23, It can be concluded that increasing homogenization pressure will 

lead to smaller particles size and expected slope will be 𝑑𝑚𝑎𝑥 ∝  ∆𝑝−1. 
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Appendix B: The correlation between 𝑑𝑚𝑎𝑥 and ∆𝑃 for TV and TI regimes 
The rate of dissipation of turbulent kinetic energy can be estimated as function to 

homogenization pressure by substituting Equations (20) and (21) in Equation (11) as 

following:  

 

 
𝜀̅ =

𝜋𝑟𝑒∆𝑝2

10𝑄𝜌𝑐
2
 (Eq.24) 

 

For TI regime, the correlation between maximum drop size and homogenization 

pressure can be obtain by substituting Equation (24) in Equation (13): 

 

 
𝑑𝑚𝑎𝑥 = (

𝜋𝑟𝑒

10𝑄𝜌𝑐
2

)
−2/5

∆𝑝−4/5𝛾3/5𝜌𝑐
−1/5

 (Eq.25) 

 

Eq (25) shown that 𝑑𝑚𝑎𝑥 is inversely proportional to ∆𝑝4/5 and smaller particles size 

can be obtained.  

For TV regime, maximum drop size can be calculated by substituting Equation (24) in 

Equation (15): 

 

 
𝑑𝑚𝑎𝑥 = (

𝜋𝑟𝑒

10𝑄𝜌𝑐
2

)
−1/2

∆𝑝−1𝛾
𝑐
−1/2 (Eq.26) 

 

 Thus, in TV regime keeping continuous phase viscosity constant and changing pressure 

will give smaller particles size and they are inversely proportional 𝑑𝑚𝑎𝑥 ∝  ∆𝑝−1 .    
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Appendix C: Effect of the pressure on particle size distribution and 

rheology measurements of tomato juice 
 

Influence of pressure on the surface base mean diameter D32 and volume base mean 

diameter D43 for 18.8% tomato concentrate.  

Pressure  D [3, 2] 
(μm)  

D [3, 2] 
(μm) 

Average 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

Average 
(μm)  

0 144.063 146.661 145.362 299.497 306.65 303.0735 

50 124.273 123.966 124.1195 285.225 282.031 283.628 

100 93.509 94.123 93.816 247.291 248.015 248.015 

200 47.91 38.232 43.071 163.086 154.537 163.086 

300 28.891 21.38 25.1355 113.588 111.694 112.641 

350 20.503 16.533 18.518 87.649 83.84 85.7445 

 

Influence of pressure on the surface base mean diameter D32 and volume base mean 

diameter D43 for 9.2% tomato concentrate.  

Pressure  D [3, 2] 
(μm)  

D [3, 2] 
(μm) 

Average 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

Average 
(μm)  

0 146.042 141.688 143.865 303.451 300.758 302.1045 

50 124.894 127.105 125.9995 285.253 290.511 287.882 

100 88.778 90.094 89.436 243.426 246.952 248.015 

200 34.259 31.975 33.117 171.777 178.299 163.086 

300 17.845 16.882 17.3635 116.324 122.866 119.595 

350 15.01 14.066 14.538 106.21 112.311 109.2605 

 

 

 

Surface base mean diameter D32 as function of homogenization pressure of 18.8% and 

9.2% of tomato concentrate.  
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Log D32 as function of Log P of TJ (left)9.2% of tomato concentrate (right )18.8% of 

tomato concentrate. 

 

95% confidence interval (the blue cells) of the slope of surface base mean diameter D32 

and volume base mean diameter D43 as function of homogenization pressure for 

homogenized juice of 18.8% tomato concentrate. 

 

 

 

 

 

 

 

 

 

D32 D43

SUMMARY OUTPUT SUMMARY OUTPUT

Regression Statistics Regression Statistics

Multiple R 0,98 Multiple R 0,957

R Square 0,961 R Square 0,915

Adjusted R Square0,948 Adjusted R Square0,887

Standard Error 0,082 Standard Error 0,074

Observations 5 Observations 5

ANOVA ANOVA

df SS MS F Significance F df SS MS F Significance F

Regression 1 0,493 0,493 73,577 0,0033 Regression 1 0,178 0,178 32,427 0,011

Residual 3 0,02 0,007 Residual 3 0,016 0,005

Total 4 0,513 Total 4 0,195

CoefficientsStandard Errort Stat P-valueLower 95%Upper 95% CoefficientsStandard Errort Stat P-valueLower 95%Upper 95%

Intercept 3,86 0,259 14,92 0,0007 3,0368 4,683 Intercept 3,53 0,234 15,07 0,0006 2,784 4,275

-1 0,116 -8,58 0,0033 -1,366 -0,627 X Variable 1 -0,599 0,105 -5,69 0,0107 -0,934 -0,264
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95% confidence interval (the blue cells) of the slope of surface base mean diameter D32 

and volume base mean diameter D43 as function of homogenization pressure for 

homogenized juice 9,2% of tomato concentrate. 

 

 

 

Apparent viscosity at shear rate of 10 s-1 and yield stress of 9.2%TJ as function of 

homogenization pressure of TJ of 9.2 of tomato concentrate. 

 

 

 

 

 

 

 

 

 

D32 D43

SUMMARY OUTPUT SUMMARY OUTPUT

Regression Statistics Regression Statistics

Multiple R 0,982 Multiple R 0,971

R Square 0,964 R Square 0,943

Adjusted R Square0,952 Adjusted R Square0,924

Standard Error 0,09 Standard Error 0,052

Observations 5 Observations 5

ANOVA ANOVA

df SS MS F Significance F df SS MS F Significance F

Regression 1 0,649 0,649 79,8217 0,003 Regression 1 0,136 0,136 49,899 0,0058

Residual 3 0,024 0,008 Residual 3 0,008 0,003

Total 4 0,673 Total 4 0,144

CoefficientsStandard Errort Stat P-valueLower 95%Upper 95% CoefficientsStandard Errort Stat P-valueLower 95%Upper 95%

Intercept 4,121 0,285 14,47 0,00072 3,215 5,028 Intercept 3,386 0,165 20,55 0,0003 2,8613 3,9098

X Variable 1 -1,14 0,128 -8,934 0,00296 -1,55 -0,736 X Variable 1 -0,523 0,074 -7,064 0,0058 -0,758 -0,287
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Appendix D: Effect of serum viscosity on particles size of TJ  
 

Effect of homogenization for several time on the surface base mean diameter D32 and 

volume base mean diameter D43. 

Serum 
viscosity 
(Pas)×10-3 

D [3, 2] 
(μm)  

D [3, 2] 
(μm) 

Average 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

Average 
(μm)  

2.7 52.66 51.258 51.959 197.592 198.941 198.3 

3.1 62.115 62.013 62.064 208.633 208.934 208.8 

3.6 69.99 70.328 70.159 218.118 216.991 217.6 

4.8 78.699 81.171 79.935 227.46 230.222 228.8 

5.9 86.807 85.126 85.9665 237.99 236.254 237.1 

 

 

 

Influence of Serum viscosity of on the surface base mean diameter D32 of TJ juice.  
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95% confidence interval (the blue cells) of the slope of surface base mean diameter 

D32 and volume base mean diameter D43 as function of serum viscosity.  

 

 

Appendix E: Effect of several passages on particle size distribution of 

tomato juice. 
 

Effect of homogenization for several time on the surface base mean diameter D32 and 

volume base mean diameter D43 of 9.2% of tomato concentrate. 

NH D [3, 2] 
(μm)  

D [3, 2] 
(μm) 

Average 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

Average 
(μm)  

0 146.042 141.688 143.865 299.497 306.65 303.0735 

1 64.141 60.753 62.447 216.137 213.093 214.615 

2 13.04 12.158 12.599 117.965 111.208 114.5865 

4 8.871 8.769 8.82 90.069 87.62 88.8445 

8 5.545 5.339 5.442 46.965 46.755 46.86 

16 4.462 4.306 4.384 29.361 30.172 29.7665 

32 3.701 3.447 3.574 21.784 21.292 21.538 

 

D32 D43

SUMMARY OUTPUT SUMMARY OUTPUT

Regression Statistics Regression Statistics

Multiple R 0,965 Multiple R 0,984

R Square 0,93 R Square 0,969

Adjusted R Square0,907 Adjusted R Square0,959

Standard Error0,027 Standard Error0,006

Observations 5 Observations 5

ANOVA ANOVA

df SS MS F Significance F df SS MS F Significance F

Regression 1 0,0284 0,028 40,076 0,008 Regression 1 0,004 0,004 94,13 0,002

Residual 3 0,0021 7E-04 Residual 3 1E-04 4E-05

Total 4 0,0305 Total 4 0,004

CoefficientsStandard Errort Stat P-valueLower 95%Upper 95% CoefficientsStandard Errort Stat P-valueLower 95%Upper 95%

Intercept 3,306 0,2322 14,24 0,0008 2,567 4,045 Intercept 2,868 0,055 52,4 2E-05 2,694 3,042

X Variable 10,608 0,0961 6,331 0,008 0,302 0,914 X Variable 1 0,22 0,023 9,702 0,0023 0,148 0,292
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Influence of homogenization for several time on the surface base mean diameter D32 

of 9.2% of tomato concentrate.  

 

Appendix F: Gap height calculation 
The values of gap height were obtained using Phipps equation (equation (4), Phipps, 

1975) in MATLAB. Phipps equation was used by solving for h. The geometrical 

parameters of homogenizer are shown in the Table (2) and flow rate values are 304, 

219 and 161 L/h. The homogenization pressure is set to 150 bar first stage 

homogenization pressure and 20 bars for the second stage. The density and kinetic 

viscosity of continuous phase assumed to be 1005g/cm3 and 8.9 m2/s respectively at 

the room temperature. 

Phipps equation contains three terms which are  ∆𝑝𝐼𝐶 , ∆𝑝𝑔𝑎𝑝 and ∆𝑝𝑂𝐶. ∆𝑝𝐼𝐶 and ∆𝑝𝑂𝐶 

was found directly from equation (4). ∆𝑝𝑔𝑎𝑝  was calculated as following:  

 

 
∆𝑝𝑔𝑎𝑝 =

6𝜌𝑐𝑐
𝑄

𝜋ℎ3
𝑙𝑛

𝑟𝑒

𝑟𝑖
 Rei< 500 (Eq.26) 

  

Or by using:   

 

 

∆𝑝𝑔𝑎𝑝 =  
5𝜌𝑐𝑐

3/5

ℎ3
[

𝑄

2𝜋
]

7/5

[
1

𝑟𝑖
2/5

−
1

𝑟𝑒
2/5

] +
1

2
 Rei> 500 (Eq.27) 

  

And Rei was found by using equation (28): 
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𝑅𝑒𝑖 = 𝑅𝑒

𝑟𝑒

𝑟𝑖
 (Eq.28) 

 

𝑅𝑒 was calculated from equation (2).  

After found ∆𝑝𝐼𝐶  , ∆𝑝𝑔𝑎𝑝 and ∆𝑝𝑂𝐶 as function for h, it is possible to solve the equation 

and found the value of h. The obtained gap height is shown in the following table:   

Summary of calculated gap height.  

First stage 

pressure 

(bar) 

Second 
stage 
pressure 
(bar) 

Flow 
rate 
(L/h) 

Stroke 

time (s) 

gap-height 

(µm) 

Gap-velocity 

(m/s) 

150 20 304 0.45 45 198 

150 20 219 0.625 34 190 

150 20 161 0.85 26 181 

 

Appendix G: Effect of the gap height on the particle’s diameter of 

homogenized TJ with One-way ANOVA analysis.   
  

Influence of homogenization with different gap height on the volume base mean 

diameter D43 of18.8%TJ. 

Gap-height 
(µm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

Average 
(μm) 

45 219.259 217.185 220.665 219.081 219.0475 

34 217.905 212.585 228.693 227.075 221.5645 

26 222.381 221.335 230.83 228.714 225.815 
 

One-way ANOVA analysis of D43 of 18.8% homogenized TJ.    

ANOVA - D43  
 

     

Source of 
Variation SS 

 
 df MS F P-value F crit 

Between Groups 93.60146  2 46.80073033 1.706999 0.235228 4.256495 
Within Groups 246.7527           9 27.41697022    

        
Total 340.3542  11         
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Influence of homogenization with different gap height on the surface base mean 

diameter D32 of 18.8%TJ.  

Gap-height 
(µm) 

D [3, 2] (μm) D [3, 2] (μm) D [3, 2] (μm) D [3, 2] 
(μm) 

Average 
(μm) 

45 74.587 70.912 71.193 71.006 71.9245 

34 72.373 65.808 79.002 77.916 73.77475 

26 72.865 73.207 81.202 79.638 76.728 
 

One-way ANOVA analysis of D32 of 18.8% homogenized TJ.    

ANOVA-D32       

Source of  
Variation SS               df MS F P-value F crit 

Between Groups 46.9583               2 23.47914858 1.20608 0.343507 4.256495 

Within Groups 175.2059                9 19.46732064    

       

Total 222.1642 11         

 

Influence of homogenization with different gap height on the volume base mean 

diameter D43 of 9.2%TJ. 

Gap-height 
(µm) 

D [4, 3] 
(μm) 

D [4, 3] 
(μm) 

D [4, 3] (μm) D [4, 3] (μm) Average 
(μm) 

45 212.712 207.845 216.137 213.093 212.4468 

34 204.53 203.963 212.988 215.12 209.1503 

26 210.422 209.852 212.563 216.951 212.447 

 

One-way ANOVA analysis of D43 of 9.2% homogenized TJ.   

ANOVA-D43       

Source of 
Variation SS df MS F P-value F crit 

Between Groups 28.98063 2 14.49032 0.790205 0.48287 4.256495 

Within Groups 165.0367 9 18.33741    

       

Total 194.0173 11         
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Influence of homogenization with different gap height on the surface base mean 

diameter D32 of 9.2%TJ.  

Gap-height 
(µm) 

D [3, 2] 
(μm) 

D [3, 2] 
(μm) 

D [3, 2] (μm) D [3, 2] (μm) Average 
(μm) 

45 65.898 60.313 64.141 60.753 62.77625 

34 56.082 55.639 62.435 63.732 59.472 

26 60.155 59.821 60.529 67.281 61.9465 

 

One-way ANOVA analysis of D32 of 9.2% homogenized TJ.    

ANOVA-D32       

Source of 
Variation SS df MS F P-value F crit 

Between Groups 23.6396 2 11.8198 0.940789 0.425577 4.256495 

Within Groups 113.0734 9 12.56371    

       

Total 136.713 11         

 

 

 

Influence of homogenization with different gap height on the surface base mean 

diameter D32 of 9.2%TJ and 18.8%TJ.  
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Apparent viscosity at shear rate of 10 s-1 and yield stress at different gap height for 

9.2% of tomato juice.  

Appendix H: Specification of raw material  
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