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ABSTRACT 

DEVELOPMENT OF ULTRAVIOLET TAYLOR COUETTE REACTOR TO APPLY 

NON-THERMAL PASTEURIZATION ON MILK  

Mohammad Abdulhaleem Melebari                     Advisor:      

University of Guelph, 2012                                                Dr. Keith Warriner 

 

 

        The research developed a UV Taylor Couette reactor for disinfecting milk as a 

model opaque fluid. The principal of the reactor was to generate laminar vortices to 

support efficient mixing and homogenous UV photon distribution. The UV reactor 

parameters were optimized to generate laminar vortices that were stabilized by 

modification of the unit with baffles. A model was developed to predict the UV dose 

required to inactivate model microbes in milk. Through verification trials it was noted the 

predicted UV dose underestimated that required to support a 5 log cfu reduction of 

microbes. It was subsequently identified that the deviation from predicted values could be 

attributed to fat content that enhances the UV inactivation of microbes in milk with 

proteins providing protection to microbes. In conclusion, the UV Taylor Couette reactor 

has strong potential for disinfecting opaque fluids although matrix effects need to be 

considered when undertaking validation trials. 
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Chapter I 

 

1.1. GENERAL INTRODUCTION 

 

There has been extensive discussion regarding the benefits and hazards associated with 

raw milk. Although there is sparse scientific evidence to support the nutritional qualities 

of raw milk, there is general acceptance that the sensory qualities of unpasteurized dairy 

products are superior to those receiving thermal treatment. Yet, it is also well established 

that raw milk is a significant vehicle for the carriage of pathogens such as Salmonella and 

Escherichia coli O157:H7.  Consequently, there is a sustained movement to ban the sale 

or distribution of raw milk that includes low acid soft cheeses. Canada has amongst the 

strictest laws governing raw milk and unpasteurized products that are now extending to 

other countries. To meet the demand for raw milk dairy products whilst staying within 

the regulations, there is a strong interest in non-thermal pasteurization technologies. Here, 

the “raw” qualities of milk are retained whilst pathogens and spoilage microbes are 

inactivated.  There are several non-thermal technologies that have been evaluated for raw 

milk disinfection. The following thesis developed a UV based method for milk 

disinfection.  

The literature review will provide an outline of the dairy sector within Canada and 

general characteristics of milk. Pathogens associated with milk and sources of 

contamination will be described along with thermal based disinfection techniques. 

Previous attempts to disinfect milk using UV will be described with the need for efficient 
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mixing being described. Relevant to the current study, the principal of the Taylor Couette  

reactor will be outlined along with the different flow regimes encountered.  

1.2. Literature review  

 

The dairy sector represents the third largest commodity group within Canada after meat 

and grain (Canadian Dairy Information Centre, 2012). The net profit received from the 

dairy sector of Canada in the year 2000 was estimated at $4.1 billion. Across the country, 

Quebec receives the highest amount of returns from the dairy business accounting for 

$1.6 billion. The dairy products have an estimated worth of $8 billion at retail level, 

which makes it 14 percent of all the sales occurring in the food and beverage industry of 

Canada. According to an estimate, around 26,000 people work in the Canadian dairy 

farms; whereas 20,500 people are employed in the primary processing plants of milk 

(Government of Canada, 2012). 

There are 20,624 farms in Canada that collectively produce 8 billion liters of milk every 

year. A common dairy farm in Canada is comprised of 50 cows and on an average, it is 

estimated to produce 326,000 liters of milk every year (Agriculture and Agri-Food 

Canada, 2012). 

Ontario is the largest milk-producing province in Canada with approximately 1.2 million 

dairy cows on 21,500 dairy farms (Dairy Farmers of Ontario, 2012). The dairy production 

of Ontario accounts for 22.4 % of the cash receipt of Canada (OMAFRA, 2011) 

(Table.1). The Canadian milk market is split between that directed to dairy products that 

account for 61% of total production and the fluid market which makes up the remaining 

39% of the market (Canadian Dairy Commission, 2012). 
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Table 1.1    Dairy farm cash receipts by province (2011) 

 

1.2.1. Milk Composition 

 
The composition of raw milk is dependent on the breed of cow, stage of lactation, 

seasonality and feed (Guinee and O’Brien, 2010). The protein content of milk is 

approximately 3.3% and is composed of essential amino acids such as lysine. The protein 

found in milk is divided into two broad categories: the casein family that contains 

phosphorous and the serum (whey) group with no phosphorus (Figure.1-1). There are 3 to 

4 caseins in the majority of species of milk.  Different caseins have contrasting forms of 

Province $ millions percent (%) 

Newfoundland 124.9 0.3 

Prince Edward Island 473.6 1.0 

Nova Scotia 539.7 1.1 

New Brunswick 531.7 1.1 

Quebec 7,958.9 16.0 

Ontario 11,158.9 22.4 

Manitoba 4,889.0 9.8 

Saskatchewan 10,955.6 22.0 

Alberta 10,467.4 21.1 

British Columbia 2,624.6 5.3 

Canada 49,724.3 100.0 
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molecules; however, their structure is similar (http://animsci.agrenv.mcgill.ca, 2012). All 

other protein in milk is referred to as serum or whey protein. The most common whey 

proteins found in milk are alpha-lactalbumin and beta-lacto globulin.  

Caseins are composed of various proteins that form a granular and multi-molecular 

structure known as casein micelle. Water and salts, including phosphorous and calcium, 

are also a part of the casein micelle, aside from the casein molecules. Enzymes are also a 

component of casein micelles (Minard, 2000). The micelle framework of milk caseins 

plays a significant role in the texture characteristics of dairy products. 

Caseins are composed of various proteins that form a granular and multi-molecular 

structure known as casein micelle. Water and salts, including phosphorous and calcium, 

are also a part of the casein micelle, aside from the casein molecules. Enzymes are also a 

component of casein micelles (Minard, 2000). The micelle framework of milk caseins 

plays a significant role in the texture characteristics of dairy products. 
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Figure (1-1).   Casein micelle structure of milk  

Source:  www.foodscience.uoguelph.ca 
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1.2.3.   Why Raw Milk? 

 
Raw milk is considered a superior source of nutrients and beneficial bacteria such as 

Lactobacillus acidophilus, vitamins, enzymes and is reported to have a higher availability 

of calcium, compared to thermally treated milk (www.alternative-health-group.org). The 

pasteurization process, which entails heating the milk to a temperature of 73°C for 15 s 

(Harding, 1995) results in protein denaturation of both casein and serum proteins. The 

pasteurization process also reduces microbial populations that include pathogens and 

beneficial types. (Mercola and Droege, 2004). 

 

1.2.4. Sources of Microbial Contamination in Milk 

 
There are several sources of contamination in milk derived from the cow and 

environment (Figure 1-2). Infection of udder (mastitis), cow diseases (e.g., bovine 

tuberculosis), processing and milking equipment, transportations and storage all represent 

sources of contamination. 

There are several microorganisms that cause milk borne pathogens such as 

Campylobacter jejuni, Coxiella burnetii, Escherichia coli O157:H7, Listeria 

monocytogenes, Mycobacterium bovis and Mtuberculosis, Salmonella and Yersinia 

enterocolitica. (Dairy Microbiology, 2012) (Table. 2) 
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Figure (1-2).   Sources of raw milk contamination 

Source: http://avibert.blogspot.com/2009_08_01_archive.html 
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Raw milk has a shelf life of approximately 5 – 10 days if kept at 4°C or lower. The main 

cause of spoilage is through the fermentation of lactose to lactic and acetic acid, in 

addition to carbon dioxide by heterofermentative lactic acid bacteria. Additional spoilage 

microbes include homofermentative lactic acid bacteria, proteolytic Bacillus and 

Pseudomonas spp, amongst others (Ledenbach and Marshall, 2010).   

There are some species and strains of Bacillus, Clostridium, Cornebacterium, 

Arthrobacter, Lactobacillus, Microbacterium, Micrococcus and Streptococcus that can 

survive pasteurization and grow at low temperatures which can cause spoilage issues 

(Parjia, 2009). 
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Table 1-2.   Major milkborne pathogens and their associated diseases  

 

Organism Disease Disease Symptoms Source 

Campylobacter jejuni Gastroenteritis 
Diarrhea, abdominal pain, 

fever 

Intestinal tract and 

feces 

Coxiella burnetii  

 

Q fever 

 

Chills, fever, weakness, 

headache, possible 

endocarditis 

Infected cattle, 

sheep, and goats 

Escherichia coli 

O157:H7  

Gastroenteritis 

Hemolytic uremic 

syndrome (HUS) 

Diarrhea, abdominal pain, 

bloody diarrhea             

Kidney failure, possible 

death 

Intestinal tract and 

feces 

Listeria 

monocytogenes  

Listeriosis 

Flu-like symptoms, 

miscarriage, stillbirths, fetal 

death, and spontaneous 

abortion 

Water, soil, 

environment 

Mycobacterium bovis 

or tuberculosis 

Tuberculosis Lung disease Infected animals 

Mycobacterium 

paratuberculosis  

Johne's (ruminants) 
Unconfirmed link to Crohn's 

disease in humans 
Infected animals 

Salmonella spp.  

Gastroenteritis 

Typhoid fever 

Diarrhea, nausea, fever 
Feces and 

environment 

Yersinia 

enterocolitica 

Gastroenteritis Diarrhea, appendicitis 

Environment, 

water, infected 

animals 
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1.2.5.  Foodborne illness outbreaks linked to raw milk 

 

 Raw milk continues to be implicated in foodborne illness cases (Table 3). The direct raw 

milk consumption and unpasteurized soft cheese have been linked to numerous 

foodborne illness outbreaks (Yilmaz, 2002). Campylobacter is the most common 

pathogen linked to raw milk and the most serious is the Enteroheamogenic Escherichia 

coli (EHEC) that could potentially be deadly HUS (Matak et al., 2004).  

In 1938, pasteurization was mandated in most developed countries, although raw milk is 

still available within the EU, United States, and in Canada  only the province of Quebec 

(Aveling, 2009). Apart from Quebec, the other provinces within Canada have strict laws 

against the distribution and sale of raw milk. In 2008 the Milk Act made it illegal to 

supply raw milk destined for human consumption in Ontario in order to avoid foodborne 

illness outbreaks .   

(http://www.e-laws.gov.on.ca/html/regs/english/elaws_regs_900760_e.htm).  

 

 This new act has led to opposition from consumer groups (Gumpert, 2010).  Although 

largely a political issue, those advocating raw milk support their position based on the 

nutritional qualities of the raw product as apposed to those supporting thermally 

processed dairy products. Despite the fact that supplying raw milk is illegal, it is still 

possible to sell unpasteurized cheese that has matured for 60 or more days (Meier, 2010). 

However, there is evidence that such a regulation does not provide total assurance that 

the mature cheese will be pathogen free (Marler, 2010). 
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Table 1-3.    Raw milk outbreaks since 2001 in North America 

 

 

 

 

 

YEAR LOCATION DETAILS 

 

March 2007 

 

Ontario 

Two children sick: 1. Infant contracted listeriosis 

– likely source, mothers reported consumption of 

raw milk cheese – in critical condition. 2. 2-year 

old hospitalized with Yersinia infection – drank 

raw milk from family farm. 

 

July 2007 Eastern Ontario 

Source: Raw milk cheese made by mobile 

cheese-maker; Casual agent: Undisclosed; 

Illnesses: Two dozen people 

June/July 2007 Georgia 

Source: Raw milk sold as pet food 

Causal agent: Campylobacter 

Illnesses: 3 families; 1 child hospitalized 

November 2006 Ontario 

Five county residents became ill from consuming 

unpasteurized raw milk. The five contracted 

Campylobacter following two family gatherings. 

A sixth person from Belleville was also affected 

November, 2007 Pennsylvania 

Salmonella found in milk samples at the 

Conebella dairy farm. 

No illness reported 
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Source: (Finjan, 2011)   

November/ 

December, 2007 

Kansas 

Cheese from raw milk contained Campylobacter 

jejuni. Cheese was donated by a local dairy for 

community celebration. 68 reported cases. 19 of 

which sought medical attention. 2 of which were 

hospitalized 

June 2006 Ontario 

15-year-old in Waterloo region hospitalized with 

E. coli infection after drinking unpasteurized 

milk. 

Summer 2006 Ontario 

Nine-year old Waterloo girl hospitalized with 

kidney failure after eating raw milk cheese 

contaminated with E. coli. Cheese given to girl’s 

family as gift. Was not linked to any farms in the 

region. Another child in the region came down 

with serious stomach illness caused by 

campylobacter after consuming raw milk. No 

further detail provided 

2006 Ontario 

Two confirmed cases of illness on farms in 

Haldimand and Norfolk due to raw milk 

consumption. 

October 2002 and 

February 2003 

 

Edmonton 

Source: Unpasteurized gouda cheese to farmers’ 

markets, specialty stores and restaurants. 

Casual agent: E. coli 0157:H7 

Illness: 13 (Age: 22 months –77 years) 5 cases 

were hospitalized and two cases (aged 2 and 4 

years) developed hemolytic uremic syndrome 

(HUS) as a result of their infection. 
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1.2.6.   Thermal pasteurization and changes induced in milk properties 

 

As previously described, milk is highly susceptible to contamination by spoilage and 

pathogenic bacteria that require interventions to enhance both safety and stability. Good 

Agricultural Practice (GAP) ensures milk is collected under sanitary conditions from 

disease free cows. The standards for raw milk (Grade A) specifies that bacterial counts 

and somatic cell count cannot exceed 100,000 cfu/cells per ml (Oliver et al., 2009). 

Packed pasteurized milk is not totally sterile with an acceptable total aerobic count 

(standard plate count) <20,000 cfu/ml but test negative for coliforms and alkaline 

phosphatase (enzyme marker to verify the efficacy of thermal treatment).  

 

 

 

 

Figure (1-3).   The different wavelengths of light and UV kinds.  
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1.2.7.    Non-thermal milk pasteurization technologies 

 

The main goal of non-thermal pasteurization technologies is to inactivate microbes 

without changing the nutritive, sensory and functionality of the milk (Canovas et al., 

2005). Examples of non-thermal milk pasteurization approaches include high hydrostatic 

pressure, pulsed electric fields, ultrasound, irradiation and, relevant to the current study, 

ultraviolet (Tiwary, et al., 2009).  

 

1.2.8.   Ultraviolet Processes 

1.2.8.1. The Definition of Ultraviolet 

 

Ultraviolet (UV) is considered an energy domain of the electromagnetic spectrum lying 

between the x-ray and visible domain (Koutchma et al., 2009). UV-A (315–400 nm) is 

applied in tanning which, although can result in cancer, has negligible germicidal 

activity. UV-B (280–315 nm) has higher energy photons that can cause skin burning and 

eventually lead to skin cancer; (Figure 1-3) (Canovas and Aguirre, 2008).  UV-C (200–

280 nm) is also termed germicidal UV and is commonly used for disinfection of air, 

liquids and surfaces. Finally, the vacuum UV range (100–200 nm) also exhibits 

antimicrobial properties but has poor penetration in air so can only operate within a 

vacuum (Koutchma et al., 2009). 
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1.2.8.2.   Ultraviolet for disinfection  

 

UVC is the main wavelength that exhibits antimicrobial action with 254nm and is used in 

the majority of germicidal lamps. UVC photons act mainly on the DNA of cells leading 

to lethal mutations (Figure 1-4) (Mohr et al., 2009). Vegetative cells and viruses show 

more sensitivity to UV with bacterial endospores being most resistant (Table 1-5). As 

there is a combination between the DNA and nucleic acid, repair occurs during spore 

germination.  This explains the high resistance of spores to UV (Setlow, 2003; Setlow et 

al., 2001). In vegetative cells, exposure of DNA to UV irradiation typically produces a 

variety of cyclobutane-type dimmers between adjacent pyrimidines (Setlow, 2003). In 

spores, however, such products rarely occur. Instead, the generation of a unique 

thyminyl-thymine adduct photoproduct (termed the spore photoproduct, SP) is formed 

(Finjan 2011; Figure 1-4). The different photochemistry is the result of altered DNA 

conformation (super coiling) (Setlow, 1987) caused by the blanketing of spore DNA with 

small acid soluble proteins (α/β SASP). Spores lacking SASP are sensitive to UV and 

have a resistance comparable to that of vegetative cells (Finjan 2011).  
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Table 1-4.  Relative resistance of microorganisms to UV-light (254 nm)  

 Microorganisms Meduim D value (mJ/cm
2
) 

Escherichia coli O157:H7 
phosphate-buffered saline 

0.1 

Escherichia coli K-12 phosphate-buffered saline 0.22 

Salmonella enteritidis phosphate-buffered saline 0.1 

Salmonella typhimurium phosphate-buffered saline 0.26 

Listeria monocytogenes phosphate-buffered saline 0.28 

B. subtilis ATCC Water 12 

 
Source: (Nicholson and Galeano, 2003), (Gabriel and Nakano, 2008) 

 

 

Figure 1-4.   The effectiveness of UVC on the DNA structure in the microorganisms. 
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1.2.8.3.   Advantages of using UV technique 

 

UV is regarded as a low cost non-thermal disinfection approach to ensure inactivation of 

microbes with little change in the characteristics of the matrix being treated. The energy 

requirement and hardware costs are a fraction of the cost compared to technologies such 

as thermal treatment or pulsed electric fields and high hydrostatic pressure. Also, unlike 

chemical disinfection, there are low residuals and are less hazardous to handle (James et 

al., 2008). Yet UV photoproducts can be generated which, although do not represent a 

safety issue, can change the characteristics of the product being treated. UV has to be 

contained to prevent exposure of users to damaging photons that can result in blindness 

(Health Canada, 2006). 

 

1.2.8.4. The impact of UV on the sensory qualities of milk 

 

Sensory and chemical issues of treating milk using a UV fluid processor have been 

assessed in many studies. Milk was exposed to UV light for a cumulative exposure time 

of 18 seconds and targeted UV dose of 15.8 mJ/cm2 (Matak et al., 2007). Some 

differences observed between the odor of raw milk and UV treated milk were noted. 

Oxidation and hydrolytic rancidity were measured by thiobarbituric acid-reactive 

substances and acid degree values (ADV), all of which increased with UV dose 

(Koutchma et al., 2009).  
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1.2.8.5.   UV Reactor Design 

 

The disinfection of high UV transmissible fluids such as water is relatively easy given the 

high penetration of photons into the matrix. However, with opaque fluids such as milk the 

penetration of UV photons is limited to the subsurface. Consequently, to facilitate the UV 

treatment of milk it is necessary to ensure efficient mixing so that each part of the fluid is 

exposed to UV, or make a sufficiently thin film to account for poor photon penetration. 

The latter approach was applied in early reactor designs for UV treatment of milk. The 

main characteristic of thin film reactors is laminar flow with a velocity profile of 

parabolic nature (Koutchma and Parisi, 2004).  The main disadvantage of thin film 

reactors with some fluids is the low flow rates that are achieved, given that the fluid layer 

should be 1 mm or below (Koutchma et al., 2009). Consequently, there is more interest in 

rectors that efficiently mix the milk while being exposed to UV. The most widely applied 

mix reactor is the CiderSure unit that consists of an arrangement of UV lamps in which 

the liquid flows over (Figure 1-5a). Pumps transfer fluid from a tank through 800 micron  

ring-shaped openings between the chamber surface (considered as inner) and the outside 

surface of the quartz sleeve (Forney and Pierson, 2004). This is to assure the required 

necessary exposure is met to decrease the thickness close to the UV radiation (at the level 

of fluid boundary combined with turbulent flow).  

From studies performed by Matak et al,. (2005), it was found that the flow pattern within 

the reactor had a significant impact on the reduction of L. monocytogenes via UV. Here 

the inoculated goat’s milk (12% w/v solids) was circulated around the reactor at different 
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flow rates to modulate the flow-form and UV dose. At 75% capacity (567 L/hr, Reynolds 

number = 5,187) turbulent flow was achieved that reduced L. monocytogenes levels by 1 

log cfu/ml with a measured dose of 3.9 mJ/cm2. At lower flow rates, the same log 

reduction required higher UV doses due to the lack of a mixing effect (Figure 1-8). The 

authors attributed the lower log reductions of Listeria to a predominantly laminar flow 

regime, thereby resulting in poor mixing (Matak et al., 2004). With laminar flow the UV 

photons only penetrate a short distance into the milk leaving microbes within the matrix 

unaffected. A >5-log reduction of L. monocytogenes was achieved by passing milk 

through the Cider Sure 3500 12 times for 18 s,  approximating  a UV dose of 15.8±1.6 

mJ/cm2 (Matak et al., 2004).  

 

 

 

 

 

 

 

 

 

 



 20

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1-5).    Schematics of (a) a laminar thin film 

reactor (cider sure) and (b) a laminar Taylor  

Couette UV reactor. 
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The principle of Aquionics UV reactor functioning (created by Hanovia Ltd, UK) is 

based on liquid forced through a chamber made from stainless steel that contains UV arc-

tubes that emit low-pressure arc-tubes (Figure 1-6a). These devices (arc-tubes) are 

installed in a quartz sleeve inside the chamber that allows the liquid to flow around the 

Figure (1-6).    Schematic of turbulent channel reactor and 

Dean flow reactor 
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sleeve (Koutchma et al., 2004). The module of UV source, produced by Salcor Inc, CA 

(shown in Figure 1-6b) is created using a Teflon tube (coiled), including reflectors and a 

particular number of UV lamps (24 pcs). The above-mentioned tube (coiled) stimulates 

extra turbulence and induces an additional (secondary) eddy flow effect. This effect is 

known as a Dean effect.  This  helps to provide additional velocity and dispensation of 

residence time. The lamps and reflectors are placed both inside and outside the coiled 

tube, increasing not only UV irradiance of the flowing liquid, but its uniformity as well. 

The current regulation related to food additive (21 CFR 179) identifies these differences 

and promotes the utilization of turbulent flow treating fresh juices by reactors with UV 

light. The presence of dead spaces in the reactor may affect the average residence time of 

the fluid in the reactor and requires tracer analysis in order to measure the residence time 

distribution. One of the preferred designs of UV reactors is called “pure plug flow.” It 

presupposes keeping all fluid-included elements inside the reactor at the same time so all 

microorganisms get equal doses of UV.  On the other hand, treatment recognition is 

important for some fluids with high viscosity or pulp fluids can be incompatible with the 

design of some reactors.   

 

          

 1.2.8.6.   Taylor Couette reactor  

      

The flow reactors of Taylor Couette are built on the principle of two cylinders that rotate 

by concentrated trajectory. Their main use is for operations involving mixing (Finjan, 

2011). Taylor Couette reactors are characterized by high efficient mixing and have found 
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application in chemical synthesis reactors, filtration amongst others  (Giordano et al., 

2000).          

The reactor of the Taylor-Couette principle can have the following configurations: it can 

have one rotating cylinder or two rotating cylinders that rotate in various directions as 

presented in (Figure 1-7) (Dou et al., 2007; Greaves et al., 1983). The ring-shaped 

opening between the cylinders and rate of fluid flow influence the parameters of 

cylinders so they can differ greatly (Nomura et al., 2008). The flow of Taylor-Couette is 

different due to the principle of using a boundary that moves in order to see the instability 

of the second fluid. Taylor-Couette results in vortices in the ring-shaped opening between 

cylinders considered as concentric (Finjan, 2011). There were reports indicating the 

variance of the flow was considered as secondary due to the wide variety of Taylor 

numbers and number of Reynolds considered as axial (Holman & Ashar, 1971; Dumont 

et al., 2002).                     

When the inner cylinder start rotating and reach known levels of speed, the flow pattern 

changes from laminar to vortices generation and then turbulent flow, which exist at high 

number of Reynolds numbers, unlike laminar flow which exist at low Ta numbers. The 

turbulent flow moves in an unorganized manner, making mixing effective. The wavy 

vortices appear in between with low Ta numbers (Figure (1-9) (Finjan, 2011). 

 

 It has been observed that the inner cylinder’s rate of rotation is a very important variable 

of operation. By changing the inner cylinder’s speed, it is possible to make a series of 

various flow patterns beginning with practically plug-flow and ending with an absolutely 
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mixed tank reactor (Finjan, 2011). Due to such flexibility of operation, it is possible to 

utilize such equipment in different bioprocess units.    

Taylor (1923) discovered that if the “Taylor number” is higher than critical speed with 

which two co-axial cylinders move along the cylinder axis, vortices can be observed. 

These vortices appear in pairs, they are spaced evenly along the axis, and are called 

Taylor vortices (Finjan, 2011) (Figure 1-8). In the Taylor Couette reactor satisfactory 

mixing effects are observed when these vortices appear (Finjan, 2011). Also, grounding 

on the practical experience, the Taylor Couette reactor is operated in the regime of wavy 

vortex flow (Roudolph et al., 1998). While there are numerous experiments and 

theoretical works with Taylor vortex flow, this system in its complexity has not been 

entirely understood  (Giordano et al., 2000).  

In a number of studies Taylor-Couette flow was used to disinfect model fluids such as 

apple juice. The results are as follows: the UV disinfection in lamellar Poiseuille flow 

gives 0.27 log reduction of E. coli K12, whereas Laminar Taylor-Couette flow gives 10 

log cfu inactivation of E. coli K12 in commercial apple juice (Finjan, 2011). UV 

disinfection in Taylor-Couette flow gives 3-5 log10 cfu reduction of E. coli (ATCC 

15597) in apple juice and grape juice. Turbulent flow (TV) can reach a 3log cfu of E. coli 

K12 (Finjan, 2011) 

Taylor Couette reactors work optimally with high viscosity fluids that facilitate 

stabilization of the generated vortices. However, non-concentrated fluids such as fluid 

milk have a lower viscosity compared to apple juice concentrate with the consequence 

that vortices generated are inherently unstable. Therefore, with low viscosity fluids the 
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vortices are non-discrete having elements of micro- and macro-mixing. The terms micro 

and macro mixing relate to the dispersion of particles within the Taylor Couette reactor. 

Macro-mixing relates to the radical dispersion of particles from the vortices that spreads 

outwards leading to heterogenous residence times within the reactor. In contrast, micro-

mixing occurs when particles flow within the vortices, thereby making the residence time 

within the reactor more homogenous (Richter et al., 2008) described Taylor-Couette flow 

in terms of macromixing and micromixing effects. From an operational standpoint, the 

main aim is to minimize macromixing (back-mixing) in order to decrease dispersion of 

reactants in a heterogenous, uncontrolled manner (Ritchter et al., 2008). In contrast, 

micromixing (i.e, mixing within the vortex) should be maximized given that the residence 

time of reactants within the reactor is reduced, homogenous and more defined with 

minimal dispersion.  

The stability of vortices is dependent on viscosity which can be described in terms of 

Taylor Number. The Taylor number is dependent on the fluid viscosity and imposed 

centrifugal forces (Equation 1; Rudolph et al., 1998). 

(Eq.1) 
 

 

 R1 means the diameter of the inner cylinder of the reactor, d means the gap between the 

outer and inner cylinders,  means the kinematic viscosity of the fluid used, and 1 

means the inner cylinder’s velocity. The expected Taylor number was calculated from the 

measured liquid viscosity in addition to the rotation rate of the inner cylinder.  

υ
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Reynolds number was calculated using equation 2 (Finjan, 2011), 

(Eq.2) Re=Uax d/ν 

     Where  means the axial velocity, d is the gap width between two concentric 

cylinders, and υ means the kinematic viscosity of the fluid. Re was determined for flow 

rates 100 ml/min for all the solutions tested. 
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Figure (1-7 A).   The concentric cylinders of Taylor  Couette reactor and B) the 

schematic of Taylor  Couette reactor (Nomura et al., 2008) 

Figure 1-8. Schematic of counter-rotating axisymmetric vortices of Taylor-Couette 

flow  
Source:   (www.scholarpedia.org, 2012) 
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Figure (1-9).  Flow regimes of Taylor Couette flow with an imposed 

axial flow 
Source: Finjan (2011) 
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Acronyms Flow regimes names 

CP Couette-Poisuille flow 

HV Laminar helical vortices 

HWV Laminar helical wavy vortices 

LV Laminar vortices 

RWV Random laminar wavy vortices 

SHV Stationary helical vortices 

TMW Turbulent modulated wavy vortices 

TRA Transitional flow 

TV Turbulent vortices 

TWV Turbulent wavy vortices 

WV Laminar wavy vortices 

Table 1-5.  Flow regimes within Taylor Couette reactor 

Source: (Finjan, 2011) 
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Research hypothesis and objectives 

 

The research hypothesis of the study is that milk can be successfully pasteurized using a 

modified Taylor Couette reactor to ensure stabilization of laminar vortices required to 

ensure efficient mixing. In addition, the antimicrobial UV dose delivered to an opaque 

fluid can be measured through modelling the UV inactivation kinetics in milk while 

taking into account the optical characteristics of the matrix.   

The overall objectives of this study were as follows: 

1. Determine the D10 for different microorganisms used in this study by employing a 

collimated beam which will be used to calculate the reduced equivalent dose 

(RED). 

2. Develop the TC reactor to enhance mixing and to create stabilized vortices. 

3. Identify the best flow form that gives effective inactivation. 

4. Determine the effect of milk constituents (fat and Protein) on the UV inactivation 

for the various microorganisms. 
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  Chapter II 

2.1.   MATERIALS AND METHODS 

 

2.1.1.   Microbes and cultivation methods 

     The microbes used in this study were Bacillus subtilis PS346 spores which were 

obtained from Setlow (University of Minnesota), Escherichia coli P36 constructed by 

Warriner et al., (2003), Listeria innocua and Salmonella Typhimuriums WG49 obtained 

from The American Type Culture Collection (ATCC), Salmonella phages were isolated 

by Wang et al. (2010). 

2.1.1.1.   Bacillus endospores preparation 

     Bacillus spores were prepared by plating onto nutrient agar which contained 1 mM 

CaNO3 (Sciochetti et al., 2000) and incubated at 30°C for 14 – 21 days. The spores were 

harvested by pouring 20 ml of distilled water on each plate and scraping with a sterile 

hockey stick.  The spore suspensions were collected and washed by centrifugation (5000 

x10min) in order to remove vegetative cell debris. The final spore pellet was suspended 

in distilled water and stored at 4°C until required. Enumeration of spore levels was 

performed by an initial heat activation step at 70°C for 10 min. A serial dilution series 

was prepared in sterile distilled water and aliquots (0.1 ml) plated onto nutrient agar 

containing 1% w/v starch, followed by incubation at 30°C for 24 to 48h. 
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2.1.1.2.   Cultivation of bacteriophages  

Salmonella phage was propagated on a cell lawn of Salmonella WG49 as described in 

U.S. Environmental Protection Agency Method 1601(Environmental Protection Agency, 

2001). Here, 0.1 ml of overnight Salmonella WG49 culture (in Tryptic Soy Broth; TSB 

incubated at 37°C) was introduced into 5 ml of TSA soft agar  (TSB containing 0.5% w/v 

agar) along with 0.1 ml of Salmonella phage (9 log PFU/ml). The Salmonella phage 

infected cells were spread onto the surface of TSA agar plates and incubated overnight at 

37°C. The Salmonella phage was recovered by flooding the plates with SM buffer (50 

mM Tris-HCl pH 7.5 containing 126 mM NaCl, 8 mM MgSO4.7H2O and 2% w/v 

gelatin). The phage in the SM buffer rinse containing phage was separated from the host 

cells by centrifugation (4500 rpm for10 min). Then the supernatant was filtered through a 

0.2-µm-pore-size filter (Fisher Scientific, Ottawa, Ontario, Canada) and stored at 4°C 

until required. 

Salmonella bacteriophages were enumerated using the 3-tube Most Probable Number 

(MPN) technique (Hoff & Jakubowski, 1965). Cell lawns were prepared by plating 0.1 

ml of an overnight culture of Salmonella WG49 onto a TSA plate with a 20 µl of diluted 

bacteriophage preparation. The plates were incubated at 37°C for 16 hours and the 

formed plaques were recorded as a positive result. The MPN/ml of phages was 

determined by referring to MPN tables.  

2.1.1.3.   Escherichia coli cultivation and enumeration 

     E. coli P36 was cultivated in TSB containing 200 µg/ml ampicillin incubated at 37°C 

for 24 h. The cells were harvested by centrifugation (4500 rpm for 10 min) and 

resuspended in saline to give a final optical density at 600nm of 0.2 ( 8 log cfu/ml). For 
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enumeration, a dilution series of the bacterium was prepared in saline and plated onto 

TSA containing 200µg/ml ampicillin. The plates were incubated at 37°C for 24 h and 

colonies were counted.  

 

2.1.2.   Collimated beam  

 

Inoculated milk samples were exposed to UV-C irradiation using a collimated beam 

apparatus described by Bolton and Linden (2003) and illustrated in Figure (2-1). The 

system consisted of a 30 W low pressure mercury vapour UV lamp emitting at 254 nm 

(Trojan Technologies Inc., London, Canada) and a magnetic stirrer placed on the petri 

dish (50 x 35mm; Kimax, Kimble Chase, Vineland, NJ, United State). The UV intensity 

at the surface of the sample (incident intensity (Io) or irradiance at the surface) was 

measured using a radiometer with UVX-25 sensor (UVX, UVP Inc., CA, USA). The 

radiometer was placed at the same distance as the liquid interface. The UV lamp was 

switched on for 45 min to reach the optimal working temperature (48°C) prior to 

irradiating the milk sample.   

Milk samples were added to the Petri dish to obtain a sample depth of 1.5 cm. An 

adequate stirring was applied during treatment in order to ensure mixing, but without 

vortices to reduce variation in liquid depth. Biodosimetric study of E. coli P36, Bacillus 

Subtilis spores, Listeria innocua and Salmonella phage were exposed to direct UV light 

on 1.5 cm sample depth at 0.17 mW/cm2 UV incident intensity level. Samples were 

directly inoculated with the subculture to provide a final inoculum of ~106–105 CFU/ml.  
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The absorbance coefficient of the samples was measured using a Cary 300 UV/V 

Spectrophotometer (Varian Inc. Walnut Creek CA) equipped with a Labsphere DRA-CA-

3300 Integrating Sphere (Labsphere, North Sutton NH). Each sample was tested in 

triplicate both before and after each UV treatment, utilizing demountable fused-quartz 

cuvettes (NSG Precision Cell. Inc., Farmingdale, NY) consisting of different path 

lengths. The absorbance coefficient was determined from the slope of the linear plot.  

In high UV transmission liquids such as water, a UV dose can penetrate the liquid and 

reach all parts.  But in the opaque liquids such as milk, the UV dose will be reflected, 

absorbed, and scattered. As a result, it is important to calculate the Reduced Equivalent 

Dose (RED), which is the dose equal to the perfect dose calculated in high UV 

transmission liquids such as water. To calculate RED, D10  , the slope of the line for each 

microorganism in water is multiplied by the log count reduction. 

Total UV dose was calculated using the formula: 

(Eq.3) Eave = Eo x PF x WF x DF x RE 

     Where Eo is the measured intensity, RE is the Reflection factor, PF is the petri dish 

factor, WF is the water quality factor, and DF is the divergence factor.  UV dose 

delivered was determined for the bioassay trails by calculating the average intensity with 

a fixed time of UV exposure (Eq.4) [Actual dose = Eave x time = J/cm2]. 

A change of refractive index occurs whenever a beam of light passes from one medium to 

another. This change of refractive index causes a small fraction of that light beam to be 

reflected off the surface between the media. The Frensel Law (Meyer-Arendt, 1984) 

gives the fraction reflected as R (Reflection Factor) for a normal incident beam. Various 
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mediums have different refractive indexes such as those for air and water.  The average 

refractive indices are 1.000 and 1.372 for an area of 200-300 nm. Therefore, after 

calculation, R=0.025 for these two media, the Reflection Factor is (1-R) = 0.975. This 

Reflection Factor basically represents the part of the incident beam that enters the water.  

The Petri Dish Factor is essentially the ratio of the incident fluence over the surface area 

of the test Petri dish. That is, the ratio that is calculated by the average of the radiance 

incident over the whole area of the Petri dish to the irradiance specifically at the centre of 

the dish. Methodically, the Petri Factor is determined by scanning the area of the Petri 

dish with a radiometer detector (every 5 mm) and averaging the irradiance over the area 

of the Petri dish.  

As a beam of light passes through water, it experiences a decrease in irradiance which 

arises due to the fact that the water absorbs some UV light at a specified wavelength. The 

Water Factor is defined as; 

                             (Eq.5)    Water Factor= 1-10-al/al ln(10)                                         

Where, a  =  decadic absorption coefficient (cm-1) or absorbance for a 1 cm path length , 

and l  = vertical path length (cm) of water in the Petri Dish 

In the case of polychromic light, such as for a medium pressure UV lamp, the correction 

for this factor is usually made over a 1-5 nm band of wavelengths. Equation 5 basically 

applies to a completely mixed sample and is derived from integrating the Beer-Lambert 

Law over the sample depth. 
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There is significant diversion (scattering) of the beam of light for finite distances of those 

cells suspended from the UV lamp as it cannot be collimated perfectly. For various 

distances from the UV lamp the irradiance length is also different. For example, if the 

distance from the lamp is four times the aperture diameter, the irradiance will fall as the 

inverse square of the distance L (which is the distance from the UV lamp to the surface of 

cell suspension). Therefore, the equation will be: the irradiance at L+x relative to that at 

the distance L is;  

                                           (Eq.6)      L2/(L+x)2  

The Divergence Factor is the average of the above function over the path length l of the 

cell suspension. To be more precise, the divergence factor and the absorbance effects of 

water are considered together. However, for separate path lengths which are less than 5 

cm, the errors that result in treating them are negligible. 

                               (Eq.7)     Divergence Factor = L/(L+l) 
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2.1.2.1   Determination of D value of deferent microorganisms 

In order to determine the UV sensitivity of the challenge organisms, UV irradiations were 

performed in water using a collimated beam irradiation unit. The collimated beam unit 

consisted of a low-pressure mercury lamp (254 nm): the photons from which were 

directed towards a sample within the glass beaker placed under the collimator. The 

intensity of the UV light was controlled by the distance between the end of the collimator 

and the beaker. Aliquots (0.1 ml) of the inoculated sample were taken from the beaker 

periodically and a dilution series prepared in saline which was plated onto the TSA agar 

for E.coli P36, Listeria innocua and Salmonella phage and Nutrent agar for Bacillus 

spores. 
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2.1.3.  Taylor Couette reactor setup  

 

Taylor Couette reactor was constructed in collaboration with Trojan Technologies Inc. 

(London, Canada) (Figure 2-4). The Taylor Couette reactor was mounted on a drill 

machine platform that served to rotate an inner quartz cylinder with a diameter of 15.5 

cm and a length of 14 cm. The UV lamp intensity was 2.82 mW/cm2 as measured using a 

radiometer. The inner volume of the gap between the rotating and stationary cylinders 

was 300 ml (Figure 2-2). The stationary outer cylinder was constructed from 

polycarbonate and sat on a stainless steel platform. The liquid to be processed was 

delivered to the TC unit via a peristaltic pump (MasterFlex, Thermo Fisher Scientific, 

Ottawa, Canada) and entered the reactor at two points on the stainless steel base.  Under 

operational conditions the inner cylinder sat on a lubricated rubber gasket positioned 

                       Figure( 2-1).   Benchtop batch UV reactor. 

UV lamp (254 nm)

Lamp casing

Collimator

Collimated light

Sample in a petri-dish with stirrer
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below the liquid inlet. The flow rate of the liquid was modulated via the pump speed and 

the rotation of the inner cylinder was controlled by the rate of rotation of the machine 

head. UV was delivered via a centrally located UV lamp (0.78 W/inch; 245nm). The 

liquid being treated traversed the gap between the rotating and stationary cylinder that 

existed at the top collector plate which drained into an outlet tube. Upon completion of 

treatment the unit was disassembled and sanitized using a quaternary ammonium salt 

sanitizer (5% v/v), followed by a distilled water rinse. The surfaces were air-dried to 

remove residual moisture prior to the reactor being reassembled. 

The inner rotating cylinder was modified with baffles using elastic bands spaced at 

determined distances (4 – 20 mm) (Figure 2-3). 

 

 

 

 

 

 

 

 

 

 

 

Figure (2-2).   Schematic diagram for the TC reactor. 

Source: http://www.eng.uwo.ca/people/aray/taylor%20ouette.html 
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Figure (2.3).  The adjusted TC reactor after using the rubber bands 

 in the inner cylinder 
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Figure (2-4).  Taylor Couette TC reactor used in the current study.  
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2.1.4  Dye Tracing Studies 

Dye tracing studies were performed to gauge the general mixing effect within the TC 

reactor. Here, water flowed through the reactor at different flow rates with the inner 

cylinder rotating at a defined speed. After approximately 1 liter of water had passed, 1 ml 

of crystal violet stain was introduced into the flow stream via a hypodermic needle and 

10 ml fractions were collected at the outlet. The absorbance at 400nm of each fraction 

was measured using a spectrophotometer (Biorad; Philadelphia, USA). The absorbance 

of each fraction was plotted against fluid volume passed in order to visualize the mixing 

effect under different reactor settings. 

Studies were also performed using continuous flow to determine the effects of Reynolds 

number and Taylor number of fluid dynamics.  

The Taylor number was calculated using:  

(Eq.8)  

     Where R1 is the inner cylinder’s diameter, d means the gap between the two cylinders, 

 means the fluid’s kinematic viscosity, which used Brookfield Viscometer DV2+Pro 

(Brookfield Engineering Labs Inc. Middleboro MA) with a small sample adapter to 

measure the viscosity of the samples, and 1 is the velocity of the inner cylinder.  

      Reynolds number was calculated by using : 

(Eq.9)  Re=Uax d/ν 

υ
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     Where  is the axial velocity, d means the gap width between two concentric 

cylinders, and υ means the fluid kinematic viscosity that was used in the treatment 

(Finjan, 2011).  

 

2.1.5.   Inactivation of model microbes under different flow regimes 

 

 The model opaque liquids tested were (0.2%, 2% and 3.25%) milk (purchased from a 

local supermarket), molasses (purchased from a local supermarket). The test microbe was 

inoculated into 10 liters of the model opaque liquid to a final density of 5 log cfu or 

pfu/ml. The liquid was then passed through the UV reactor at a defined flow rate with the 

inner quartz cylinder rotating at a set speed. When the test liquid had passed through the 

reactor, samples (10 ml) were collected in sterile tubes and survivors were enumerated. 

For initial loading, samples were passed through the reactor without UV illumination 

prior to being enumerated.  The log count reduction in microbial numbers was calculated 

using: 

(Eq.10)  Log Count Reduction = Log cfu/pfu Ni – log cfu/pfu No 

Ni : Initial loading (control) 

No: Surviving numbers following UV treatment 

 

 

 

avU
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2.1.6.   Modelling of UV-C inactivation kinetics 

 

Modelling provides a powerful tool in order to predict the conditions required to achieve 

the target 5 log reduction in target microbial levels.  In high UV transmission liquids such 

as water, it is possible to fit the data using a log-linear model given that first order 

kinetics is observed. Classically, the D value is calculated from the reciprocal of the first 

order rate constant (D=2.303/k, units in min). (Equation 3).  This is also known as Chick 

Watson linear equation (Van Boekel, 2002; Marugán et al., 2008). 

(Eq.11)              

In the case of UV inactivation in opaque fluids, non-linear kinetics are observed that 

encompass shoulders and tailing effects. Consequently, the log-linear model has limited 

utility and thus an alternative approach is required. In this respect, the Weibull model has 

been applied in several instances where non-linear inactivation kinetics were observed, 

such as in high hydrostatic pressure or pulsed electric fields. Weibull distribution 

function is composed of two parameters (α and β) given in the following correlation (Van 

Boekel, 2002; Bialka et al., 2008): 

 (Eq.12)        

In the case of β=1, the inactivation curve appears first as order linearly oriented. Upward 

concavity of the inactivation curve (β<1) indicates stress adaptation of target 

microorganisms which survived after UV exposure. Downward concavity (β>1) shows 
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accumulated damaging rates of UV in the cells. The reliable time (txd) is estimated from 

these parameters. tR is the reliable life time indicating 90% reduction of the number of 

microorganisms (Van Boekel, 2002). It is similar to the D value (the time necessary to 

reduce the number of microorganisms by a factor of 10) but it shows a high dependency 

on β. The numerical values of α and β were used to calculate a desired log reduction. The 

dose required to obtain an x log reduction (txd) was calculated using Equation 2. 

(Eq.13)   txd = α (x) 1/β         

Where β corresponds to shape factors and α depicts curvature of the curves. 

        

 

  

2.1.7.   Statistical analysis  

 

The data obtained were transformed into the log10 prior to analyzing using ANOVA, 

Tukey’s test (S-Plus, Insightful Crop, NY, USA).  
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Chapter III 

3.1    THE RESULTS   

 

3.1.2.   Biodensiometry for measuring delivered UV dose in opaque  

liquids 
 

The following set of experiments were undertaken to determine the UV inactivation 

kinetics of model microbes in milk. The ultimate objective of the study was to construct a 

predictive model for pathogen inactivation in milk using the Taylor Couette reactor.  

Baseline studies determined the D values of model microbes in water using a collimated 

beam UV unit. The collimated beam unit consisted of a low-pressure mercury lamp (254 

nm) and the photons were directed towards a sample in a 20 ml beaker via a 

collimator.  The beaker was placed under the collimator and samples withdrawn 

periodically to determine the level of survivors. It was found that the rate of microbial 

inactivation followed first order kinetics with no evidence of shoulders and tailing. E coli 

P36 was found to be the most UV sensitive of the microbes tested with bacteriophages of 

Bacillus spores being the most resistant (Table.3-1).   

 

The D values obtained for the various microbes in water were used to determine the 

inactivation kinetics in the more complex milk matrix. Here, it was assumed that the D 

values (UV dose to support a 1 log reduction) for the inactivation of microbes in milk 

were the same as those in water. That is to say, the milk matrix neither promotes nor 

protects the microbial cell against the lethal action of UV photons. Yet it is recognized 

that the UV photon penetration and scattering would be effected by the milk matrix. 
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Therefore, a series of trials were performed to assess the inactivation of microbes in 

milks with differing milk fat content.  

It was noted that the irradiation time required to inactivate microbes was greater as the fat 

concentration in milk increased. However, given the low UV transmission of milk, the 

applied dose penetrated only a fraction of the UV photon surface. The optical properties 

of different fat milks were determined (Table 3-2). 

The inactivation curves followed non-linear kinetics and were sigmoidal in nature.  The 

inactivation kinetics of E coli in milk was found to be independent of the fat content of 

milk, as were Bacillus spores (Tables 3-3 and 3-4). However, in both Listeria and 

Salmonella phages the UV dose required to support a 1 log reduction in levels increased 

with milk fat content (Tables 3-5 and 3-6).  These results would suggest that in the latter 

case there was an interaction of the microbes with milk fat that may affect the UV 

inactivation of Listeria or phages. In the case of E coli and endospores this effect was less 

obvious. All results are significant different (P<0.05) except E.coli with 0.2% and 2% as 

there is no significant deference. 

 

 

 

 

 

 

 

Microbe D value (mj/cm2) 

E.coli P36 0.22 

Listeria innocua 1.31 

Bacillus spores 10.74 

Salmonella phage 6.2 

Table (3-1).  The D value for the four microorganisms used 

in the study which were determined by treatment of water 

by collimated beam system for each one of them. There was 

a significant difference (P<0.05) between each one of them. 
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     Table (3-2).   Optical properties and UVT measurements of fluids 

 

      

a absorption coefficient calculated as base10 

      Data reported as mean values 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluids 
Absorption coefficienta 

(1/cm) 

Ultra-violet transmittance 

(%/cm) 

1:10 dilution (2% mf) 4.06 8.81E-03 

2% (mf) milk 16.70 2.00E-15 

3.25% (mf) milk 15.80 1.58E-14 
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Table (3-3).    Effect of UV dose on inactivation of Bacillus subtilis suspended in  

milk with different fat content and irradiated within a collimated beam unit 

 

 
 

*  log cfu/ml   

**log reduction = log cfu/ml time 0 – log cfu/ml at time t 

***mf: Milk fat. 

****RED: reduced equivalent dose 

 

 

 

 

 

 

 

 

 

 

 

 

UV dose (RED) (mJ/cm2) Treatment time 

(mins) 

Log10 (cfu/ml) Log Reductions 

1:10 dilution (2% mf)    

0.00 0 7.00±0.00 0.00 

21.8 5 4.97±0.06 2.03 

24.7 10 4.70±0.01 2.30 

32.97 15 3.93±0.06 3.07 

53.37 20 2.03±0.40 4.97 

70.74 25 ND NA 

    

2% (mf) milk    

0.00 0 7.00±0.00 0.00 

22.23 25 4.93± 0.12 2.07 

23.95 85 4.77±0.15 2.23 

25.45 105 4.63±0.15 2.37 

26.09 135 4.57±0.21 2.43 

30.82 165 4.13±0.49 2.87 

    

3.25% (mf) milk    

0.00 0 7.00±0.00 0.00 

26.52 50 4.53±0.32 2.47 

34.36 75 3.80±0.95 3.20 

42.2 125 3.07±1.08 3.93 

45.43 150 2.77±0.99 4.23 

48 175 2.53±0.93 4.47 
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Table (3-4).  Effect of UV dose on inactivation of Escherichia coli P36 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UV dose (RED)  (mJ/cm2) Treatment time 

(mins) 

Log10 (cfu/ml)* Log Reductions** 

 0.2% (mf) milk***    

0.00 0 7±0.00 0 

0.52 1 4.63± 0.21 2.37 

0.72 2 3.7±0.10 3.30 

0.92 3 2.77±0.28 4.2 

1.54 4 ND NA 

    

2% (mf) milk    

0.00 0 7.00±0.00 0.00 

0.52 30 4.60±0.17 2.40 

0.62 45 4.17±0.25 2.83 

0.72 60 3.73±0.21 3.27 

0.84 75 3.20±0.20 3.80 

0.95 90 2.70±0.30 4.30 

    

3.25% (mf) milk    

0.00 0 7.00±0.00 0.00 

0.53 45 4.57±0.12 2.43 

0.60 60 4.27±0.06 2.73 

0.67 75 3.97±0.15 3.03 

0.74 90 3.63±0.29 3.37 

0.83 105 3.23±0.31 3.77 
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Table (3-5).  Effect of UV dose on inactivation of Listeria  

 

 

 
UV dose (RED)(mJ/cm2) Treatment time 

(mins) 

Log10 (cfu/ml) Log Reductions 

1:10 dilution (2% mf)    

0.00 0 7.00±0.00 0.00 

2.23 1 5.30±0.06 1.70 

2.58 3 5.03±0.25 1.97 

3.90 4 4.07±0.12 2.93 

5.24 5 3.00±0.40 4.00 

6.40 6 2.13±0.47 4.87 

2% (mf) milk    

0.00 0 7.00±0.00 0.00 

2.10 30 5.40±0.1 1.60 

2.90 45 5.33±0.05 1.67 

2.66 60 4.97±0.15 2.03 

3.76 75 4.13±0.28 2.87 

5.85 90 2.53±0.15 4.47 

    

3.25% (mf) milk    

0.00 0 7.00±0.00 0.00 

2.60 45 5.03±0.06 1.97 

3.40 60 4.43±0.72 2.57 

3.40 75 4.40±0.10 2.60 

3.90 90 4.03±0.06 2.97 

5.60 105 2.47±0.05 4.26 
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Table (3-6).    Effect of UV dose on inactivation of Salmonella Phage 

 

 
UV dose (RED)(mJ/cm2) Treatment time (mins) Log10 (cfu/ml) Log Reductions 

1:10 dilution (2% mf)    

0.00 0 7.00±0.00 0.00 

4.34 4 6.30±0.14 0.70 

15.19 8 4.55±0.35 2.45 

22.94 12 3.30±0.42 3.70 

25.42 14 2.90±0.28 4.10 

35.03 16 1.35±0.07 5.65 

    

2% (mf) milk    

0.00 0 7.00±0.00 0.00 

3.41 30 6.45±0.78 0.55 

6.20 75 6.00±1.41 1.00 

11.78 90 5.10±1.13 1.90 

14.47 105 4.65±1.48 2.35 

21.08 135 3.60±0.99 3.40 

    

3.25% (mf) milk    

0.00 0 7.00±0.00 0.00 

2.17 45 6.65±0.49 0.35 

3.41 75 6.45±0.21 0.55 

7.13 105 5.85±0.35 1.15 

9.61 135 5.45±0.64 1.55 

11.78 165 5.10±0.01 1.90 

    

 

 

 
Figures (3-1, 3-2,3-3&3-4).   Inactivation of E.coli P36, Bacilluse spore, Listeria innocua and 

Salmonella phage in 0.2%, 2% and 3.25% (mf) milk irradiated within a collimated beam 

unit. Microorganisms were inoculated into the milk sample and placed under a collimated 

beam with samples withdrawn at different time points (UV dose) and number of survivors 

enumerated.  
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Figure (3-1).   The inactivation curve for E.coli P36 with the three different kinds of 

milk by using collimated beam 

 Figure (3-2).   The inactivation curve for Bacillus spores with the three  different kinds 

of milk by using collimated beam 
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Figure (3-3).   The inactivation curve for Listeria innocua with the three different kinds 

of milk by using collimated beam. 

 Figure (3-4).   The inactivation curve for Salmonella phage with the three different   

 kinds of milk by using collimated beam  
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Figure (3-6). The resistance level of tested microorganisms in 2% 

fat milk by using collimated beam 

E.coli 

Listeria 

Bacillus 

spore 

Salmonella 

Phage 

 

 Figure (3-5). The resistance level of tested microorganisms in 0.2% fat milk by  

 using collimated beam 
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Bacillus 

spore 

Salmonella 

phage 

Figure (3-7). The resistance level of tested microorganisms in 3.25% fat milk by    

using collimated beam 
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By using the D values for the different microbes obtained in saline along with the UV 

optical properties and extent of log reductions in different fat milks it was possible to 

construct a predictive model for microbe inactivation   (Table 3-7).  
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Microbe/Milk Fat Content k β RMSEC 
R2 

adj 
T5d 

E. coli      

0.20 0.20±0.0048 0.55±0.0052 0.010 0.99 3.68a 

2.00 0.20±0.0027 0.55±0.0028 0.0068 0.99 3.68a 

3.25 0.20±0.0008 0.56±0.0010 0.0017 0.99 3.62ab 

Listeria      

0.20 1.53±0.12 1.44±0.09 0.110 0.99 4.66ab 

2.00 1.47±0.08 1.47±0.08 0.07 0.99 4.71ab 

3.25 1.49±0.03 1.37±0.03 0.033 0.99 4.80ab 

Bacillus spores      

0.20 9.45±0.07 1.16±0.01 0.009 0.99 37.79ab 

2.00 9.14±0.07 1.11±0.01 0.0054 0.99 39.03ab 

3.25 9.51±0.15 1.16±0.01 0.001 0.99 38.14ab 

Salmonella phage      

0.20 5.88±0.90 0.55±0.0028 0.0068 0.99 35.47ab 

2.00 6.20±0.10 0.93±0.01 0.01 0.99 34.69ab 

3.25 6.29±0.04 0.96±0.01 0.0045 0.99 33.54ab 

Table (3-7) Weibull kinetic parameters. 

RMSEC: root mean standard error coefficient             

R2 : correlation coefficient                            

T5d: the amount of dose (RED) to achieve 5log reduction               

k: Rate constant                                         
ab 

Means within a column differ significantly (P<0.05). 
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The predicted times in order to achieve a 5 log cfu reduction were verified by running 

collimated beam studies using different fat content milks.  From the results it was 

Microorganisms 

0.2% milk 2% milk 3.25% milk 

Applied 

Dose 

mJ/cm2 

Log10 *LRC 

Applied 

Dose 

mJ/cm2 

Log10 LRC 

Applied 

Dose 

mJ/cm2 

Log10 LRC 

E.coli P36 2.82 2 5 20.21 0 7 32.45 1 6 

Bacillus spores 15.46 4.5 2.5 71.78 2 5 38.02 2.9 4.1 

Listeria innocua 4.46 2 5 17.72 0 7 22.75 0 7 

Salmonella phage 10.86 2 4.3 28.19 2 5 75.70 2 5 

 Table (3-8).   The microorganisms that could achieve 5 Log reduction in the 

verification study according to the predicted times to achieve a 5 log cfu reduction, 

the initial inoculation was 7 log cfu/pfu.                          

*Log count reduction 
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observed that E.coli P36 and Listeria innocua could achieve the 5 Log reduction with the 

different fat content milks, thereby verifying the model. Bacillus spores could achieve 4.1 

Log reduction with 3.25% milk, 5 Log reduction with 2% milk and 2.5 Log reduction 

with 0.2% milk.  

 

Salmonella phage achieved 4.3 Log reduction with 2% milk and 5 Log reduction with 

0.2% and 3.25% (Figure 3-8). Consequently, the predicted log reduction predicted from 

the model was not achieved in all cases, suggesting additional factors other than the 

susceptibility of the microbe to UV were in play.  

3.1.3.  Disinfection of opaque liquids using a Taylor Couette reactor 

 

Taylor-Couette vortices are generated within the narrow gap between one or two rotating 

cylinders. In the current context, the generation of Taylor-Couette vortices was to ensure 

homogenous mixing of the liquid to the degree that each part of the fluid is exposed to 

UV liquid interface. The generation of vortices occurred within a narrow window  

dependent on the Taylor and Reynolds numbers.  The objective of this section of the 

study was to establish the conditions required to generate stable Taylor-Couette vortices 

in order to ensure efficient mixing within the UV reactor. In addition, the modification of 

the inner rotating cylinder with baffles to stabilize the generated vortices was 

investigated. Here, the baffles functioned to minimize the macro-mixing characteristic of 

mixing low viscosity liquids (Figure 3-5). 
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3.1.3.1. Flow regimes using the Taylor Couette reactor 

 

Dye tracer studies were performed to provide an initial assessment on the degree of 

micro- and macro-mixing within the reactor under different operating regimes. Here, the 

dye (crystal violet) was injected into the flow stream of water and absorbance (540 nm) 

was monitored at the outlet.  When the cylinder was held static, the dye travelled through 

the reactor via a plug flow with a relatively narrow peak in absorbance being observed 

(Figure 3.9). When the inner cylinder was rotated, the distribution of dye became 

broader, an indication of macro-mixing effects (Figure 3-8). The extent of distribution 

was independent of the rotation rate but exhibited plug-like flow with increasing flow 

rates as indicated by the narrowing of the dye distribution profile. 

UV 

Bands 

Fluid 

Outer cylinder 
Inner cylinder 

    Figure (3-8).   Schematic diagram shows the effect of baffles on the  

    inactivation treatment  
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Collectively, the dye tracing studies using crystal violet suggested that macro-mixing 

dominated within the reactor with unstable vortices forming. This was likely due to the 

instability of the vortices that readily broke down and resulted in the macro-mixing 

effect.  

It was found that there were different shapes of vortices correlating to the rotation speed 

(Taylor-number); for example,  Ta= 30, which is 50 RPM, generated Couette-poisuille 

flow; when Ta= 105 (170 RPM) (Figure 3-6), generated laminar vortices into turbulent 

flow at high (270 RPM) rotation rates.  
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3.1.3.2. Reactor modification to stabilize vortices 

 

In a bid to stabilize the vortices, a series of baffles were introduced onto the inner 

cylinder. Here, the baffles essentially stabilized the vortices (i.e. minimized macro-

mixing) under the flow rate of liquid and the rotation rate required to generate Taylor-

Couette vortices (3-5).  

Figure (3-9).  Laminar vortices at 170 RPM and Ta= 105 with 3.25% milk injected by crystal violet in TC reactor 

The 

Laminar 

Vortices. 
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Studies were undertaken to assess the effect of baffle spacing (8,10,12 and 20 mm) on the 

flow regime within the reactor. When the inner cylinder was held static there was 

evidence of plug flow (i.e. narrow banding pattern) at the maximal baffle spacing of 20 

mm. As the baffle spacing decreased the dye distribution within the reactor became 

broader, indicative of disruption of plug flow. At the smallest distance (4 mm) between 

the baffles, the flow pattern became narrower suggesting that the degree of turbulence 

(macro-mixing) had decreased (Figure 3-9).  

When the inner cylinder was rotated at 170 rpm the dye distribution was dominated by 

macro-mixing when the baffle spacing was set at 20 mm (Figure 3-8). A similar 

distribution was observed with the other baffle spacing distances. However, a narrow dye 

distribution was observed at 12 mm spacing suggesting that the vortices had been 

stabilized. Therefore, a reactor modified with baffles placed 12 mm apart was used in 

subsequent trials.  

Trials were performed to assess the effect of stabilized vortices on the inactivation of E. 

coli P36 in milk. A comparative study was performed using a modified and non-modified 

reactor. The UV dose applied was calculated from the UV intensity at the inner quartz 

cylinder interface and the exposed area on the cylinder (taking into account the shading 

effects due to the baffles). By calculating the delivered dose it was determined that the 

UV dose was 735.8 J/cm2 for the non-modified reactor and 525.8 J/cm2 in the presence of 

baffles (Figure 3-7).  

From the inactivation profiles it was evident that the presence of baffles stabilized the 

vortices between a Ta of 70 to 105 as evidenced by the high log reductions obtained over 
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an extended Ta range. In comparison, the vortices generated in non-modified reactors 

peaked at Ta 70 but decreased due to the breakdown of laminar vortices. In both cases 

there was an increase in lethality of the treatment beyond a Ta number of 130 where 

turbulent flow dominated.   

 

 

 

 

 

 

 

 

 

 

 

Figure (3-10).  The positive influence of baffles in the inactivation processes of E.coli P36 in 

TC reactor using milk with flow rate of 100 ml/min. 
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Figure (3-11).   Shows the deference between different baffle  distances with 

170RPM, flow rate of 100 ml/min, and viscosity of 5.74 (Apple juice) 

Figure (3-12).   Shows the deference between different baffle distances without 

170RPM, flow rate of 100 ml/min, and viscosity of 5.74 (Apple juice) 
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3.1.4.   Inactivation of model microbes in a modified Taylor Couette 

reactor 

 

With the baffle spacing and reactor conditions optimized, trials were performed to 

determine the reduction of model microbes in milk using a TC reactor. Here, milk was 

inoculated with the test microbe to a final cell density of 5 log cfu or pfu/ml. The 

inoculated milk was circulated through the reactor with samples being collected after 

each pass.  

The inactivation kinetics based followed non-linear relationship, characterized by an 

initial rapid decrease followed by tailing.  E coli and Bacillus levels were reduced by 

approximately 2 log cfu. reduction with no significant decrease in the number of 

survivors with extended UV exposure time (Figure 3-10). There was a rapid decrease in 

Listeria levels following a single pass through the reactor although the levels of survivors 

remained constant upon further cycles (Figure 3-10). Salmonella phage levels in milk 

progressively decreased over the course of successive cycles reaching the limit of 

detection following 4 cycles through the reactor (Figure 3-10). The latter result would 

confirm the hypothesis that sufficient mixing had occurred within the reactor, given the 

progressive reduction in phage levels.   
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Figure (3-13).  The inactivation of the four microorganisms in 

3.25% milk that used in this study by TC reactor with 170 RPM 

and flow rate of 100 ml/min. 

mJ/cm
2 
“applied” 
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3.1.5.   Effect of milk proteins on the inactivation of Escherichia coli P36: 

 

Although it was assumed that the inactivation kinetics were independent of the milk 

constituents trials, it was evident that the predictive model did not consistently predict the 

log reduction for a given UV dose. Therefore, trials were performed to determine the 

influence of milk components on the UV inactivation of E. coli P36.  

To determine the role of milk proteins, trials were performed whereby cell suspensions of 

E.coli P36 were suspended in milk for 10 mins. The cells were recovered by 

centrifugation and suspended in saline. The relative UV resistance was determined using 

a collimated beam (Figure 3-11). No significant difference was found in UV resistance of 

the E.coli previously exposed to proteins, compared to non-treated controls. The results 

would suggest that E coli coated with milk proteins does not enhance or decrease the UV 

resistance of E coli P36.    

  Figure (3-14).  The effect of milk protein on E.coli P63 after     

incubating E.coli in 3.25 % milk for 10 minutes and testing it in the 

collimated beam.  

“applied” 
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3.1.5.1. UV inactivation of E coli P36 in different hydrocolloid solutions 

 

Milk is a hydrocolloid representing an oil-in-water emulsion that is stabilized by proteins. 

The oil droplets could potentially enhance the scattering of UV photons leading to deeper 

penetration into the liquid. To negate the effect of proteins that would also interact with 

photons, a model hydrocolloid was prepared using oil and molasses stabilized with 

lecithin. The model hydrocolloid was inoculated with E coli P36 and passed through the 

reactor with samples being collected following each cycle (Figure 3-12).  The rotation 

rate of the reactor was adjusted to verify the effect of vortices on UV inactivation 

kinetics.  

From the results obtained, it was evident that the optimal rotation rate was 170 RPM 

confirming that laminar vortices had been generated. E coli levels progressively 

decreased upon passing through the reactor down to the level of detection. There was a 

significant difference between the inactivation of E.coli in milk and the model 

hydrocolloid. Moreover, the decrease in molasses alone (adjusted to the same optical 

density as the hydrocolloid) was significantly less than E coli suspended in the 

hydrocolloid. The results would suggest that the presence of oil droplets did have an 

impact on the apparent UV resistance of E.coli.  

With respect to the rotation rate, it was determined that values below or above 170 RPM 

did not support efficient mixing as evidenced by the presence of a plateau.  
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Figure  (3-15).   The effect of milk fat content on the UV inactivation E.coli P36 with 

Milk 3.25%, Molasses and hydrocolloid by TC reactor with different rotation and flow 

rate of 100ml/min. 

“applied” 
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Chapter IV 

 

4.1   DISCUSSION 

The overall objective of the study was to determine the efficacy of a UV Taylor Couttee 

reactor to non-thermally pasteurized milk. Baseline studies identified the conditions 

required to generate the Taylor vortices to ensure efficient mixing, thereby enabling a 

homogenous dose of UV photons. Another section of the work developed a bio-

densiometry method to construct a model in order to predict the required UV dose 

required to inactivate microbes in milk. The final part of this study determined the effect 

of milk constituents on the UV sensitivity of different microbes.  

 

The generation of laminar T-C vortices is based on a combination of fluid viscosity, flow 

rate and inner cylinder rotation rate. Many studies have been completed to determine the 

optimal conditions required to generate TC vortices which would achieve maximum 

microbial reduction.  Matak et al., (2005) found that the reduction of Listeria 

monocytogenes was related to the flow rate of the fluid through the Cider Sure reactor. 

When the flow rate increased, a lower UV dose was required to achieve the same 

reduction in microbial load. Further, when the flow rate was (181.8 liters/h), a UV dose 

of approximately15 mJ/cm2 was required to achieve a 1-log reduction. At (454.6 liters/h), 

the UV dose was reduced to approximately 7.3 mJ/cm2. When the flow rate was (567 

liters/h), 3.9 mJ/cm2, the UV dose achieved 1-log reduction of L. monocytogenes  (Matak 

et al., 2005). In the current study it was an opposite and different issue, as it was found 
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that the low flow rate of 100 ml/min would help to achieve more log reduction in 

comparison with Matak et al., (2005) results.   In this study, 2.49 log reduction of Listeria 

innocua required 3.2 mJ/cm2 of the UV dose. It was evident that different wave forms 

could be generated by altering the inner cylinder rate of rotation. From dye tracing 

studies it was found that the optimal mixing required to generate the T-C vortices was 

170 rpm (Ta=105), with higher speeds resulting in extensive macro-mixing effects. 

Forney, et al. (2008)  reported that the wavy wall in the TC reactor will improve the 

micromixing by stabilizing the generated vortices with resulting increased log reductions 

of target bacteria. When wavy walls are used, the number of vortices will be more than 

the vortices in the flat wall.   In fact, it is two times higher than flat wall vortices 

(Kuotchma, et al., 2009). This means there are more opportunities for microbes to be 

exposed to UV light. 

In the current study, the inner cylinder of the TC reactor was adjusted by adding elastic 

bands to make baffles or wavy walls. From the dye distribution studies it was shown that 

an optimal distance between the baffles existed with short spacing causing turbulent flow 

and gaps >12 mm (which generated the unstable vortices with the non-modified reactor). 

In addition to the dye studies, greater stability of the vortices was indicated by the higher 

log reduction of E.coli being achieved relative to the non-modified cylinder.  This is in 

agreement with Forney et al.,’s (2008) results that the wavy walls will give more 

inactivation rates.   Finjan (2011) found that the Taylor Couette with a flat cylinder 

required 2.3 mJ/cm2 (delivered or equivalent dose) to reduce 1log cfu of E. coli initial 

population.  In comparison, the same TC reactor modified with baffles could support a 

3.3 log cfu reduction of E.coli with only 0.74 mJ/cm2 (delivered or equivalent dose).  
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This provided proof that the wavy wall improves the inactivation level.    

One of the main objectives of this study was to determine the D10 for the different 

microorganisms (E.coli P36, Salmonella phage, Bacillus spores PS346 and Listeria 

innocua) that were used by using a collimated beam. The D10 values were varied and 

several were in agreement with other studies. One example in agreement is the D10 for 

E.coli P36 in this study of 0.22 mJ/cm2.  Gabriel and Nakano (2008) found that the D10 

for E.coli O157:H7 was 0.1 mJ/cm2, and was 0.22 for E.coli K-12. In this study, Bacillus 

subtilis spores in water were 10.74 mJ/cm2 , which was significantly lower compared to 

the D10 of 12 mJ/cm2 (Nicholson and Galeano, 2003).  

Since the E.coli is more sensitive to UV light, only a low dose is required to inactivate 

comparably with spores or phage. Here, the inactivation of E.coli in milk achieved 4.47 

of log reduction in 3.25% (fm) milk with an applied UV dose of 34.51 mJ/cm2. 

Choudhary et al., (2011) found the maximum reduction of E. coli in raw cow milk was 

4.1 log10 CFU/ml at a UV dose of 11.187 mJ/cm2.  In apple cider, 5 log reduction of 

E.coli ATCC was achieved by about 6 mJ/cm2 (Quintero-Ramos et al., (2011), 

(Choudhary and Bandla, (2012) ). 

In the current study in order to determine the RED (the equivalent dose), the D value 

should be determined first for each microorganism. The D values obtained for the various 

microbes in water were used to determine the inactivation kinetics in the more complex 

milk matrix. Here, it was assumed that the D values (UV dose to support a 1 log 

reduction) for the inactivation of microbes in milk were the same as those in water. That 

is to say, the milk matrix neither promotes nor protects the microbial cell against the 
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lethal action of UV photons. Yet, it is recognized that the UV photon penetration and 

scattering would be effected by the milk matrix (Matak, et al, 2004). Therefore, a series 

of trials were performed to assess the inactivation of microbes in milks with differing 

milk fat content.  

After determining the D value for each microorganism, we can then calculate the RED 

which is how the majority of the dose was delivered to the microorganism to be 

inactivated. 

It was noted that the irradiation time required to inactivate microbes was greater as the fat 

concentration in milk increased. However, given the low UV transmission of milk, the 

applied dose only penetrates a fraction of UV photons surface. 

Although milk proteins provided UV protection, it was interesting to note that the level of 

E.coli P36 inactivation was lower when suspended in molasses. When E.coli P36 was 

inoculated to hydrocolloid (molasses with 3.25% fat), inactivation was higher than 

molasses and milk itself. Also, when Bacillus spores were inoculated in milk with 3.25%,  

the inactivation level was higher than when inoculated in 2% milk. This may suggest that 

the UV photon scattering by fluid composition (for example, micelles, fat droplets) 

assists the overall inactivation kinetics, although this is likely to be relatively minor 

compared to absorption events (Finjan, 2011).  

From other studies it was obvious that the fat percentage has an effect on the inactivation 

treatments. Matak (2004) compared two different kinds of milk (2% and 3.25% milk fat) 

and found no significant difference in the level of E coli inactivation (1.43 vs. 1.44 log 

cfu) which shows the fat droplets do not enhance the microorganisms reduction.  
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 A comparison between molasses and hydrocolloid (molasses with oil) was performed, 

each one of them inoculated with E coli P36 and passed through the TC reactor.  Samples 

were collected separately following each cycle.  From the results, it is suggested that the 

presence of oil droplets did indeed have an impact on the apparent UV resistance of 

E.coli as it may enhance the inactivation treatment. These observations support the 

suggestion that oil droplets cause scattering of light inside the fluid that supports the 

inactivation treatment. 

Modeling provides a powerful tool for predicting the conditions required to achieve the 

target 5 log reduction in target microbial levels.  In high UV transmission liquids such as 

water, it is possible to fit the data using a log-linear model given that first order kinetics is 

observed. In the case of UV inactivation in opaque fluids, non-linear kinetics are 

observed that encompasses shoulders and tailing effects. Consequently, the log-linear 

model has limited utility and an alternative approach is required. In this respect, the 

Weibull model has been applied in several instances where non-linear inactivation 

kinetics were observed, such as in high hydrostatic pressure or pulsed electric fields 

(Cebrian, et al., 2010) 

According to (Finjan, 2011),  when comparing Taylor Couette reactors and other kinds of 

reactors, the Taylor Couette appears to be a relatively ineffective way of decontaminating 

milk for the reasons mentioned previously. Bandla et al., (2011) used a coiled tube UV 

reactor with milk and observed that a UV dose of 16.822 mJ/cm2 was required to achieve 

more than a 5-log reductions of E. coli. 

The Pure UV Reactor described by Reinemann et al., (2006) required 0.5 kJ/l (500 
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mJ/cm2) to achieve a 1log reduction of E. coli, while the Taylor Couette reactor used in 

the current study was 0.74 mJ/cm2 to order to inactivate 3.3 log cfu of E. coli P36. 

According to these results, the Taylor Couette reactor gives superior results as compared 

to other reactors published in the literature.  
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Chapter V 

 

5.1    CONCLUSION 

There is a consumer demand for raw milk due to the perceived nutritional benefits and 

sensory quality, in addition to the more political aspect of freedom-of-choice. The dairy 

sector is polarized between pro-raw milk parties and the anti-raw milk lobby groups. By 

providing non-thermal pasteurization technology it can be envisaged that a compromise 

can be reached to meet consumer demands whilst retaining microbiological safety. To 

this end, the current research demonstrated the potential of the UV-based Taylor Couette 

reactor as a non-thermal milk pasteurization technology. It was demonstrated that by 

modifying the reactor with baffles, it was possible to generate stable laminar vortices that 

promoted micro-mixing over macro-mixing. This was essential to prevent over exposure 

of milk to UV (which would lead to the generation of flavor notes) and to ensure that all 

parts of the fluid were exposed to UV photons. Another section of the study established a 

bio-densiometry method to determine the effective (antimicrobial) UV dose to be 

delivered to an opaque fluid in terms of Reduction Equivalent Dose (RED). Hitherto, the 

majority of papers relating to UV milk disinfection have reported delivered doses with 

little regard to the UV photons that actually inactivate the target. From data generated 

from collimated beam studies, it was evident that the inactivation of microbes in milk 

followed non-linear kinetics using the Weibull model, as opposed to the log-linear type 

found with transparent liquids. Although the model could accurately predict the required 

UV dose to achieve the target 5 log reduction of some of the microbes tested, others were 

underestimated. From studies performed in artificial matrices that separated the effect of 
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proteins and oil droplets, evidence suggested that the matrix can influence the UV 

sensitivity of the microbe. It can be assumed that the presence of oil droplets promotes 

scattering of UV photons, thereby increasing the likelihood of striking the microbe. In 

contrast, proteins probably absorb photons, thereby protecting the microbe from 

inactivation. In practical terms the results indicate that each opaque fluid requires 

characterization and results from one matrix cannot readily be extrapolated to others.  

The specific conclusions of the study are as follows: 

1. The relatively low viscosity of milk results in transient, unstable, vortices in the 

TC reactor that promotes macro (heterogenous) mixing. However, modification 

with baffles stabilized laminar vortices that minimized the macro-mixing effect.  

2. From the microbes tested, E.coli P36 was found to be more sensitive to UV 

(D10=0.22) with Bacillus spores being the most resistant (D10=10.74). 

3. The UV inactivation kinetics of test microbes in milk were non-linear but could 

be fitted using the Weibull model. A predictive model could be constructed with 

the assumption that UV sensitivity of microbes was independent of the supporting 

matrix and underestimated the dose required to achieve a target 5 log cfu 

reduction.  

4. Oil droplets (fat content) appeared to enhance the efficacy of UV, presumably by 

scattering UV photons. In contrast, the antimicrobial effect of UV photons was 

sequestered by the presence of proteins.   
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Future Work 

 

The current study provided a proof-of-concept of UV Taylor Couette reactor to disinfect 

milk. Future work will build on this foundation in developing a system compatible with 

commercial processing. One aspect that needs to be addressed is the geometries of the 

baffles on the rotating cylinder. The study demonstrated that baffle spacing was a critical 

parameter and it can be anticipated that the geometry and inter-cylinder spacing also 

influences the stability of laminar vortices. By constructing baffles from quartz or Teflon, 

the area exposed to UV would be increased and hence enable a greater exposed treatment 

area.    

The current study demonstrated that a 5 log reduction of model microbes could be 

achieved using the T-C reactor. However, verification trials need to be performed with 

pathogens of relevance to that of raw milk. In addition, a measure of efficacy of the 

disinfection process needs to be identified. In thermal processing, the activity of alkaline 

phosphatase is applied, but this cannot be applied in the case of UV-based techniques.  

Finally, one omission in the current research was sensory analysis of the UV treated milk. 

Although no odor notes were found with UV milk there needs to be detailed studies on 

the sensory qualities of UV treated milk to determine differences (if any) to raw milk. 

Such comparisons are not straight forward though, given the ethics associated with the 

consumption of raw milk.  
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