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INTRODUCTION 

The recent advances in ultra-high temperature (URT) processing 

have been focused on improving the quality and shelf life of fluid 

dairy products. This process could be used, however, to process other 

fluid foods if more technical information were available on flow 

properties, heat exchange characteristics, and on lethality of 

selected microorganisms. 

The two general types of URT processing equipment are the direct 

and indirect heat exchange systems. In the direct system, heating of 

the product involves direct contact with culinary steam, whereas in 

the indirect system, heating of the product is accomplished through a 

metal barrier. The direct heating system dilutes the product with 

the condensate, and after a short holding time it is concentrated to 

its original volume by a vacuum process. The disadvantages of this 

process are physical damage and possible contamination from the steam. 

Even with these disadvantages, several commercial applicati~ns have 

been made in Europe, the United States, and Canada. 

Indirect systems do not subject the food to contamination or to 

chemical breakdown by dilution and are highly adaptable to aseptic 

processing systems. Present commercial units consist primarily of 

plate-type and tube-type indirect heat exchange systems. The plate 

exchangers are more widely used, because many units are already in 

operation for high temperature short time (HTST) processing of fluid 

foods~ The principal disadvantage of plate-type systems for UHT 

processing is that they cannot withstand the extreme pressures that 

1 
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occur during heating and cooling. 

Helically coiled tube DRT heat exchange systems can withstand 

extreme changes in pressure and can be operated up to 5000 lb/sq in. 

product pressure. This permits the use of high flow rates that are 

necessary to maintain turbulent flow during processing highly viscous 

foods. Many fluid food products, including concentrated foods such as 

cream and ice cream mix, can be processed by heat treatments in 

helically coiled tube exchange systems. Before wider commercial 

applications can be made, additional data are needed on factors 

affecting bactericidal efficiency of helically coiled tube heat 

exchange systems. More basic information is needed on flow proper­

ties, and on heat exchange characteristics of these systems. In 

addition to this, information on bacterial destruction is required in 

these types of systems involving rapid heating and cooling treatments 

with short holding times. Application of this information would 

increase processing efficiency, reduce "burn-on," and improve the 

quality of foods pasteurized or sterilized in helically coiled tube 

heat exchange systems. 



OBJECTIVES 

(1) To devise a helically coiled tube heat exchange system 

for processing menstruums of 1.4% to 40% solids under closely control­

led turbulent flow conditions. 

(2) To develop methods for comparing the bactericidal efficiency 

of turbulent flow heat treatments in helically coiled tube heat 

exchange systems under different conditions of velocity and Reynolds 

numbers. 

(3) To determine the effects of nonfat milk solids on bacteri­

cidal efficiency, temperature distribution, and on lethality of 

Escherichia coli in rapid-flow heat transfer systems under thoroughly 

defined conditions. 

3 



REVIEW OF LITERATURE 

In commercial processing, heat treatments range from pasteuri­

zation to commercial sterilization. Pasteurization is used to 

destroy potential disease producing microorganisms and to decrease 

total counts, while commercial sterilization is used to destroy both 

pathogenic and spoilage microorganisms. As new types of equipment 

become commercially available, reliable methods are needed to 

evaluate thermal processes. Bigelow et al. (1920), Olson and Stevens 

(1939), Ball and Olson (1957), and Stumbo (1965) presented procedures 

for evaluating the effectiveness of food sterilization. Their calcu­

lations were based upon an orderly destruction of microorganisms by 

moist heat in static systems. 

Chick (1910) was among the first to show that the destruction of 

bacteria by moist heat in non-flow systems takes place in an orderly 

manner. The logarithm of the viable count was plotted against time at 

a constant temperature and a straight line survivor curve was 

obtained. Olsen and Scott (1950), Sugiyama (1951), and Webster and 

Esselen (1956) reported additional data to support this logarithmic 

order of destruction. Deviations from this order, however, were 

observed by Kaufmann and Andrews (1954), by El-Bisi and Ordal (1956a, 

b), and by Moats et ale (1971). 

Slopes of survivor curves are influenced by several factors, 

such as types of suspension, heat resistance of the organism, number 

of cells, and the heating temperature (Foster et al., 1957). The 

negative reciprocal of the slope represents 90% destruction and was 

4 
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designated as decimal reduction time (D). These values are used to 

compare the heat resistance of microorganisms. 

Survival curves of Bacillus subtilis spores were plotted and 

used to evaluate direct steam injection type URT treatments in a 

flow system by Edwards et ale (1965a,b). Deviations from a straight 

line function for the survival curves were observed, and complica­

tions were encountered in predicting population levels after certain 

heat treatments. 

The comparison of the thermal resistance among microorganisms 

has always been an important phase of food processing. For many years 

relative heat resistance was determined mainly by the thermal death 

point (Associates of L. A. Rogers, 1935). This was defined as the 

lowest temperature at which a given bacterial suspension in a known 

environment was killed in ten minutes. Bigelow (1921), however, 

established the logarithmic relationship between destruction time and 

temperature of heating and plotted thermal death time (TDT) curves. 

Ball (1923, 1928) in developing mathematical methods for calculating 

process requirements for canned foods pointed out that TDT curves 

could be characterized by a thermal death point F, and a slope Z. The 

slope of the TDT curve currently is widely used as a basis 6f compar­

ison of heat resistance of microorganisms. For calculating food 

processing requirements, TDT curves are used (The Canned Food 

Reference Manual, 1949). Standards for processing of fluid milk 

products that were established by the United States Department of 

Health, Education and Welfare (1965) required exact holding times at 
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specific temperatures. Each holding requirement at the designated 

temperature is the thermal death time in the TDT curve (Foster et. al. t 

1957). 

Stumbo (1948), Stumbo et aZ. (1950), and Reynolds et al. (1952) 

reported that a linear relationship existed between the logarithm of 

D values and heating temperatures. Ball (1943) characterized this 

curve as a "Phantom" TDT curve. It was defined as a thermal destruc­

tion curve by Stumbo (1965) and called a decimal reduction time curve 

by Speck and Busta (1968). 

Both Z and ZD were used to represent the slope of this curve. 

In the range of 130°F to 160°F for vegetative cells and of 220°F to 

270°F for spore suspensions t Schmidt (1957) noted that the slope of 

the "Phantom" TDT curve was the same as that of the TDT curve. Esselen 

and Pflug (1956) found a ZD value of lS.8°F, and Segner et al. (1963) 

reported a ZD value of 20.3°F for Putrefactive Anaerobe (P.A.) 3679. 

Busta (1967) observed a ZD value of 35°F for P.A. 3679 in a direct 

steam injection URT processing system. Applications of such unusually 

high ZD values as 3SoF for calculating thermal processes would result 

in the use of severe heat treatments to obtain sterility. When 

processing at 300°F for 4 sec, Speck and Busta (1968) noted that a 

built-in safety factor was operative, and because of the unusual 

thermal inactivation characteristics as indicated by high ZD values, 

separate testing of each URT unit was recommended to assure public 

health safety. 

Galesloot (1956) proposed an equation for measuring the sterili­

zing effect of URT processing systems. The equation was defined as: 
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Sterilizing Effect = loglO (initial spore count ) 
surviving spore count 

In this method large quantities of spore suspensions were inoculated 

in the raw milk and processed at various temperatures t and the 

survivors were detected by conventional counting methods. The 

sterilizing effect was actually the reduction of the logarithm of 

the spore count as a result of the process. This method of assessing 

the sterilizing effect has been widely adopted in Europe. 

Williams et al. (1957) developed methods of assessing the sporo· 

cidal efficiency of a commercial plate-type URT milk sterilizing 

plant. A Bacillus subtilis spore suspension in water was processed 

at various temperatures and a membrane filter technique was used to 

determine survival. They observed that a processing temperature of 

27S0F for 2.5 sec was required to obtain 99.99999% destruction. With 

the same processing equipment, Franklin et al. (1958) determined the 

survival of B. subtilis spores in milk. They used a dilution tech-

nique to determine survival and found 99.99999% destruction at a 

processing temperature of 267°F. This lower URT heat treatment 

requirement for destruction of BaciZlus subtilis in milk than in water 

was attributed to unidentified inhibitory substances that prevented 

germination and growth of some surviving spores. Using URT processed 

milk as the growth medium, Franklin et al. (1959) again demonstrated 

the presence of inhibitory substances and suggested that they were 

sulfhydryl groups. 

Burton (1958a,b) recognized the need for measuring the 
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bactericidal efficiency of URT processing units, and developed a 

procedure for calculating the bactericidal effectiveness of a commer­

cial URT plate-type sterilizing unit. Sodium nitrite solution was used 

to determine the flow time distribution in the heating and holding 

sections. It was assumed that a similar pattern occurred for bac­

terial flow time distribution. The logarithm of the proportion of 

surviving organisms was plotted against time. The slope, K, was 

obtained from the resulting curve, and was specific for each heat 

treatment temperature and for each type of organism. The theoretical 

lethality for both the holding and the heating sections was computed 

for different values of K. The mean holding time was 2.56 sec and 

had little lethal effect when compared with the heat-up time. When 

the calculated logarithmic proportion of surviving organisms was 

plotted against time, the function was not linear. The curve consisted 

of a set of component straight lines. In the narrow temperature range 

of 267°F to 275°F, Burton et aZ. (1958), later concluded that the 

determined levels of survival of B. subtiZis spores in milk were in 

close agreement with the calculated values. 

Since higher bacterial destruction, better flavor, and higher 

nutritional quality were reported in products that were processed by 

HTST methods, investigations were directed toward further improvement 

of this process. Ball (1943) developed procedures for calculating 

the lethality of RTST plate-type pasteurizers and emphasized that the 

coming-up and cooling periods have been overlooked in prescribing 

standards. He further showed that the coming-up and cooling periods 
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could be designed to achieve complete lethality and stated that they 

should be included in calculating the lethality of any process. 

Read et ala (1956a) developed a straight-tube laboratory size 

high temperature heat exchange unit for milk pasteurization. The 

heating section consisted of five feet of 0.11 in. ID stainless steel 

tubing that was heated by electrical resistance. Milk was pre-heated 

to 135°F, heated in the heating section to a specific temperature, and 

then rapidly cooled by passing it over pre-cooled glass marbles or by 

inoculating it into a cold fluid. Air pressure was used to obtain 

velocities of 10 to 20 ft per sec. Although highly turbulent flow 

conditions were reported, as calculated by Reynolds number (Re) , these 

flow indexes were not given. In this heat exchanger, Read et ala 

(1956b) heated milk that was inoculated with Microcooous species, MS 

102, and found 99.9 percent destruction at mean temperatures of 191.9 

and 190.6°F for come-up times of 0.25 and 0.5 sec, respectively. 

The holding time for each process was 0.05 sec. An essentially linear 

relationship was observed between heating distance and temperature in 

the heating tube. 

Later, Read et ale (1957) reported complete destruction of E. coli~ 

suspended in autoclaved milk, at mean temperatures of l74.5°F and l72.3°F 

with come-up times of 0.25 and 0.50 sec, respectively. In raw milk 

complete destruction of E. ooli took place at a mean temperature of 

171.7°F with a come-up time of 0.50 sec and complete destruction of 

SaZmonella typhosa~ Shigella paradysnteriae~ Streptocooous pyogenes~ 

Corynebacterium diptheriae and Escheriohia coli occurred at a mean 
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temperature of 175.6°F with come-up time at 0.25 sec. Destruction of 

E. coZi at l75.6°F and l7l.7°F by the 0.25 and 0.50 sec come-up times 

was significantly different. Based on pasteurization at 143°F for 

30 min and an assumed Z value of gOF, they plotted a TDT curve for 

calculating lethality. A temperature of l8l.5°F with a 0.50 sec 

come-up time and 0.05 sec holding time was comparable to heating in a 

non-flow system at 143°F for 30 min. 

Tobias et aZ. (1955) introduced a method of measuring the bacteri-

cidal efficiency of URT treatments in a Roswell, coiled-tube heat 

exchanger. The logarithm of survival in ice-cream mix inoculated with 

MicrococcuB species MS 102 was linear with increases in URT treatments 

from lBO°F to 192°F with a holding time of 0.2 sec. The possible 

interferences from the natural flora of the ice-cream mixes were not 

taken into consideration and it was assumed that the heat treatment 

temperature of the product was maintained in the heating and cooling 

portions for 0.50 and 0.1 seCt respectively. This gave a total 

estimated holding time of O.B sec which was used to calculate a Z 

value of 9.8°F. It was concluded that a heat treatment of 194°F for 

0.8 sec or 186°F for 3.8 sec gave the same lethality in terms of 

MYcobacterium tubercuZosis as 175°F for 25 sec. Herreid and Tobias 

(1959) later recognized that the experiments could be better controlled 

in a laboratory size heat exchanger. 

Brown et aZ. (1951) developed a combined direct st.eam injection 

heater and evaporator for processing fluid foods. Raw milk that had 

4 a total plate count of 2.5 x 10 per ml and a positive coliform test 
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was processed at l8SoF for 0.4 sec. At a 1:100 dilution no surviving 

organisms were indicated by the total plate count, and the coliform 

test was negative. They also sterilized orange juice by processing 

at 167°F for 1.8 sec and at 193°F for 0.8 sec. 

Hedrick (1959) used a plate type heat exchanger along with direct 

steam injection and studied bacterial destruction in raw milk by heat 

treatments of l6SoF through 300°F with a holding time of 43.8 sec. 

He found no advantages in processing raw milk above 260°F by this 

method. Using a plate type heat exchanger and a Vacu-therm, Glazier 

(1963) observed that UHT processing of raw milk at 193.5°F for one 

sec did not produce objectionable "cooked" flavors. The URT milk had 

the same keeping quality at 36°F as milk pasteurized at 172°F for 

16 sec. 

Evans et al. (1963) processed raw milk in increments of 10°F 

between 160°F and 260°F in a plate-type URT heat exchanger. Milk 

processed by URT treatments of 220°F to 260°F for 0.6 sec had better 

bacteriological keeping quality than milk pasteurized by the convention­

al method of 161°F for 16 sec. Evans and Litsky (1968) reported that 

a temperature of 170°F for 0.6 sec was required for complete destruc­

tion of E. coZi in milk. Evans et aZ. (1970), using the same plate­

type system, investigated the heat resistance of some pathogenic 

microorganisms. D values were determined for each organism and were 

used to calculate theoretical lethality by the procedures of Stumbo 

(196S). An arbitrary standard of IS times D was used as the equivalent 

to one unit of lethality. The temperature distribution in the heating, 
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holding, and cooling sections was measured with thermocouples, but 

only the temperatures above 140°F were used for lethality calculations. 

Although the time required to heat to 180°F contributed more than one 

unit of lethality, processing at 180°F for 0.6 sec was recommended for 

pasteurization of milk. The lethality from the holding and cooling 

periods was considered an additional safety factor. 

Burton (1969) reviewed URT processing of milk and noted that 

definitions of these processes were not the same in Europe as in the 

United States and Canada. In Europe heat treatments between 266°F and 

302°F with a holding time of at least one sec generally refer to URT 

processing, but in the United States and Canada heat treatments higher 

than conventional pasteurization temperatures usually refer to UHT 

processing. The present trend in the United States, however, is toward 

adoption of the European definition. Since URT processing in Europe 

has been widely adopted, very little work on HTST processing has been 

reported there. 

Read et aZ. (1968) reported that the United States Public Health 

Service had received requests from the industry for minimum standards 

for UHT pasteurization of milk products. Based on the time-temperature 

relationship for HTST pasteurization of ice-cream mix at 155°F for 

30 min or 175°F for 25 sec, extrapolations were made to predict equiv­

alent time temperature requirements for URT pasteurization. The 

following combinations were derived for plate-type systems: 

191°F for 1.00 sec 

194°F for 0.50 sec 



13 

201°F for 0.10 sec 

204°F for 0.05 sec 

212°F for 0.01 sec 

Lindamood and Harper (1969) reported that the above standards were 

approved in the state of Ohio. Assuming laminar flow, they presented 

an equation for calculating the holding tube length for plate type 

pasteurizers of various capacities. The equation is as follows: 

L 588 Q t = 
n2 

where: L = Holding t~e length (in.) 

Q = Pumping rate (gal/sec) 

t = Holding time standard (sec) 

D = Inside diameter of the holding tube (in.) 

It was also pointed out that the holding time standards have a 

built-in margin of safety that is about 65 times the minimum require-

ments. Since the flow conditions were assumed to be laminar, these 

new UHT pasteurization requirements would not apply to turbulent flow 

conditions or to processing of heat sensitive foods. 

Farrall (1963) recommended turbulent flow conditions to minimize 

burn-on and heat damage of heat sensitive products. Burton (1969) 

pointed out that either natural or induced turbulence in a flow system 

would increase the rate of heat transfer. Hall and Trout (1968) 

reported higher heat transfer coefficients in turbulent flow systems 

than laminar flow systems. The advantages of high-pressure heat 
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transfer systems were recognized by Mallory (1942), Roswell (1957), 

and Carlson (1963). There is no reported work, however, on thermal 

inactivation of microorganisms in well defined helically coiled tube, 

high pressure turbulent flow heat transfer systems. 

Webb (1964) discussed applications of turbulent flow conditions 

to the processing of fluid foods and defined turbulent flow as the 

condition where the main bulk of the fluid food is sufficiently mixed 

so that it has uniform temperature distribution and physical character-

istics. He also presented calculations for standardizing these 

processes. For pipes completely filled with liquids, this condition 

was defined by the Re number, a flow index which was calculated as 

follows: 

Re = D Vp 
n 

where: 

Note: 

Re = Reynolds number 

D = Diameter of the tube (ft or ern) 

V = Velocity (ft/sec or ern/sec) 

3 p Density (lb / ft or g/ cc) 

n = Dynamic viscosity (lb/sec ft or gm/cm sec) 

One centipoise = 6.72 x 10-4 (lb/sec ft) 

The value of the Reynolds number at which the flow changes from 

laminar to turbulent is called the critical Re. For straight circu-

lar pipes, Webb (1964) noted that the Re should be greater than 2100, 
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to obtain fully turbulent flow conditions and if this value was below 

1500, the flow would be viscous or laminar. Ito (1959) found that 

the diameter of the tube and coil diameter in helically coiled tubes 

were essential in computing the critical Re. He reported that: 

Critical Re 

where: D 

= 2 x 104 (DID )0.32 
H 

Diameter of the tube 

DR = Coil diameter 

In order to be assured of turbulent flow conditions in such helically 

coiled tubes, the computed Re should be significantly larger than the 

critical Re values. 

As shown in the Re formula, Re is inversely proportional to the 

viscosity coefficient. This coefficient depends on the physical 

properties, chemical composition, and temperature of the liquid and is 

defined by Kramer and Twigg (1962), Daniels and Alberty (1967), and 

Barrow (1966), as the resistance that a liquid offers to an applied 

shearing force. All these authors presented procedures for determining 

the viscosity coefficient of liquids. 

Kramer and Twigg (1962) recommended the term viscosity for Newton-

ian liquids and consistency for non-Newtonian liquids. Differences 

between these liquids were explained on the basis that the viscosity 

of Newtonian liquids remains constant with changes in shearing rate 

and that a linear relationship exists between the rate of shear and 

shearing forces. ConverselYt the viscosity of non-Newtonian liquids 

changes with changes in shearing rate and a non-linear relationship 

exists between rate of shear and shearing forces. 
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Webb and Johnson (1965) reported that skim milk and whole milk 

do not appreciably deviate from Newtonian behavior and that cream and 

concentrated milks have varying degrees of non-Newtonian behavior. 

The Newtonian behavior of skim milk and whole milk may be attributed 

to their low levels of solids in suspension. They noted that the three 

types of viscometers that have been used to measure viscosity of fluid 

dairy products are: the coaxial cylinders (e.g., Brookfield, Couette, 

and MacMichael), the falling spheres (e.g., Hoeppler) and the capillary 

tubes (e.g., Ostwald). 

McKennell (1960) discussed the limitations of falling sphere and 

capillary tube type viscometers for measuring the viscosity of non­

Newtonian fluids, and pointed out that large .correction factors were 

required. Hence, coaxial cylinder type viscometers were recommended for 

measuring the viscosity of non-Newtonian fluids. Dinsdale and Moore 

(1962) listed the advantages of using coaxial cylinder viscometers for 

studying the flow properties of non-Newtonian fluids and noted that 

these viscometers were often less accurate than the other types for 

Newtonian fluids. The Brookfield and MacMichael viscometers are 

designed to measure viscosity of both Newtonian and non-Newtonian fluids 

at different temperatures (Brookfield Engineering Brochure, 1964, and 

Fisher Scientific Manual, 1970). The MacMichael viscometer has a 

built-in temperature control that permits consecutive viscosity measure­

ments on the same sample at different temperatures. 

There are no published data on the effect of temperatures on 

viscosity of concentrated skim milk products. Whitaker et ale (1927) 
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determined the viscosity of skim milk with an Ostwald Viscometer in 

the temperature range of 41°F to 141°F and observed lower viscosity 

values at higher temperatures. Eilers et ale (1947), using aU-Tube 

viscometer, found that the viscosity of skim milk decreased with 

temperature between 41°F and 176°F and that the casein fraction 

contributed to these decreases more than any other fraction. They also 

measured the viscosity of concentrated skim milk products at 78°F and 

found a curvilinear relationship between increases in total solids 8nd 

viscosity. 

The density of fluid foods generally decreases with increases 

in temperature above 39.2°F and thereby affects the flow properties 

of these products. Specific gravity or relative density has long been 

used for estimating the comparison of fluid milks. If specific 

gravity of a liquid is known, the density can then be easily calcu­

lated. Procedures for measuring specific gravity with 1actometers and 

the Westphal balance were published in detail by the Milk Industry 

Foundation (1949). Specific gravity was measured by 1actometers in 

the range of 50°F to 70°F and corrected to 60°F. Measurements were 

made by the Westphal balance at 60°F with no provisions for making 

determinations at higher temperatures. 

The Baume hydrometer was widely used for composition control in 

commercial processing of evaporated and sweetened condensed milks 

(Hunziker, 1949). Baume readings, made at temperatures up to 130°F, 

were converted to the Baume value at 60°F by a formula. From this 

value the estimated specific gravity at 60°F was obtained from a table. 
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Shortley and Williams (1960) and Schaum (1968) described pro-

cedures for determining densities of liquids at any desired temperature. 

Their calculations were based on evaluating the cubical expansion 

coefficient of liquids (13) as follows: 

B = I1V + 3a.Vl.6T 
Vl .6T 

wnere: B = Cubical expansion coefficient of 

I1V = Loss in volume due to expansion 

VI Original volume of liquid 

a. = Linear expansion of container 

.6T = Difference in temperature 

liquid 

If 13 and density at one temperature were known, the density at any 

desired temperature was calculated as follows: 

where: Px 
= Density at temperature x 

Pr 
= Densi ty at temperature r 

B = Coefficient of cubical expansion of liquid 

.6T = Difference in temperature, i.e., (x-r) 

The flow velocity of fluid foods affects both heat transfer and 

rate of bacterial destruction in continuous flow systems. Hall and 

Trout (1968) noted that the Re value was increased by increasing the 

velocity of flow in a given tube or by decreasing the diameter of the 
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tube for a particular flow rate, thus increasing the velocity. Evans 

et al. (1970) found that lethality values were decreased when the mass 

flow rate in a plate-type exchanger was increased and emphasized the 

importance of specifying flow rates when evaluating flow-type proces­

sing systems. 

Charm (1963) presented procedures for calculating the lethality 

for turbulent flow in a tubular heat exchanger. Temperature distri­

bution and velocity were calculated and used to establish the time­

temperature distribution. Using the principles of Ball and Olson 

(1957) to compute lethality, he calculated the thermal requirements 

of the process. 

Sugar, fat, and other food solids in fluid products protect 

microorganisms against destruction by heat (Hersom and Hulland, 1964). 

There are no reported data, however, on the effect of concentration 

of various food solids on the thermal destruction of bacteria in high 

pressure turbulent flow heat transfer systems. Much of the reported 

work on processes with short holding times is on fluid milk (Glazier, 

1963; and Brown et al., 1951). Even in these cases the holding times 

represented the entire heat treatment without accounting for the 

heat-up and cool-down times. 

Also, recent outbreaks of salmonellosis from dried milk have 

threatened the entire dry milk industry and resulted in enforcement of 

strict sanitation procedures (United States Department of Health, 

Education and Welfare, 1971). Adoption of the procedures in the 

proposed Grade "A" pasteurized, condensed dry milk products 
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sanitation ordinance was urged for manufacture of dried milk products. 

In addition, re-pasteurization of the concentrated products just prior 

to drying was suggested (United States Department of Health, Education 

and Welfare, 1966). An in-line continuous flow indirect heat exchanger, 

that will not cause heat damage, is needed to meet this requirement. 



MATERIALS AND METHODS 

I. Materials 

A. Heating Menstruums 

Flow properties, thermal characteristics, and thermal inacti­

vation of Escherichia coli ATCC strain No. 9723 were determined in 

various menstruums that varied from 1.4% to 40% solids. 

Bigger and Nelson (1941) found that distilled water was fre­

quently bactericidal for E. coli; moreover, Starka and Stokes (1957) 

reported that distilled water per se was lethal to bacterial 

populations, although these authors did not work specifically with 

E. coli. Distilled water was therefore not considered to be a 

satisfactory menstruum for E. coZi in the present investigation. 

Minimal broth (Davis et aZ., 1968) was selected as a satisfactory 

test menstruum, because it supported growth of the test organism 

and had flow properties comparable to water. This medium contains 

1.36% solids, and is prepared with ACS certified chemicals. Its 

composition is: 

K2
HP04 0.70% 

KH
2
P0

4 
0.30% 

Na3Citrate t 2H2O 0.05% 

MgS0
4

,7H
2
O 0.01% 

(NH4) 2S04 0.10% 

Glucose 0.20% 

Distilled water 98.64% 

Total 100.00% 
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Menstruums containing 10%t 20%t 30%t and 40% solids were pre-

pared by rehydrating low-heat Grade "A" nonfat dry milk (NDM) , as 

defined by the United States Department of Health, Education, and 

Welfare (1966). After mixing thoroughly, the percentage of total 

solids was determined by the Mojonnier method (Milk Industry Founda-

tion, 1949). Prior to use, each menstruum was heated at 160°F for 

thirty min to destroy any test organism species that might have been 

present but not to impair the physical properties of the menstruum. 

Bacteriological analyses were made to determine whether any test 

organisms survived. 

B. Bacterial Suspensions 

The test organism, E. coli ATCC strain No. 9723, was cultured in 

trypticase soy broth for 24 hr at 89.6°F. Ten m1 of culture was 

transferred into 800 ml of the broth, incubated for 24 hr, and centri-

fuged aseptically at 44.6°F for 10 min at 16,300 x g in a Sorvall-

Superspeed RC 2-B automatic refrigerated centrifuge (Ivan Sorva1l Co.). 

The supernatant was discarded and the pellet resuspended in 0.85% 

sterile saline solution and centrifuged again. The saline supernatant 

was discarded and the pellet resuspended in sterile saline solution. 

Turbidity of the suspension was measured using a Bausch and Lomb 

"Spectronic 20" colorimeter with a one in. cuvette, at a wave-length 

of 450 nm; sterile saline solution was added to obtain a standard 

absorbance of 1.0. The standardized E. coli suspension contained from 

8 8 1.25 x 10 to 1.50 x 10 viable cells per mI. 
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II. Equipment 

Heat Exchange System 

A laboratory, helically coiled tube heat exchange system was 

desi&ned and assembled for this study. Commercially available parts 

were purchased and others were fabricated. The system provided 

accurate temperature control and permitted processing the menstruums 

over a wide range of flow characteristics under closely controlled 

conditions. The system consisted of the following major units: 

(a) pumps and mixing vats; 

(b) heat exchange sections~ including special units for heating 

by steam or water; and 

(c) recording instruments and temperature controller. 

The heat exchange sections were assembled into a compact unit as shown 

in Fig. 1. A flow diagram illustrating the steps in each heat treat­

ment process is shown in Fig. 2. 

Pumps with adjustable flow rates ranging from 25 to 140 gal/hr 

were included in the system. A variable speed drive, positive 

displacement sanitary pump (Fig. 3 G) that had a maximum rated 

capacity of 70 gal/hr was used to pump the menstruums containing 1.4 

to 10% solids. The inoculated menstruum was placed in one of the 

five-gallon vats (Fig. 3 A) and the uninoculated menstruum was placed 

in the other vat (Fig. 3 B). These vats were joined with a 1/4 in. 

ID stainless steel pipe. Valves were fitted in this pipe so that flow 

could be directed from either vat into the heat exchange system. A 

reduced pressure of 15 in. of Hg was maintained in each vat by a 
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Fig. 1 - Laboratory helically coiled tube heat exchange system. 
A, preheater; B, heater; C, pneumatic valve; D, sampling 
valve No.2; E, cooler; F, product pressure gauge; 
G, H, I, J, and K, thermocouples TCl, TC2, TC3, TC4, and 
TCS; Land M, thermometers Tl and T2, N, back pressure 
valve; 0, holding tube. 
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Fig. 3 - Hot water reservoir, mixing vats and sanitary pump for low­solids menstruums. A and B, mixing vats; C, vacuum pump; 
D, magnetic stirrers; E, hot water reservoir; F, tempera­
ture recorder; G, variable speed drive pump. 
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vacuum pump (Fig. 3 C) to keep foaming at a minimum. The inoculated 

menstruum was stirred continuously by a magnetic stirrer (Fig. 3 D) 

located at the bottom of the vat to maintain an even distribution of 

the microbial population. 

Larger amounts of the menstruums containing 20%, 30%, and 40% 

solids were required to maintain turbulent flow conditions. Moreover, 

in case of high flow rates, large amounts of the menstruums containing 

1.4% and 10% solids were also needed. Hence the two five-gallon vats 

were replaced by two fifty-gallon vats. One was used to hold the 

inoculated menstruum (Fig. 4 B) and the other to hold the water 

(Fig. 4 C) for prestandardizing the heat treatment procedures. A 

mechanical stirrer (Fig. 4 D) and an air-space heater for suppressing 

foaming were installed in the vat holding the inoculated menstruums. 

The variable speed drive pump was replaced by a high-pressure piston 

pump (Fig. 4 A) with a rated maximum capacity of 200 gal/hr. Sampling 

valve No. 1 (Fig. 4 E) was installed in the line between the high 

pressure pump and the product pressure gauge. 

Since rapid continuous flow through the entire heat exchange 

system was required, the pre-heating (Fig. I A), heating (Fig. 1 B), 

and cooling (Fig. 1 E) units were assembled compactly in this order. 

Both the pre-heating and heating units were made from 27.11 ft of 1/4-

in. OD (0.18 in. ID) stainless steel tubing and consisted of 40 coils 

of 2.5 in. mean diameter. Each coil was fitted into an 18 in. x 3 in., 

316 type stainless steel shell. Pre-heating was achieved in the range 

of 12SoF to 135°F by recirculating thermostatically controlled hot 
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Fig. 4 - High pressure pump and mixing vats for high-solids products. 
A, high pressure pump; B, product vat; C, water vat; D, 
mechanical stirrer; E, sampling valve No.1. 
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water (Fig. 3 E) through the shell. The flow of hot water was 

countercurrent to the flow of the menstruum. The pre-heated men­

struums were heated in the unit by either steam or hot water under 

pressure that flowed parallel with the flow of the menstruum. 

Two thermocouples, TC2 (Fig. 1 H) and TC5 (Fig. 1 K), and samp­

ling valve No. 2 (Fig. 1 D) were installed in the holding tube 

(Fig. 1 0) that joined the heating and cooling sections. The length 

of this tube was one ft and the flow time from the heating to the 

cooling section varied from 0.25 sec to 0.05 sec depending on the 

velocity •. 

The heat-treated menstruums were rapidly cooled in the cooling 

section by refrigerated water at 36°F, circulating counter-current 

to the flow of the menstruum. The cooling shell contained 46 coils 

of 0.18 in. ID stainless steel tubing. The mean diameter of the coil 

was three in. and a solid metal core was tightly fitted inside the 

coils to minimize vibrations. The length of the tubing in the shell 

was 38 ft, as calculated by measuring the internal volume of the 

coiled tube. 

The outlet temperature of the heat treated menstruums depended 

on the flow rate and ranged from 40°F to 80°F. The temperature of 

the circulating cold water Was measured at the inlet and outlet of 

the cooling section by thermometers T2 (Fig. 1 M) and TI (Fig. I L). 

A back pressure valve (Fig. 1 N) Was installed at the outlet of cooler 

to prevent vaporization. Samples were taken at this outlet, 

immediately immersed in ice water, and stored at 38°F. The temperatures 
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measured by copper-constantan in-line thermocouples were recorded 

by a mUltiple-point recorder (Fig. S A). The inlet temperature 

and the outlet temperature of the heating medium, either hot water 

or steam, were measured by thermocouples TC3 (Fig. 1 I) and TC4 

(Fig. 1 J). The pre-heat temperature was measured by a thermocouple, 

TCI (Fig. 1 G), and the heat treatment temperature was measured by 

another thermocouple, TC2 (Fig. 1 H). 

The heat treatment temperature was controlled by a Solid State 

Electromax Signaling Controller (Leeds and Northrup, 1968) when 

steam was used (Fig. S B). The impulse to the controller was a voltage 

signal from the thermocouple, TCS (Fig. 1 K). This signal regulated 

the input of steam by means of a pneumatic valve (Fig. 1 C). For each 

test the desired temperature was set on the Electromax and deviations 

from the set point were shown. Deviations were also measured by a 

Taylor recorder (Fig. 5 C). 

III. Procedures 

A. Calculation of Flow Properties of Menstruums 

The velocity, density, viscosity and Re values were calculated 

for each set of processing conditions. Velocity was calculated by 

the following formula (Charm, 1963): 

V = Q 

where: V = Velocity (ft/sec) 
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Fig. 5 - Recording instr~ments and temperature controller. A, 
multiple-point recorder; B, solid state Electromax signaling 
controller; C, Taylor recorder. 
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Q = Flow rate (gal/hr) 

D = Internal diameter (ft) 

Densities of the menstruums were determined at 69.8°F ± 1.8°F in 

50 ml or 100 ml pycnometers. Then the pycnometers containing the 

menstruums were placed in a thermostatically controlled water bath 

and held at 149°F until no further expansion was observed. The 

pycnometers were removed from the water bath, allowed to cool to 

69.8°F ± 1.8°F, and loss of weight due to cubical expansion was 

calculated. 

After taking into consideration the cubical expansion of the 

pycnometer, the cubical expansion coefficients of the test menstruums 

were determined. From these values, densities at the heat treatment 

temperatures were calculated (Shortley and Hilliams, 1960; Schaum, 

1968). All tests were run in duplicate and mean values were used 

in calculating results. 

Viscosity of the test menstruums was determined between 68°F 

and 158°F with an improved MaCMichael viscometer (Fisher Scientific 

Manual, 1970). Using glycerine or sucrose solutions of known 

viscosity, the constant K for each wire was calculated as follows: 

where: K = Constant 

n = Viscosity in centipoises 

H = Depth of immersion of the plunger 
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N = Number of revolutions per min 

M = Dial deflection in degrees MaCMichael. 

Viscosity in centipoises of the test menstruums was then calculated 

by the formula: 

n = KM/HN 

where M, H, and N were measured separately for each test menstruum. 

B. Heat Treatment Procedures 

The test menstruum was placed in the product vat and inoculated 

with 2% (v/v) standard bacterial suspension. Specific heat treat­

ments were used to determine the inactivation temperature and 

establish the order of destruction. Each run consisted of two series 

of heat treatments. The first series was in increments of 10°F and 

determined the temperature for complete destruction. The second 

series of heat treatments were run in decrements of about SOF between 

the complete destruction temperature and the pre-heat temperature. 

One phase of the study included a set of tests made at a 

constant Re value and varying velocities. The other phase included 

tests made at a constant velocity and varying Re values. Flow con­

ditions were first standardized for each heat treatment either with 

water or with uninoculated menstruum. The inoculated menstruum was 

introduced into the system and allowed to flow for two min to adjust 

to the predetermined heat treatment conditions. 
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C. Temperature Distribution in the Coils 

The inlet and the outlet temperatures of the heating medium, hot 

water or steam, and of the inoculated menstruum were measured with 

thermocouples (Fig. 1). From these data, the temperature distribution 

of the menstruum in the heating coil was calculated with an IBM 360 

Computer by the equation given by Thomas (1970) and confirmed by 

Aldrich (1971). The equation is: 

Th2-Tm2 X/L 
(Th Tm - Tm Th - (Tm -Tm )(Th -Tm ) (-------) ) 1 2 1 2 2 1 1 1 Thl-Tml 

where: Thl = Inlet temperature of the heating medium 

Th2 = Outlet temperature of the heating medium 

Tm
l = Inlet temperature of the menstruum 

Tm2 = Outlet temperature of the menstruum 

T~ Temperature of menstruum at distance X 

X = Distance from the inlet 

L Total length of tubing in heating coil. 

The above equation also was used to calculate the temperature 

distribution in the cooling section. The outlet temperature Tm2 of 

the menstruum from the heating section will become Tml in the cooling 

section. The outlet temperatures of the menstruums at the cooling 

section and inlet and outlet temperatures of cold water were measured 

and used in the above equation. 
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D. Lethalities of Heat Treatments 

Heating and cooling curves were used to calculate lethalities. 

Based on the distance-temperature (Trnx) relationship in the above 

formula, the temperature-time (X/V, where V = velocity) relationships 

were established. From these relationships and using the Z value of 

Olson et al. (1952) for E. aoli, the lethality values for the heat­

ing-holding-coo1ing process were calculated by the procedures of 

Ball and Olson (1957), as applied by Charm (1963) to straight tube 

turbulent flow systems. 

E. Survival Curves 

Samples were taken from the inoculated vat and from the outlet of 

the cooling section after each specific heat treatment. All samples 

were held at 38°F for no longer than two hr. Using desoxycho1ate 

agar, all viable counts were run in triplicate by the procedures of 

the American Public Health Association (1967). Desoxycho1ate agar was 

used to distinguish the test organism from other types of bacteria, 

such as spore formers, that may have survived the initial pasteuriza­

tion treatment of the menstruum. From the average of these counts, 

per cent survival was calculated and plotted against the heat treat­

ment temperatures. 

F. Statistical Analysis of the Data 

The regression and correlation coefficients were calculated by 

the procedures of Steel and Torie (1960) and prediction equations were 

derived to estimate percentage survival of the test organism at 
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different processing temperatures. IBM system 360 computers were 

used for these calculations. The slopes of the regression lines were 

used as indexes to bactericidal efficiency. 

G. Sterilizing Effect 

Based on the initial count and on the viable survival count of 

each heat treatment, the Sterilizing Effect was calculated by the 

procedures of Gales100t (1956). 



RESULTS AND DISCUSSION 

Flow Properties 

To resolve the objectives of this study, it was necessary to 

determine the flow properties of the menstruums over a wide range of 

flow rates. These flow properties were governed essentially by the 

Reynolds number (Re). 

The critical Re value is an important parameter. It determines 

the point of transition from laminar to turbulent flow. There was 

no published information on the critical Re value for processing 

fluid foods in helically coiled tube systems. A value greater than 

2,100 as recommended by Webb (1964) for straight tube systems has been 

generally used by processors. As explained by Ito (1959), however, 

the critical Re value should be calculated for each helically coiled 

tube system. The critical Re for this helically coiled tube heat 

transfer system (Fig. 1) was 8,617, as calculated by Ito's (1959) 

formula: 

Critical Re = 2 x 104 (DID )0.32 
H 

The inside diameter (ID) of the product tube, D, was 0.18 in. and the 

mean diameter, DR' of the coils was 2.5 in. The ratio of D to DH 

determines the magnitude of the critical Re value and shows the 

necessity for calculating this value for each helically coiled tube 

system. 

To attain turbulent flow conditions during heat treatment of 

each menstruum, the Re value must be higher than the critical value. 

37 
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Therefore, it was necessary to determine the Re value for each 

menstruum during each heat treatment. 

The variables affecting the Re values were tube ID, density, 

velo~tty, and viscosity. The product tubes had an ID of 0.18 in. 

The density and the cubical expansion coefficient for each menstruum 

are presented in Table 1. The density of the test menstruum in­

creased as percentage of NDM solids increased. 

There are no published data on density of concentrated milks 

prepared from NDM solids. In connection with measuring the required 

density values at different temperatures, a procedure was developed 

by using the cubical expansion coefficient method for calculating 

the density of concentrated milks at any desired temperature. 

The densities of the 10% and 30% NDM menstruums were adjusted 

to 7l.6°F by the cubical expansion procedure. The relationship 

between density at 7l.6°F and the percentage of NDM solids was found 

to be linear as shown in Fig. 6. The equation for the straight line 

is as follows: 

y = 0.0043 x + 0.9978 (g/cc) 

or 

y = 0.2703 x + 62.24 (lb/ft3) 

These formulas have industrial applications in connection with con­

centrating and drying of skim milk and in URT treatment of concentrated 

NDM products. 

The cubical expansion coefficient method permitted calculation 
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of density in the URT range. For concentrated products containing 

10%, 20%, and 30% NDM solids, the density at room temperature was 

6.4%, 6.4%, and 6.0% higher, respectively, than at 320°F. 

Density at the heat treatment temperature for the test menstruums 

is shown in Tables 3 and 4. The heat treatment temperature was 

measured at the inlet of the cooler by the thermocouple, Te2, Fig. 1. 

The density values in Table 1, as compared to those in Tables 3 

and 4, show that the density of the menstruums was influenced more 

by composition than by difference in temperature. Hence, the Re 

values were not affected as much by changes in temperature as by 

changes in composition of menstruums. 

The Re value is inversely proportional to the viscosity coeffi­

cient and hence viscosity i.s an important factor in establishing 

flow conditions. Viscosity affects flow conditions both through 

changes in concentration and temperature. The viscosity measurements 

at different temperatures are presented in Table 2. At BO.6°F, the 

viscosity values of the menstruums containing 10%, 20%, 30%, and 40% 

NDM were higher, respectively, than the viscosity of water at the same 

temperature by factors of 1.4, 5.9, 10.8, and 21.1. 

A nonlinear relationship was observed between viscosity and 

percentage concentration of rehydrated NDM solids. Eilers et ale 

(1947) reported a similar nonlinear relationship at 79°F between 

viscosity and percentage concentration of nonfat milk solids in the 

range of 10% to 30%. 

There was no published information on the effect of temperature 
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on viscosity of the menstruums. As shown in Table 2~ the viscosity 

values of minimal broth~ 10% NDM~ 20% NDM, 30% NDM, and 40% NDM were 

decreased 6.3%, 10.2%, 17.3%, 11.8%, and 5.6%, respectively, by 

increasing the temperature from 80.6°F to 86.0°F. The decreases in 

viscosity due to heating were nonlinear. This was expected due to 

the non-Newtonian properties of the menstruums. Whitaker et ala 

(1927) and Eilers et ala (1947) also observed that heating skim milk 

and whey resulted in nonlinear decreases in viscosity. 

In the helically coiled tube heat transfer system (Fig. 1), the 

temperature increases progressively, as shown in Fig. 12. Accordingly, 

the viscosity values would decrease. The viscosity values were cal­

culated at the arithmetic mean of the entrance and exit temperatures 

as recommended by Charm (1963) and are presented in Table 2. These 

values were used to calculate the Re values. 

The turbulent flow conditions for the test menstruums that were 

processed with nearly constant Re values are shown in Table 3. These 

Re values ranged from 11,407 to 15,492. To attain these values during 

processing of the high-solid menstruums, it was necessary to increase 

the velocity. The velocity varied from 5.2 ft/sec for the 10% NDM 

to 27.0 ft/sec for the 30% NDM. Although the velocity of the 40% NDM 

menstruum was 29.6 ft/sec, the Re value was only 3,908 and the flow 

conditions were not turbulent. 

The heat treatment temperatures necessary to obtain complete 

destruction of E. aoli under the flow conditions listed in Table 3 

were: 150°F, for minimal broth; 160°F, for the 10% NDM; 170°F, for 
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the 20% NOM; 180°F, for the 30% NDM; and 190°F, for the 40% NDM. 

As defined earlier t each total heat treatment was represented by the 

temperature of the respective menstruum at the inlet of the cooler., 

The thermal inactivation temperatures varied from 150°F to 

190°F when the Re values were nearly constant and were directly 

related to percentage solids (Table 3). As viscosity increased the 

Re values decreased, and to obtain the same Re value for each men­

struum it was necessary to increase the velocity. 

Increasing velocity reduced processing time (Figs. 12, 13). 

The velocity and processing times were: for minimal broth, 5.5 ftl 

sec and 13.12 sec; for 10% NDM, 5.2 ft/sec and 13.79 sec; for 20% 

NDM t 10.1 ft/sec and 6.98 sec; for 30% NDM, 27.0 ft/sec and 2.63 sec; 

and for 40% NDM, 29.6 ft/sec and 2.38 sec. The higher temperatures 

for inactivation of E. aoli were attributed to the protective effect 

of the solids and to the shorter processing times. 

The turbulent flow conditions for the test menstruums that were 

processed at a constant velocity and varying Re values are shown in 

Table 4. The menstruums in Table 4 were processed at a velocity of 

27 ft/sec and the processing time was 2.38 sec. The Re values varied 

from 14,579 for the 30% menstruum to 88,638 for the minimal broth. 

E. coli was inactivated at l74°F, 176°F, 178°F, and 180°F, respec­

tively, for minimal broth, 10%, 20%, and 30% NDM. These increases in 

thermal inactivation temperatures were attributed to the differences 

in solids content of the menstruums and were statistically significant 

at the 10% level of probability (P <' 0.1). 
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The higher thermal inactivation temperatures of E. coli in 

minimal broth, 10% NDM, and 20% NDM in Table 4 as compared to Table 3 

were explained by differences in velocity at each heat treament. 

Tobias et ale (1955) also noted that temperatures of 181.3°F and 

187°F were required for complete destruction of Miapoaocaus sp. MS 102 

in ice cream mix with effective holding times of 3.8 sec and 0.8 sec. 

Although velocity was not defined, it was assumed that it was taken 

into consideration in computing the holding times. Read et ale (1957) 

observed that the velocity had a direct influence on the thermal 

inactivation temperatures. They processed milk inoculated with E. coli 

at velocities of 10 ft/sec and 20 ft/sec and noted that mean tempera­

tures of 172.3°F and 174.5°F were needed for complete destruction. 

Evans et all (1970) predicted a higher rate of microbial destruction 

when the mass flow rates of milk were decreased. The relationship 

between mass flow rate and velocity may explain their prediction. 

Process Lethality in Helically Coiled Tubes 

Laboratory determination of Z and F values in nonflow systems 

is the basis for characterizing thermal destruction and calculating 

lethality. The thermal death time (TDT) of an organism is the time 

required for complete destruction at a given temperature under specific 

conditions. The plot of the log of TDT against temperature character­

izes the heat resistance of the test organism under the conditions 

of its exposure. The symbol Z, the negative reciprocal of the slope 

of the TDT curve, is the degrees Fahrenheit necessary to reduce the 
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time ten-fold. The time on this curve is represented by the symbol 

F at a specific temperature. 

Lethality is the ratio of heating time at a constant temperature 

to the TDT for that temperature. 

where: L = Lethality 

tl = Time of heating at specific temperature 

t2 = TDT at the specific temperature 

At the temperature at which sterility is achieved, one unit of 

lethality is obtained and tl becomes equal to t
2

• Rate of lethality 

is as follows: 

Lethal rate = ~ ____ ~_l~~~~~ 
F antilog (150-T)/Z 

where: F = Number of minutes required for complete 

destruction of the test organism at 150°F 

T = Temperature of heating 

Z = Negative reciprocal of the slope of the TDT curve 

A computer program was written that simultaneously calculated 

temperature as a function of timet rate of lethality, and accumulated 

lethality (Appendix pages 102 to 107). These operations were carried 

out in 0.1 sec intervals. This approach is of considerable importance 
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to industrial operations as it can be used to evaluate all helically 

coiled tube processes. In addition, the mathematical analysis 

• provided a basis for comparing the turbulent flow processes with other 

processes. 

A Z value of 11.4°F and an FI50 value of 6.1 min that were deter­

mined in a nonflow system (Olson et al., 1952) were used to calculate 

lethality in the 10% menstruum. Lethal rate and accumulated 

lethality values at flow velocities from 5.2 ft/sec to 29.6 ft/sec are 

presented in the Appendix (pages 108 to 131). The relationship bet'tveen 

lethal rate and time is shown in Fig. 15 at a flow velocity of 5.2 

ft/sec and in Fig. 16 at a flow velocity of 27.0 ft/sec in the 10% 

NDM menstruum. The unit lethal area is also defined in these figures. 

Lethality is the integrated area under the lethal rate curve 

(Figs. 15, 16). At the temperature of complete destruction of E. coli 

in the 10% NDM menstruum the theoretical lethality is defined as one 

unit. The lethalities calculated from the experimental data, however, 

were 0.0385 and 0.1202 units, respectively, at flow velocities of 

5.2 ft/sec and 27.0 ft/sec (Table 14). The calculated lethalities 

obtained in this study are comparable to those reported by Read et 

al. (1957) in a straight tube turbulent flow system. Read et al. 

(1957) offered no explanation for these low calculated lethality values. 

When calculated lethality values were used to evaluate the 

helically coiled tube process, the bactericidal efficiency at a flow 

velocity of 5.2 ft/sec would have been 30 times greater than in a 

nonflow system at 150°F for 6.1 min. At a flow velocity of 27.0 ft/sec, 
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the bactericidal efficiency would have been 10 times greater than in 

the nonflow system. This indicates that lethality, calcula'ted from 

Z and F values that were determined in a nonflow system, cannot be 

directly used to evaluate helically coiled tube processes. These low 

calculated lethality values in relation to the nonflow system were 

attributed primarily to the high degree of mixing and rapid heating 

properties that are characteristics of turbulent flow. 

The three stages of the turbulent flow process were evaluated by 

the percentage of lethality in each section in relationship to the 

determined lethality. Diagrammatic representations are shown in 

Figs. 15 and 16. The percentage of lethality was significantly lower 

in the holding period than in the heat-up time. At a flow velocity of 

5.2 ft/sec, 86.49%, 10.13%, and 3.38% of the lethality occurred during 

the heat-up time, holding time, and cool-down time, respectively. 

At a flow velocity of 27.0 ft/sec,80.03%, 15.64%, and 4.33% occurred 

in the heat-up time, holding time, and the cool-down time. These 

figures show that the major portion of the lethality of the process 

occurred in the heat-up time. 

There are no reports in the literature on the importance of 

lethality during cooling for evaluating rapid flow systems. Read eft 

aZ. (1957) did not take into account the lethality of cooling in a 

straight tube turbulent flow system. The heat treated samples were 

collected directly in precooled medium. Burton et aZ. (1958) claimed 

that the lethality in the cool-down period was insignificant in plate 

type systems, but no calculations or measurements were presented to 
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support this statement. 

For a critical evaluation, it was found necessary to compute the 

lethality during cooling in the helically coiled tube heat transfer 

system. 

The lethality calculated for the cooling section increased as 

the heat treatment temperature increased. For example, when 10% NDM 

menstruum was processed at a flow velocity of 27.0 ft/sec with heat 

treatment temperatures of l76°F and 180°F, the lethality for the cool­

ing section increased from 0.0052 unit to 0.0102 unit (Appendix pages 

127 and 131). This increase in lethality clearly demonstrates that 

the lethal effect of cooling must be taken into consideration when 

evaluating UHT turbulent flow processes, especially when high heat 

treatment temperatures are required. 

The calculated lethality of these turbulent flow processes coulQ'! 

be increased to one unit at the inactivation temperature by increasing 

the length of the holding tube. For example, at flow velocities of 

5.2 ft/sec and 27.0 ft/sec (Figs. 15, 16), the holding tube length 

would need to be 243 ft and 46 ft, respectively. 

In commercial URT processing, the lethal effects of the heat-up 

and cool-down periods are not taken into account when prescribing 

equivalent heat treatments (Hsu, 1970). This proce~ure appears 

impracticable for turbulent flow processes because extreme overheating 

of the product would result. For example, at the inactivation temper­

ature of 160°F and 176°F (Figs. 12, 13), if the lethal effects of 

heating and cooling were not considered, 252 ft and 54 ft, respectively, 
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of holding tube would be required to obtain one unit of lethality, 

When processing at 27.0 ft/sec, the holding tube length would be'equal 

to the combined length of the pre-heater and the heater, and would· 

give a much higher heat treatment than required. 

The information obtained in this study indicates that the recent 

URT pasteurization standards promulgated by Read et ale (1968) would 

be too high if applied to this turbulent flow process. These stand­

ards were determined by extrapolating the pasteurization curve for 

ice cream mix. This curve was based on a minimum heat treatment of 

175°F for 25 sec. 

The low calculated lethality values that were obtained in the 

turbulent flow process were attributed to the use of Z and F values in 

the calculations that were determined in a nonflow system. If the Z 

and F values had been determined in the turbulent flow process, one 

unit of lethality would have been expected at the inactivation 

temperature. 

The data on thermal inactivation in turbulent flow~re made more 

applicable to industrial processes by the work of Viles (1971). He 

developed procedures for calculating the thermal lethality in variable 

temperature flow systems by using a digital computer. He analyzed 

the data of Read et ala (1957) and calculated a Z value of 13°F and 

an F150 value of 6.5 sec for E. coli in a straight tube turbulent flow 

system. 

The data for survival of E. coli in the 10% NDM menstruum (Tables 6 

and 11) also were analyzed by Viles (1971). He obtained a Z value of 
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ca. 19°F and F
ISO 

value of ca. 9 sec using equivalent holding times 

for the process. This unusually high Z value in the helically coiled 

tube system possibly was due to the flow characteristics and to the 

~xtreme sensitivity of calculating Z values from experimental data. 

A five percent error in viable count caused the Z values to vary from 

l4°F to 27°F. Similarly, an error of l.SoF in measuring the holding 

temperature caused the Z values to vary from lloF to 27°F. The Z 

values were sensitive to experimental accuracy primarily because Z is 

an exponential term in the calculations. The F value in the helically 

coiled tube system was much lower than for the nonflow system. No 

conclusive explanation was proposed for these differences. 

The results obtained by Viles (1971) show that Z and F values of 

microorganisms that were determined in static systems cannot be used 

to evaluate rapid flow systems. If used, the prescribed thermal 

processing requirements would be higher than needed to inactivate 

the test organism. In addition, his work showed that the bactericidal 

efficiency of the turbulent flow system was 40 times that of the 

nonflow system when calculations were made by using an FlSO of 9 sec 

in turbulent flow and an FlSO of 6.1 min in the nonflow system. This 

higher bactericidal efficiency indicates that the turbulent flow process 

would have many industrial applications if more basic information in 

engineering and food processing were known. 

Time-Temperature Distribution in the Coils 

Indirect continuous flow heat transfer systems use a metal barrier 
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to transmit heat into the flowing product or out of the product 

through the metal barrier for cooling. The product is heated progres­

sively in the heating section, held for a specific time in the holding 

section, and cooled progressively in the cooling section. These time­

temperature treatments are the total heat treatments for a process. 

The temperature as a function of time was calculated for each 

menstruum at 0.1 sec intervals, using the equation given by Thomas 

(1970), and is presented in the Appendix, pages 108 to 131. Time­

temperature distribution curves for the 10% NDM menstruum are shown in 

Figs. 12 and 13. At a velocity of 5.2 ft/sec, the heating time was 

5.12 sec, the holding time was 0.19 sec, and the cooling time was 

0.80 sec. At a velocity of 27.0 ft/sec, the heating time was 0.98 

sec, the holding time was 0.03 sec, and the cooling time was 0.40 sec. 

The rate of heating depended on the coil length, flow velocity, 

inlet temperature of the menstruum in the heating section and on the 

inlet temperature of the heating medium. The time and temperature 

relationship in Figs. 12 and 13 clearly show that rate of heating at 

a flow velocity of 27.0 ft/sec is five times greater than at a flow 

velocity of 5.2 ft/sec. 

A nonlinear relationship existed between time and temperature when 

steam or steam mixed with water was used as a heating medium. Charm 

(1963) also reported a nonlinear relationship in a straight tube system 

that was steam heated. 

The type of heating medium influences the rate of heating. Read 

et ale (1956b) observed a linear relationship between temperature and 
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distance in a straight tube turbulent flow system. Since uniform 

heating by electrical resistance was used, a linear relationship was 

expected. 

In static systems, the time-temperature standards are based on 

the region of greatest temperature 1ag t where the rate of heating is 

quite slow. The heating and cooling curves are generally nonlinear. 

The center line temperature is more commonly used as the point of 

maximum temperature lag. The heating occurs at a faster rate in 

turbulent flow than in stream line flow or in a static system. 

In most indirectly heated URT processing equipment, deposit for­

mation or "burn-on" constitutes a serious problem. The relative 

scarcity of information on the composition of these deposits and con­

ditions favoring their formation may be partly due to the difficulties 

of the experimental work. These time-temperature relationships pro­

vide a basis for studying factors affecting "burn-on" in turbulent 

and stream line flow processes. The time-temperature relationship in 

Fig. 13 shows processing conditions that would prevent the accumulation 

of deposits that cause "burn-on. 1f The heating time was less than one 

sec, the Re value was 66,506, the velocity was 27.0 ft/sec, the men­

struum was under a pressure of ca. 1300 1b/sq in. and cooling was very 

rapid. After five hr of continuous operation there was no indication 

of "burn-on." On the other hand, the time-temperature relationship in 

Fig. 14 indicates processing conditions that would be less favorable 

in preventing deposit accumulation and "burn-on." Although the velocity 

was 29.6 ft/sec for the 40% NDM menstruum, the flow conditions were 
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non-turbulent (Table 3). This was essentially due to the high viscos­

ity of this menstruum. 

These results indicate that the helically coiled tube processing 

system has industrial applications for processing most dairy products 

and many non-dairy fluid products such as fruit drinks and baby formu­

las. It can also be used for sterilizing pharmaceutical products like 

saline solutions and would fit into automated aseptic operations. 

Temperature-Survivor Curves 

A basic concept in microbiology is that in static systems, the 

order of destruction of vegetative cells and spores by moist heat is 

logarithmic, A straight line survivor curve generally is obtained 

when the log of survivors is plotted against time at a specific temper­

ature. The cell distribution in turbulent flow and the long heat-up 

and cool-down periods as compared to the holding time make it more 

difficult to establish the order of bacterial destruction based on 

the holding time alone. In this heat exchange system, Fig. 1, the 

heat-up and cool-down periods were, respectively, 27 and 38 times 

longer than the holding time (Fig. 13). The technique of plotting 

survival against heat treatment temperatures has been used as an 

alternate means of evaluating continuous rapid flow systems (Tobias 

et al., 1955; Burton et al., 1958; Edwards et al., 1965a). 

To study the effect of velocity on bactericidal efficiency under 

turbulent flow conditions, the menstruums were processed at nearly 

constant Re values in the range of 11,407 to 15,492 (Table 3). To 
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attain these Re values for all the menstruums, the velocities were 

varied from 5.2 ft/sec to 27.0 ft/sec. Results are presented in 

Tables 5 to 8. To show the influence of NDM solids on bactericidal 

efficiency under turbulent flow conditions, the velocity was held 

constant at 27.0 ft/sec and Re values were varied from 14,579 to 

88,639. Results are presented in Tables 10 to 12. 

The percentage survival at 5.5 ft/sec in the minimal broth 

menstruum at each heat treatment temperature of the process is shown 

in Table 5. The regression of percentage survival (y) on the heat 

treatment temperature (x) was y = 625.16 - 4.27 x. This linear 

relationship is shown in Fig. 7 when the total processing time for 

each heat treatment was 13.12 sec. 

At a flow velocity of 27.0 ft/sec, the percentage survival in 

minimal broth at the corresponding heat treatment temperatures is shown 

in Table 10. The regression of percentage survival (y) on the heat 

treatment temperature (x) was y = 390.41 - 2.22 x. This linear relation­

ship is shown in Fig. 7. The total processing time was 2.59 sec for 

each heat treatment. 

The different slopes of the curves in Fig. 7 is explained 

primarily by the differences in processing time which at 5.5 ft/sec 

was five times longer than at 27.0 ft/sec. At a specific temperature, 

the percentage of viable organisms is less at the lower velocity than 

at the higher velocity. The results clearly show that flow velocity 

must be defined when evaluating a process by this method. 

The percentage survival in the 10% NDM menstruum at the various 
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heat treatment temperatures at a flow velocity of 5.2 ft/sec is shown 

in Table 6. The regression for calculating the percentage survival 

was y = 449.69 - 2.84 x. This linear relationship is shown in Fig. 8. 

The total processing time for ~ach heat treatment Was 13.79 sec. 

At a flow velocity of 27.0 ft/sec, the percentage survival in 

the 10% NDM menstruum and the corresponding heat treatment temperature 

are shown in Table 11. The regression equation for calculating the 

percentage survival was y = 379.93 - 2.17 x. This linear relationship 

is also shown in Fig. 8. The total processing time at this flow veloc­

ity was 2.61 sec for each heat treatment. The differences between the 

slopes of the curves in Fig. 8 are explained by the different flow 

velocities. The higher flow velocity resulted in a shorter processing 

condition. 

The flow velocities for processing the 10% NDM menstruum were 

comparable to those for minimal broth. Therefore, the slopes of the 

temperature-survivor curves were a measure of the effect of the NDM 

solids on the bactericidal efficiency. The results show that the 

protective effect of the solids was more pronounced at the lower 

velocity of 5.2 ft/sec. At this velocity bacterial destruction was 

33 times higher in minimal broth than in the 10% NDM menstruum when 

calculated from the slopes. 

At the higher velocity, the protective effect of solids was 

less evident. Bacterial destruction was only 2.2% higher in the 

minimal broth than in the 10% NDM menstruum. This was attributed 

primarily to the high degree of mixing at a velocity of 27.0 ft/sec. 
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There are no reports in the literature on the relationship between 

flow velocity in turbulent flow and rate of bacterial destruction. 

The percentage survival in the 20% NDM menstruum at the various 

I heat treatment temperatures is shown in Table 7. The flow velocity 

was 10.1 ft/sec and the Re value was l2 t 013. The regression equation 

for calculating percentage survival was y = 483.18 - 2.87 x. This 

linear relationship is shown in Fig. 9. The total processing time 

was 6.55 sec. Since none of the other menstruums were processed at 

this velocity, the slope of this line was not compared with the other 

slopes. 

At a flow velocity of 27.3 ft/sec and a Re value of 37,976, the 

percentage survival in the 20% NDM menstruum and the corresponding 

heat treatment temperature are shown in Table 12. The regression 

equation for calculating the percentage survival was y = 375.38 -

2.16 x. This linear relationship is also shown in Fig. 9. The total 

processing time at this flow velocity was 2.59 sec for each heat 

treatment. 

When the flow velocity was increased from 10.1 ft/sec to 27.3 

ft/sec, the slope of the temperature-survivor curve decreased. At a 

flow velocity of 27.3 ft/sec, the slope of the temperature-survivor 

curve for the 20% NDM menstruum was 2.8% lower than the slope of the 

minimal broth survivor curve at the same velocity. The slope of the 

curve for the 10% NDM menstruum, however, was not significantly 

different from the slope of the curve for the 20% NDM menstruum. 

The percentage survival at a velocity of 27.0 ft/sec in the 30% 
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NDM menstruum at the various heat treatment temperatures is shown in 

Table 8. The regression equation for calculating percentage survival 

was y = 379.55 - 2.12 x. This linear relationship is shown in Fig. 10. 

The total processing time for each heat treatment was 2.63 sec. 

The protective effect of solids on microbial destruction in static 

systems is well known. In contrast, at a flow velocity of 27.0 ft/sec, 

the concentration of NDM solids had no measurable effect on destruction 

of E. aoli as indicated by the slopes of the temperature-survivor 

curves. The slopes were: for minimal broth, the 10% NDM menstruum, 

the 20% menstruum, and the 30% NDM menstruum, respectively, 2.22, 2.17, 

2.16, and 2.12. This lack of protection of the solids to the bacterial 

cells was attributed to the high degree of mixing and rapid heating. 

Since the Re value of minimal broth was 88,638 and the Re value 

of the 30% NDM menstruum was 14,579, the results further show that 

attaining a Re value higher than the critical Re did not improve 

bactericidal efficiency. This information appears to have industrial 

applications, because processing of the optimum velocity would save 

considerable costs in operation. 

At a flow velocity of 29.6 ft/sec, the percentage survival in ' 

the 40% NDM menstruum and the corresponding heat treatment temperature 

are shown in Table 9. The regression equation for calculating the 

percentage survival was y = 364.05 - 1.96 x. This linear relationship 

is also shown in Fig. 11. The total processing time at this flow 

velocity was 2.50 sec for each heat treatment. The higher standard 

deViation, the lower correlation coefficient (Table 13), and the lower 
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slope were attributed to the non-turbulent flow conditions during 

processing of the 40% NDM menstruum. As high velocity was required, 

the high pressure pump did not have sufficient capacity to attain 

the required velocity to obtain turbulent flow conditions, since the 

viscosity of this menstruum was higher. 

During the past decade considerable research has been directed 

toward development and improvement of the UHT processes. Most of the 

published information, however, is on direct steam injection heating 

units or plate-type heat exchange systems. Research studies on 

helically coiled tube flow process are sparse. These data are the 

first that have been reported on bacterial destruction in a helically 

coiled tube heat transfer system under well defined flow conditions. 

The slopes of temperature-survivor curves were a good index to 

the bactericidal efficiency of the processes using different men­

struums and velocities. Five menstruums were used to make 21 runs, 

Six runs were at a flow velocity of 5.2 ft/sec, three at 10.1 ft/sec, 

nine at 27.0 ft/sec and three were at 29.6 ft/sec. For each run, the 

plot of percent survival of E. coli (y) on heat treatment temperature 

(x) was linear under the test conditions. 

Equivalent holding times for the helically coiled tube processes 

are needed to make comparisons with currently used commercial proces­

sing equipment. Most of the research workers (Tobias et al., 1955; 

Read et al., 1956b; Edwards et al., 1965a) were unable to determine 

equivalent holding times because of the intricacies involved. Tobias 

et al. (1955) plotted log of survival against heat treatment 
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temperatures, but did not obtain data on temperature distribution in 

the heating and cooling sections. Their data would have been more 

meaningful if the log survival had been plotted against time. Read 

et al. (1956b) did not calculate equivalent holding times although 

the temperature distribution data were available. Edwards et al. 

(1965a) processed at different holding times, and plotted the log 

survival against these holding times. The equivalent holding time in 

the heat-up and cool-down periods was not taken into consideration. 

The temperature distribution in the heating and cooling coils 

is needed to calculate equivalent holding times for a reference 

temperature. From this information, an equivalent classical survivor 

curve can be plotted. Viles (1971) developed a procedure for calcu­

lating equivalent holding times for this system. 

The survival of heated bacteria is influenced by many factors 

such as type and concentration of the organism, incubation tempera­

ture of the culture, of the poured plates and by the plating and 

suspending medium. Olson et al. (1952) demonstrated that the 

incubation temperature and concentration of the organisms significantly 

affected the recovery of heated bacteria. Prolonged incubation of 

poured plates can influence the recovery of heated bacteria (Dabbah 

et al., 1969). Moats et al. (1971) found higher viable counts by 

using trypticase soy agar as compared to MacConkey's agar in the 

detection of survival of SalmonelZa sentfenherg that was heated at 

140°F in the range of 0 to 50 min. These results are pertinent to 

the present investigation where desoxycho1ate agar was used throughout 
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for viable counts of E. aoli, an organism related to Salmonellae. 

Desoxycholate agar was chosen because viable organisms were present 

after pasteurization of the menstruums containing NDM solids. High 

heat treatments were not applied because it was necessary to minimize 

physical and chemical changes. Swanson et al. (1964) reported that 

concentrated milks coagulated in the vat during heating at 190°F for 

10 min. High heat treatment of milk denatures the serum proteins 

and increases viscosity (Jenness and Patton, 1959). 

If trypticase soy agar or standard plate count agar had been 

employed as a plating medium, it would not have been possible to 

distinguish the colonies of other organisms that were present in the 

pasteurized menstruums from those of E. eolia Desoxycho1ate agar, 

on the other hand, was both a selective and a differential plating 

medium. It was selective for gram negative organisms, and differ­

entiated lactose fermenting bacteria (i.e., E. coli) from non-lactose 

fermenters. Although minimal broth was sterile, desoxycholate agar 

was still employed, in order to provide a valid basis for making a 

comparison throughout the study. In view of the work of Moats et ale 

(1971), the possibility certainly exists that different estimations of 

bacterial survival might have been found if other plating media had 

been employed. Moreover, physical conditions might also influence the 

viable counts obtained. Unpublished data from the VPI & SU Anaerobe 

Laboratory have indicated that E. aoli may yield higher viable counts 

under anaerobic conditions as compared to aerobic conditions. Such 

considerations would play an important role in establishing UHT 
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treatments by governmental or public health agencies. The present 

investigation was not designed to establish such standards, but to 

devise a helically coiled tube turbulent flow system, to define its 

flow properties and time-temperature distribution, and to determine 

the effect of flow rate, turbulence, and temperature on bactericidal 

efficiency under thoroughly defined conditions. Indeed, the test 

organism employed would not be used as a basis for public health 

standards, since it is not comparable to the most heat resistant 

non-spore forming pathogen found in raw milk, Coxiella burnetti. 

The results of the present investigation are valid only for the present 

conditions and test agent employed. The possibility of recovery from 

heat treatment under conditions other than those employed here would 

be of considerable importance in establishing public health standards 

for UHT processing. Additional work, however, should be done on this 

problem. Perhaps a type of thermal injury different from that indi­

cated by Moats et ale (1971) may occur in processing, because of the 

short total processing time (3 sec to 14 sec) under the conditions of 

rapid heating and cooling. Consequently, it is possible that the type 

of medium used for plating may have little effect. No increase in 

colony counts have resulted from prolonged incubation of desoxycholate 

agar plates in the present study. A definite conclusion must await 

direct experimental evidence. It would seem mandatory that such 

evidence would be obtainable only by the use of sterile menstruums 

and a variety of plating media. As noted above, however, steriliza­

tion of the NDM menstruums and reprocessing them would alter the 
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physical and chemical properties and possibly produce inhibitory 

substances. In addition, the flow characteristics would no longer 

be comparable to commercial products. The possible resolution of 

this problem is to resort to the use of the chemical sterilizing 

agent, ethylene oxide. This method would involve cooling the men­

struum 10-50°F and then adding liquid ethylene oxide. The vessel 

containing the menstruum would be closed and not sealed. The menstruum 

would be allowed to stand in this state for an hour or so and then 

transferred to a warm place and left there for a few hours, until all 

the ethylene oxide has been volatilized and removed. This method has 

been recommended by Judge and Pelczar (1955) for sterilizing bacterio­

logical culture media and it has been used to sterilize milk and 

serum. In the experience of Sykes (1969), however, media treated in 

this way were rather less capable of supporting bacterial growth. 

Moreover, ethylene oxide gas is extremely hazardous, and also expensive. 

Two chief advantages are the ability to kill bacterial spores as easily 

as vegetative cells, and keeping the viscosity changes to a minimum. 

Sterilization Effect 

The sterilization effect (SE) is widely used in Europe for 

evaluating URT processes. This method is based on the existence of 

a linear relationship between the log of survival of spores and time 

of heating at a specific temperature. Galesloot (1956) reported SE 

values greater than 6.0 after heat treatments of spore suspensions at 

275°F in a tubular heater. The SE values increased with time of 
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holding. 

There are no reports in the literature on the use of this method 

when non-sporing bacteria were used as test organisms. Calculations 

of SE values were made at the inactivation temperatures for E. coli 

under the processing conditions in Tables 3 and 4. For a survival of 

one organism per ml, the SE values ranged from 6.4 to 6.8; but for 

one organism per 10 ml, the SE values ranged from 7.4 to 7.8. Based 

on the recommendations of Galesloot (1956), these heat treatments were 

highly effective for all menstruums. 

Determination of SE values is relatively simple, but the initial 

numbers and final survivor count influence the numerical value. 

Indexes to the bactericidal efficiency of processes can be obtained if 

the same organism at a designated initial concentration is used in the 

same menstruum. 
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Table 1 - Density and cubical expansion coefficients of menstruums. 

Temperature 

Menstruum (OC) 

Minimal brotha 

10% NDMc 

20% NDM 

30% NDM 

40% NDM 

acontained 1.36% solids. 

b value for water. 

22 

20 

22 

21 

22 

(OF) 

71.6 

68.0 

71.6 

69.8 

71.6 

~DM = non-fat dry milk solids. 

Density 

(g/ cc) (lb 

0.9978b 62.24b 

1.0356 64.65 

1.0815 67.52 

1.1230 70.05 

1.1701 73.05 

Cubical expansion coefficient 

(per °C) (per OF) 

4.5 x 10 -4 2.50 x 10 -4 

4.6 x 10 -4 -It. 2.56 x 10 . 

4.3 x 10 -4 2.37 x 10 -4 

-4 -4 
""-J 

4.3 x 10 2.38 x 10 w 
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Table 2 - Viscosity of menstruums at various temperatures. 

Menstruum 

Minimal b ro th 

10% NDM 

20% NDM 

30% NDM 

40% NDM 

acp = 6.72 x 10-4 (lb/ft sec). 

b 
mean temperature. 

Temperature 
(OF) 

80.6 

86.0 

137.5 
b 

154.5 
b 

80.6 

86.0 
b 

142.0 
b 

153.5 

80.6 

86.0 

14900
b 

154.0
b 

80.6 

86.0 

157.0
b 

80.6 

86.0 

166.0
b 

a Viscosity 
(cp) 

0.8513 

0.7975 

0.4846 

0.4155 

1.2183 

1.0945 

0.6483 

0.5700 

5.0350 

4.1658 

1.2350 

1.1470 

9.1667 

8.0834 

2.8218 

18.0 

17.0 

12.0 



Table 3 - Effect of composition of menstruums on flow properties at different velocities. 

Menstruum 

Minimal broth 

NDM 

20% NDM 

30% NDM 

40% NDM 

Preheat 
(OF) 

125 

124 

128 

134 

142 

Temperature 

Heat 
treatmenta 

(OF) 

150 

160 

170 

180 

190 

Mean 
(OF) (lb/ft3) 

137.5 61.37 

142.0 63.71 

149.0 65.81 

157.0 68.26 

166.0 70.98 

alnactivation temperature measured at inlet of cooling section. 

Flow rate 

(ga1/hr) 

25.9 

24.7 

48.2 

128.2 

140.8 

Velocity 

(ft/sec) 

5.5 

5.2 

10.1 

27.0 

29.6 

Reynolds 
number 

(Re) 

15 t 492 

11,407 

12,013 

14,579 

3,908 

""-J 
Lrl 



Table 4 - Effect of composition of menstruums on flow properties at a constant velocity. 

Menstruum 

Minimal broth 

10% NDM 

20% NDM 

30% NDM 

Preheat 
(OF) 

135 

131 

130 

134 

Temperature 

Heat a treatment 
(OF) 

174 

176 

178 

180 

Mean 
(OF) 

154.5 

153.5 

154.0 

157.0 

Density 

(lb/ft3) 

60.66 

62.90 

65.64 

68.26 

aInactivation temperature at inlet of cooling section. 

Flow rate 

(gal/hr) 

129.6 

128.4 

129.8 

128.2 

Velocity 

(ft/sec) 

27.2 

27.0 

27.3 

27.0 

Reynolds 
number 

(Re) 

88 t 638 

66 t 506 

37 t 976 

14,579 

........ 
0'\ 
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Table 5 - Effect of heat treatments on survival in the minimal broth 

menstruum at a velocity of 5.5 ft/sec.
a 

Trial 
(No. ) 

1 

2 

3 

Initial viable 
count 

(No./ml) 

2.62 x 10 6 

2.50 x 10 6 

2.54 x 10 6 

~eynolds number = 15,492 

bBased on mean of triplicate counts. 

Heat treatment 
temperature 

(OF) 

12.5 
130 
135 
140 
145 
150 

125 
130 
135 
140 
145 
150 

125 
130 
135 
140 
145 
150 

b Survival 
(%) 

85.11 
74.05 
48.09 
28.63 
6.79 
0.00 

92.00 
77.20 
49.20 
24.00 
5.00 
0.00 

93.70 
64.96 
45.28 
28.35 
6.30 
0.00 
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Table 6 - Effect of heat treatments on survival in the 10% NDM 

menstruum at a velocity of 5.2 ft/sec. a 

Initial viable Heat treatment b Trial count temperature Survival 
(No. ) (No. /m1) (OF) (%) 

125 96.19 

6 130 85.12 
1 2.89 x 10 135 70.24 

140 58.13 
145 42.41 
150 21.45 
155 5.02 
160 0.00 

125 91.29 

6 130 75.00 
2 2.64 x 10 135 71.59 

140 45.08 
145 40.15 
150 30.30 
155 9.81 
160 0.00 

125 95.20 

6 
138 55.20 

3 2.50 x 10 145 40.00 
150 22.00 
156 8.00 
160 0.00 

~eyno1ds number = 11,407 

bBased on mean of triplicate counts. 
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Table 7 - Effect of heat treatments on survival in the 20% NDM 

menstruum at a velocity of 10.1 ft/sec. a 

Initial viable Heat treatment 
Surviva1b Trial count temperature 

(No. ) (No. jml) (OF) (%) 

143 75.87 

2.86 x 106 
154 45.10 

1 160 21.67 
163 10.17 
168 1.95 
170 0.00 

135 95.00 
143 75.00 

2 2.60 x 106 148 54.61 
155 40.00 
162 23.84 
168 3.00 
170 0.00 

135 97.44 

2.74 x 106 
139 85.03 

3 149 56.20 
152 43.79 
160 25.18 
168 2.99 
170 0.00 

aReyno1ds number = 12,013. 

bBased on mean of triplicate counts. 
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Table 8 - Effect of heat treatments on survival in the 30% NDM 

menstruum at a velocity of 27.0 ft/sec. a 

Initial viable Heat treatment 
Surviva1b Trial count temperature 

(No. ) (No. /m1) (OF) (%) 

135 96.21 

6 149 65.86 
1 2.91 x 10 155 52.57 

156 50.17 
164 32.98 
166 28.17 
176 2.98 
180 0.00 

135 98.20 

6 142 85.25 
2 2.78 x 10 148 60.43 

153 46.04 
159 38.84 
170 20.14 
173 13.30 
180 0.00 

6 129 97.91 
3 2.88 x 10 166 30.20 

180 0.00 

~eynolds number = 14,579. 

b Based on mean of triplicate counts. 
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Table 9 - Effect of heat treatments on survival in the 40% NDM 

menstruum at a velocity of 29.6 ftlsec. 
a 

Initial viable Heat treatment 
b Trial count temperature Survival 

(No. ) (No./ml) (OF) (%) 

135 94.07 

6 162 34.14 
1 2.87 x 10 163 37.11 

172 15.68 
182 10.80 
185 8.01 
190 0.00 

137 91.75 

6 
153 81.09 

2 2.91 x 10 158 81.79 
164 35.05 
178 6.91 
190 0.00 

135 97.19 

6 
145 85.96 

3 2.85 x 10 153 60.35 
162 58.25 
171 25.61 
178 22.11 
190 0.00 

a Reynolds number = 3,908. 

b Based on mean of triplicate counts. 
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Table 10 - Effect of heat treatments on survival in the minimal broth 

menstruum at a velocity of 27.2 ft/sec. a 

Initial viable Heat treatment 
Trial count temperature Surviva1b 

(No. ) (No. /m1) (OF) (%) 

129 96.70 

2.43 x 106 
152 60.43 

1 162 40.29 
169 12.08 
171 10.51 
171 10.36 
172 0.74 
174 0.00 

130 95.15 
140 80.96 

2.89 x 106 
149 61.59 

2 156 56.05 
160 40.13 
167 15.57 
169 11.76 
172 0.50 
174 0.00 

aReynolds number = 88,638. 

bBased on mean of triplicate counts. 
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Table 11 - Effect of heat treatments on survival in the 10% NDM 

menstruum at a velocity of 27.0 ft/sec. a 

Trial 
(No. ) 

1 

2 

Initial viable 
count 

(No./ml) 

2.88 x 106 

2.67 x 106 

aReynolds number = 66,506. 

Heat treatment 
temperature 

(OF) 

131 
152 
158 
167 
171 
176 

130 
137 
148 
157 
169 
174 
176 

bBased on mean of triplicate counts. 

Surviva1b 

(%) 

94.22 
51.38 
40.62 
21.18 
5.08 
0.00 

96.25 
85.01 
50.93 
40.07 
15.35 

0.50 
0.00 
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Table 12 - Effect of heat treatments on survival in the 20% NDM 

menstruum at a velocity of 27.3 ft/sec. a 

Trial 
(No. ) 

1 

2 

Initial viable 
count 

(No. /ml) 

2.94 x 106 

2.65 x 106 

aReynolds number = 37,976. 

Heat treatment 
temperature 

(OF) 

130 
150 
160 
171 
178 

131 
148 
152 
159 
165 
173 
178 

bBased on mean of triplicate counts. 

Survivalb 

(%) 

96.25 
50.34 
35.37 
11.22 
0.00 

97.35 
52.07 
40.00 
32.07 
20.00 
1.00 
0.00 



Table 13 - Regression equations for survival of E. aoli in the test menstruums at constant and 
variable velocities. 

Degrees 
of Correlation Standard 

Predicted freedom coefficient deviation 
Menstruum Velocity equation (df) r** (s) 

Minimal broth 5.5 Y=62S.l6-4.27X 13 -0.99 3.58 
27.2 Y=390.4l-2.22X 13 -0.98 6.69 

10% NDM 5.2 Y=449.69-2.84X 17 -0.99 4.17 
27.0 Y=379.93-2.l7X 9 -0.99 3.70 co 

til 

20% NDM 10.1 Y=483.l8-2.87X 15 -0.99 2.93 
27.~'3 Y=375.38-2.l6X 8 -0.99 4.30 

30% NDM 27.0 Y=379.S5-2.12X 14 -0.99 4.62 

40% NDM 29.6 Y=364.05-l.96X 15 -0.95 11.07 

**A significant difference at the 1% level between percent survival and heat treatment temperature. 
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Table 14 - Calculated lethality values in different sections of the 
process. 

Section Lethal units 

Heating 0.0333 

Holding 0.0039 0.0188 

Cooling 0.0013 0.0052 

Total units 0.0385 0.1202 

aAt a velocity of 5.2 ft/sec and 160°F heat treatment temperature. 

bAt a velocity of 27.0 ft/sec and 176°F heat treatment temperature. 



SUMMARY AND CONCLUSIONS 

At present, there is a definite trend in the food industry toward 

the use of higher temperatures and shorter times for processing fluid 

products. This trend is based on the desirability of achieving destruc­

tion of microorganisms while at the same time minimizing detrimental 

effects on flavor and other properties. Helically coiled tube systems 

offer great promise in this regard, but much basic information is 

required before wide applications can be made. 

This dissertation represents an investigation of the relation of 

flow properties and temperature distribution to bacterial destruction 

in a helically coiled tube turbulent flow system. It differs from all 

previous studies in that all conditions employed have been thoroughly 

defined and the type of helically coiled tube turbulent flow system 

employed has never before reportedly been used for such studies. This 

system was especially designed to provide measurement and control of 

the temperatures and of the flow rates and flow characteristics that 

were required for this study. The system was able to operate over a 

wide range of flow rates, under turbulent or non-turbulent flow con­

ditions, and was equipped with automatic temperature control and 

recording units. The test menstruums were minimal broth that contained 

1.4% solids and rehydrated NDM products that ranged from 10% to 40% 

solids. The bacterial species E. ooti (ATCC strain No. 9723) was used 

as the test microorganism. Defined inocula and conditions for deter­

mination of survival were also employed with desoxycholate agar used as 

the plating medium. 

87 
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Turbulent flow conditions for this system were determined by 

the critical Reynolds number which was calculated to be 8,617. 

Reynolds numbers up to 88,000 were ,needed to maintain a constant flow 

velocity of 27 ft/sec for processing the test menstruums under 

turbulent flow conditions. Density, velocity, viscosity, and tube ID 

determined the magnitude of Reynolds numbers which in turn were the 

indexes to the flow properties. 

Density of the menstruums influenced flow properties to a greater 

extent by increasing the solids than by increasing the temperature. 

A linear relationship was found between density (y) and concentration 

of NDM solids (x) as shown by the following formulas: y (g/cc) = 

0.0043 x + 0.9978 or y (lb/ft 3) = 0.2703 x + 62.24. These formulas 

have commercial applications, especially for determining the flow 

properties of concentrated milks in connection with the manufacture of 

NDM products. From the percentage solids in concentrated milks, 

density at 7l.6°F can be calculated and then converted to the density 

at higher temperatures by using the cubical expansion coefficient method. 

The Reynolds number is inversely proportional to the viscosity 

coefficient, making viscosity a significant factor in establishing flow 

properties. Viscosity was found to increase as the percentage concen­

tration of NDM solids in the menstruums was increased and to decrease 

as the temperature of the menstruums was increased. Nonlinear relation­

ships were found between viscosity and percentage NDM solids and between 

viscosity and temperature. These nonlinear functions were attributed 

to the non-Newtonian nature of the menstruums. 
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The helically coiled tube system employed was evaluated for the 

destruction of E. aoZi by the lethality method. A computer program 

was written that simultaneously calculated temperature as a function 

of time, rate of lethality, and accumulated lethality. These calcula­

tions were made in 0.1 sec intervals during heating and cooling of 

the menstruums. The mathematical analysis provided a basis for com­

paring turbulent flow processes with other processes. 

The low calculated lethality values that were obtained in the 

turbulent flow process were attributed to the use of reported Z and F 

values of E. aoli in the calculation that were determined in a nonflow 

system. 

The three stages of the turbulent flow system were evaluated by 

calculating the percentage of lethality in each section. More than 

80% of lethality occurred during the heat-up time, 10 to 15% during the 

short holding time, and 3 to 4% during the cool-down period. 

The lethality during cooling progressively increased with increases 

in processing temperatures. Hence, the lethality in the cooling sec­

tion of helically coiled tube systems must be taken into account when 

making an accurate evaluation for UHT treatments. 

The bactericidal efficiency of the turbulent flow system was 

40 times that of the nonflow system when calculations were made by 

using F values in turbulent flow and nonflow systems. This higher 

bactericidal efficiency indicates that the turbulent flow process would 

have many industrial applications if more basic information in 

engineering and food processing were available. 
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The temperature-time distribution in the heating and cooling 

coils was calculated at 0.1 sec intervals. These are the first data 

that have been reported on this distribution for processing concen- . 

trated milk products. A nonlinear relationship was observed between 

time and product temperature. Menstruums were processed with heat-up 

times of less than one sec and holding times of less than 0.04 sec. 

During the past decade considerable research has been directed 

toward bacterial destruction in UHT processes. Most of the published 

information, however, is on inactivation in direct steam injection 

heating units or plate-type heat exchange systems. These data are the 

first that have been reported on bacterial destruction in a helically 

coiled tube heat transfer system under thoroughly defined flow 

conditions. 

Five kinds of menstruums were used in a total of 21 experiments 

for determining survival of E. coli by different heat treatments. Six 

experiments were at a flow velocity of 5.2 ft/sec, three at 10.1 ft/ 

sec, nine at 27.0 ft/sec and three were at 29.6 ft/sec. For each men­

struum, the plot of percent survival of E. coli (y) on the heat treat­

ment temperature (x) appeared to be linear under these test conditions. 

Regression equations were used to determine the straight lines that 

best fitted the data. The slopes of the temperature-survivor curves 

were used to compare the bactericidal efficiency of the process under 

different conditions of velocity and concentration of NDM solids. 

The slopes of the temperature-survivor curves were significantly 

different when a menstruum was processed at different velocities. 
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These differences in slopes were due to changes in processing times and 

heat treatment temperatures. Therefore. velocity must be defined when 

evaluating bacterial survival in such a helically coiled tube system. 

Under turbulent flow conditions. the protective effect of NDM 

solids was greater at a velocity of 5.2 ft/sec than at 27.0 ft/sec. 

At this lower velocity, a 10% increase inNDM solids reduced the bac­

tericidal efficiency 33% (as calculated from the slopes of the curves 

for minimal broth and for the 10% NDM menstruum). This is essen­

tially in agreement with the results reported for nonf1ow systems. 

At the faster velocity of 27.0 ft/sec, however, the protective effect 

of the solids was less evident. An increase in 10% NDM solids reduced 

the bactericidal efficiency by only 2.2% as calculated from the slopes. 

This was attributed to the high degree of mixing and rapid heating 

at the faster velocity. There are no previous reports in the litera­

ture on the relationship between velocity in thoroughly defined 

turbulent flow conditions and rate of bacterial destruction as influ­

enced by the concentration of NDM solids. 

To process at a constant Reynolds number~ it was necessary to 

increase velocity as the concentration of NDM solids was increased. 

Increasing the velocity, however~ reduced the processing time and 

thereby increased the thermal inactivation temperatures. 

At the rapid flow velocity of 27.0 ft/sec, the Reynolds number 

varied from 14,579 to 88,638, depending on the type of menstruum. 

At this velocity, the thermal inactivation temperatures were only 

slightly different, and the Reynolds number was not closely related to 
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the inactivation temperature when turbulent flow conditions existed. 

In other words, provided the Reynolds number exceeded the critical 

Reynolds number, its absolute value appeared to make little difference 

at a high flow velocity. This dissertation provides the first evidence 

reported for such a relationship. 

There are no previous reports in the literature on the use of 

the recently developed sterilization effect method for evaluating 

helically coiled tube turbulent flow processes, when non-spore forming 

bacteria were used as test organisms. Calculations of sterilziation 

effect values were made at the inactivation temperatures for E. coli. 

If it were assumed that there was a survival of one bacterial cell per 

ml, the sterilization effect values ranged from 6.4 to 6.8. On the 

other hand, with an assumption of survival of one bacterial cell per 

10 ml, the sterilization effect values ranged from 7.4 to 7.8. These 

heat treatments were highly effective for all menstruums and indicated 

that this method could be used to compare different heat exchange 

systems if a specific organism at a specific initial concentration was 

used in the same menstruum. 

These findings suggest that the helically coiled tube processing 

system might be applicable to industrial processing of most dairy 

products and many non-dairy fluid products such as fruit drinks and 

baby formulas. It could possibly be used also for sterilizing pharma­

ceutical products like saline solutions and could easily fit into 

automated aseptic operations. 

The basic information obtained in this study on flow properties, 
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temperature distribution and destruction of E. aoZi under thoroughly 

defined conditions will be useful as a preliminary study leading to 

further work with different types of microorganisms, especially 

pathogens. Investig~tions of the type and extent of thermal injury 

of bacterial cells exposed to high temperatures for very short times 

should also be made using different types of media and physical 

conditions for estimation of survival. 'Standards for industrial or 

public health purposes cannot be proposed until such additional 

investigations are made. 
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APPENDIX 



C COMPUTER PROGRAM 
C 
C K. K. REDDY, FOOD SCIENCE AND TECHNOLOGY DEPT. 
C TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 
C TH1=INLET TEMP. OF THE HEATING MEDIUM 
C T~2=OUTlET TEMP. Of THE HEATING MEDIUM 
C TCl=TM1= INLET TEMP. OF THE MENSTRUUM 
C TC~=TM2=OUTlET TEMP. Of THE MENSTRUUM 
C Te =TMX=TEMP. Of THE MENSTRUUM AT A DISTANCE X 
C X = DISTANCE FROM THE INLET 
C L =TOTAl LENGTH OF TUBING IN HEATING CCll 

DIMENSION Y(1,lOO},DC(2) 
HeX) = (lHl*TC2 -TCl*TH2- (TC2-TCl)*(THl-TC1)*(TH2-TC21/(THl­

ITCl»)**X)/tTHl-TCl-TH2 .. T(2) 
CH(X)= (lC2*'Thl-TH2*TCl-( TH2-1Hl )*( TH i-Ttl) *t, Te2-THZ)/( Tel-lI11»)* 

l*XI/ (TC2-Th2-TCl+THl) 
G(SETA) = EXP(BEIA)/F 
READ(S,11)(OCII),I=l,Z) 
N=1 

1 REAO(S,2 ) Tel, TC2,THl,TH2,RHO,XMO,Z,F,XMU 
IftTCl.lE.O.O) STOP 
RE = 4.0*XMD'(3.1416*O.18/12.C*XMU*3600.0) 
IF(N. .1)WRITE(6,900) 
IF(N.EQ.21WRITE(6,9021 
WRITE (6, 10) Tel, Te2, THl, TH2, RHO, XMU, XMD, RE, Z, F 
WRITE (6, 20) 
00 100 M=l,50 

leG Y(l,M) = o.OC 
Xl = 0.0 
R = .0 
DT:O .1 
T= 0.0 

!-' o 
tv 



Te = Tel 
Xl 0.0 
WRITE (6, 30) Xl. T, Te, R, Xl 
1M = 3 .1416*S<HO* (0.18/12.0 1**2*OC( N) 14.0/XMO*3600. 0 

T=0.1 
00 2 I = 2, 5C 
Xl = T/IM 
VZ = (T - l*DTJ/TM 
TeM= H (VZ) 
BETA = 2.303*tTCM - I50.0Jll 
R =: G(BETA)J60.0 
Xl = XL + R*OT 
Ie :::: H(XZ) 
II :::: I 

VIl,LLI = Te 
WRITE (6, 30) Xl, I, Te, R, Xl 

AI =: I 
If(AI.EU.25.)WRITE(6,903) 
IFCAI.EQ.25.)WRITE(6,900) 
If(AI.EQ.25.JWRI (6,lO)TCl,TC2,THl,TH2,RHO,XMU,XMD,RE,I,F 
If{AI.EQ.25.)WRITE(6,20) 
1 = T + 0.1 
IffT - TM) 2, 3, 3 

2 CONTINUE 
904 FORMAT"}'I) 

3 T :: T -OT 
VI = (1 + TM)/(2.0*TM) 
TCM = H{YZ) 
BETA = 2.303*(1CM - 150.0)/1 
R. = G(8ETAl/60 
XL = Xl + R*(TM - T) 
T :::: TM 

f-' 
o 
w 



Xl = 1.0 
TC = Te2 
II = ll'" 1 
Y(l,ll) = Te 

WRITE (6, 30) XZ, T t Te, R, XL 
IF(XI.EQ.l.JWRITE(6,901) 
TH = TM/DC(N) 
IF(N.GT.l) GC TO 51 
GO TO 52 

51 TH=TH*6.5 
52 BETA = 2.303*(1C-150.)/1 

R = G{BETA)/6C.O 
XL = Xl ... R*TH 
1 ;: T+ TH 
Xl ;: TITM 
II = lL + 1 
Y{l,ll)=TC 

WRITE (6, 30) Xl, T, Ie. R, Xl 
903 FORMAT (lHl) 

WRITE(6,903) 
N=2 

READ(5,lOO) THI, TH2,TCl,TC2,RHO,XMD,Z,F,XMU 
IF{Iel.lE.D.O) STOP 
RE ;: 4.0*XMD/(3.1416*O.18/12.0*XMU*3600.0) 
IF(N.EQ.2)WRITE(6,902J 
WRITE (6, 10) Tel, TC2, IHl, 1H2, RHO, XMU, XMD, REt Zt F 
WRITE (6, 20) 
DO 1 1 M=I,50 

101 Y(l,M) = o. C 
Xl= 0.0 
R:: .0 
OT=O.l 

I-' 
o 
+:--



T = 0.0 
Te = THI 
Xl .::::: 0.0 
WRITE (6, 30) Xl, I, It, R, Xl 
TM= 3.1416*RHC*(O.lS/12.0)**Z*OC(Nl/4.0/XMO*3600.0 

T=0.1 
0022 I ::= 2, 50 
Xl = f/TM 
VZ .::::: (T - O.l*DTJ/TM 
TCM =CH(YZ) 
eETA .::::: 2.303*(TCM - 150.0)/1 
R = GCBETAl/60.0 
Xl = Xl + R*CT 
Ie .::::: CH(XZ) 
lL .::::: I 
Yt1,ll) .::::: Te 

WRITE (6, 30) Xl, T, Te, R, Xl 
AI .::::: I 

If(AI.EQ.25.)WRITE(6,903) 
If(AI.EQ.25.)WRITEl6,902) 
IFIAI.EQ.25.)WRITE(6,lOJTCl,TC2,THl,TH2,RHO,XMU,XMD,RE,Z,F 
IF(AI.EQ.25.)WRIIE(6,20} 
T .::::: T + 0.1 
IF{T - TM) 22,33,33 

22 CONTINUE 
33 T .::::: T-DT 

VZ ::= (1 + 1M)/(2.0*TM) 
TeM = CH(YZ) 
BETA.::::: 2.303*(lCM - IS0.DJll 
R .::::: G{BETA)/60.0 
Xl .::::: XL + R*{TM - T} 
T .::::: 1M 

~ 
o 
Ln 



Xl = 1.0 
Te = TH2 
II = lL'" 1 

V(I,LL) = Te 
WRITE (6, 30) Xl, T, Te, R, XL 
TH ::;;:: TM/DCtN} 

TH::;;::TH*6.5 
BETA::;;:: 2.303*(TC-150.)/Z 
R = G(BETA)/60.0 
Xl ::;;:: XL + R*TH 
1 = T+ TH 
Xl = TITM 
Ll = LL + 1 

Y(l,LL) = Ie 
If(XI.EQ.l.)GO TO 1 
WRITE (6, 30) Xl, Tt TC, R, Xl 
GO TO 1 

10 FORMATt15X,'TCl Tt2 THI 1H2 DENSITY VlSCOSI1Y·,11,13X,4f6.1 
l,f7.2,2X,E9.3,11,19X,'MASS-FlOW RE. NO. I F',11,19X, 
2F8.2,F12.2,2f7.2,11) 

FORMAT(14X,'X/l TIME PROD TEMP RATE LETHALITY' ,I) 
30 FORMAT {12X, F5 .2, F6 .• 2, F9.2, F 10 .4, Fll.4, Fa. 2) 

200 fORMATfSf8.2,FIO.8) 
11 fORHATCIX,2(f4.2,3X) 

FORMAT(IIII,9X,'TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATION 
IS',II, 6X,'[N 101 NOM MENSTRUUM AT A VELOCITY OF 5.2 fT/SEC CHEAT 
2 ING)' ,I I) 

901 FORMAT(II,9X,'TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS' 
1 ,II, 6X,'IN lO~ NOM MENSTRUUM AT A VELOCITY OF 5.2 FT/SEC (HOLD 
2ING}',II) 

902 fORMAT(IIII,9X,'TEMPERATURE DISTRIBUTION ANO lETHALITY CALCULATION 
IS',I/, 6X,'IN 10% NDM MENSTRUUM AT A VELOCITY OF 5.2 FT/SEC (COOL 

f-l 
o 
0\ 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN MINIMAL BROTH AT A VELOCITY OF 5.5 Fl/SEC (HEATING) 

Tel TC2 THI 1HZ DENSITY VISCOSITY 

125.0 150.Q 156.0 154.0 61.31 O.326E-03 

X/L 

0.0 
0.02 
0.0lt-
0.06 
0.08 
0.10 
0.12 
0.14-
0.16 
0.18 
0.20 
0.22 
0.24 
0.21 
0.29 
0.31 
0.33 
0.35 
0.31 
0.39 
0.41 
0.43 
0.45 
0.47 
0.49 

MASS-flOW RE. NO. l 

216.00 15622.56 11.40 

TIME PROD TEMP RATE 

0.0 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.10 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 

125.00 
126.18 
121.30 
128.38 
129.42 
130.41 
131.37 
132.28 
133.16 
134.00 
134.81 
135.58 
136.32 
137.03 
137.72 
138.37 
139.00 
139.60 
140.18 
140.73 
141.26 
141.77 
142.26 
142.13 
14.3. 18 

0.0 
0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
C.0002 
0.0002 
0.0002 
0.0003 
0.0003 
0.0003 
Q.0004 
O.OGC,4 
0.0005 
0.0005 
C.C006 
0.0006 
0.0(:e7 

f 

6.10 

lE"THAlITY 

0.0 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
C.OOGO 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
C.OOOl 
0.0001 
0.0002 
0.0002 
0.0002 
0.0003 
0.0003 
0.0004 
0.0004 
0.0005 
0.0005 
0.0006 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN MINIMAL BROTH AT A VELOCITY Of 5.5 fT/SEC (HEATING) 

Tel Te2 THI TH2 DENSITY VISCOSITY 

125.0 150.0 156.0 154.0 61.31 O.326E-03 

X/l 

0.51 
0.53 
0.55 
0.57 
0.59 
0.61 
0.63 
0.65 
0.61 
0.69 
0.71 
0.73 
0.76 
0.78 
0.80 
0.82 
0.84 
0.86 
0.88 
0.90 
0.92 
0.94 
0.96 
0.98 
1.00 

MASS-flOW RE. NO. Z 

216.00 15622.56 11.40 

TIME PROD TEMP RATE 

2.50 
2.60 
2.10 
2.80 
2.90 
3.00 
3.10 
3.20 
3.30 
3.40 
3.50 
3.60 
3.70 
3.80 
3.90 
4.00 
4.10 
4.20 
4.30 
4.40 
4.50 
4.60 
4.10 
4.80 
4.90 

143.61 
144.02 
144.42 
144.80 
145.16 
145.51 
145.85 
146.11 
146.48 
146.71 
147.06 
141.33 
141.59 
147.84 
148-.08 
148.31 
148.53 
148.74 
148.95 
149.14 
149.33 
149.51 
149.68 
149.84 
150.00 

O.OOC7 
0.0008 
0.0009 
O.OCC9 
0.0010 
0.0011 
0.0012 
0.0013 
0.0013 
0.0014 
O.COI5 
0.0016 
0.001-7 
0.0018 
0.0018 
0.0019 
0.0020 
0.0021 
0.0022 
0.0023 
0.0024 
0.0025 
O.CC26 
0.0026 
0.0027 

F 

6.10 

LETHAL ITY 

0.OCC1 
0.0007 
0.0008 
0.0009 
0.0010 
0.0011 
0.0013 
0.001-4 
0.0015 
0.0011 
0.0018 
0.0020 
0.0021 
0.0023 
0.0025 
0.0027 
0.0029 
0.0031 
0.0033 
0.0035 
o • (1()38 

o 040 
0.0043 
0.0046 
0.0048 

TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN MINIMAL BROTH AT A VELOCITY OF 5.5 fT/SEC (HOLDING) 

1.04 5.08 150.00 0.0027 0.0053 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN MI NI MAL BROTH AT A VELOCITY Of 5.5 FTIS ING) 

Tel Te2 THI TH2 DENSITY VISCOSITY 

39.0 36.0 150.0 40.0 61.37 O.326E-

MASS-FLOW RE. NO. I f 

216.00 15622.56 11.40 6.10 

X/l TIME PROD TEMP RATE LETHALITY 

0.0 0.0 150.00 0.0 0.0 
0.01 0.10 14-4.61 0.C010 0.0001 
0.03 0.20 139.48 0.0004 0.0001 
0.04 0.30 134.58 0.00C1 0.0002 
0.06 0.40 129.92 O.OGOI 0.0002 
0.07 0.50 125.48 C.OODO 0.0002 
0.09 0.60 121.25 0.0000 0.0002 
0.10 0.70 117.22 0.0000 0.0002 
0.12 0.80 113.37 0.0000 0.0002 
0.13 0.90 109.72 o.ooco 0.0002 
0.15 1.00 106.23 0.0000 (J.OOO2 
0.16 1.10 102.<11 c. GOOO 0.0002 
0.17 1.20 99.14 0.0000 0.0002 
0.19 1.30 96.12 0.0000 0.0002 
0.20 1.40 93.85 0.0000 0.0002 
0.22 1.50 91.11 O.CDoa C.OOO2 
0.23 1.60 88.51 0.0000 0.C002 
0.25 1.70 86.02 0.0000 0.0002 
0.26 1.80 83.65 c.oooo 0.0002 
0.28 1.90 81.40 0.0000 0.OU02 
0.29 2.00 79.25 0.0000 0.0002 
0.31 2.10 11.20 0.0000 0.0002 
0.32 2.20 75.25 0.0000 0.0002 
0.33 2.30 73.39 0.0000 0.0002 
0.35 2.40 71.62 0.0000 0.0002 



III 

TEMPERATURE 015TR I BUT ION AND LETHALITY CAleUl AT IONS 

IN MINIMAL BROTH AT A VELOCITY Of 5.5 FT/SEC (COOLING) 

Tel Te2 THI TH2 DENSITY VISCOSITY 

39.0 36.0 150.0 40.0 61.31 O.326E-03 

MASS-flOW RE. NO. Z f 

216.00 15622.56 11.40 6.10 

X/L TIME PROD TEMP RATE LETHALITY 

0.36 2.50 69.93 o.cooo 0.0002 
0.38 2.60 68.32 0.0000 0.0002 
0.39 2.10 66.79 a.cooo 0.0002 
0.41 2.80 65.33 0.0000 0.0002 
0.42 2.90 63.94 c.oooo 0.0002 
0.44 3.00 62.61 c.oooo 0.0002 
0.45 3.10 61.35 0.0000 0.0002 
0.47 3.20 60.15 0.0000 0.0002 
0.48 3.30 59.00 0.0000 0.0002 
0.50 3.40 51.91 0.0000 0.0002 
0.51 3.50 56.81 0.0000 0.0002 
0.52 3.60 55.88 D.COCO 0.G002 
0.54 3.70 54.94 0.0000 0.0002 
0.55 3.80 54.04 0.00000 0.0002 
0.57 3.90 53.18 0.0000 0.0002 
0.58 4.00 52.36 c.cooo O.O()O2 
0.60 4.10 51.58 o.oeno 0.0002 
0.61 4.20 50.84 0.0000 0.0002 
0.63 4.30 50.14 0.0000 0.0002 
0.64 4.40 49.46 0.0000 C.0002 
0.66 4.50 48.82 0.0000 0.0002 
0.6"1 4.60 48.21 0.0000 0.0002 
0.68 4.10 47.63 o.cooo 0.0002 
0.70 4.80 47.08 0.0000 0.0002 
0.11 4.90 46.55 0.0000 0.0002 
1.00 6.87 40.00 0.0000 0.0002 
1.17 8.04 40.00 0.0000 0.0002 
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IE MPF F~,!\TU 1::tF: DIS TF I HUT J ONA,r.iD L lrf ti,L I TV .r eLCUL /\T f ONS 

IN 1 % NOM MFNSTRUUM AT V FLue I T Yi F 'j '. '? T.I S E (H 1~ T I 

Tel T 2 THl TH o 5ITY VIse SITY 

124. 16'). , 
f,lt. 6 71 .. it ::.1,6 - . ." 3 • ,l '. 

t-1AS S-FL O\fJ i:f . pH) .• r F 

2 13. 3 1 1 ~)36. {; 1 1. 6.1 

X/l TI ME PROD T!=~1P ~'\ T "- LfTH~,L lTV c 

.. • 124 • • • ,,,, 
',' . 02 , .. 1 1 ? 5. H .. 

.i)4 .. 2 127. t)"'} ,_ .f .. <It 

f) .. 06 t'\ 
\.} .. 3 129 • 1 .. 

• 8 .40 1 3f}. 1'~ ,") 

,:"'1, 

• 10 132. 23· ... • .. 12 1 33 • 65 • 
;', • 1 4 135. ("i<? .. .. 
o. 16 i} '. 136. 32 .. .. 
o. 11 .. 90 1 31. 56 .. 

.. 19 13 .. '11+ d", 

D It 21 13{). FJ'7 • '. 
• 23 1 4' ' "J. 

cr-.? ... 11 

0 • 25 1 11 :3 14] • 5 • 
.27 1 4'~ 142 97 ~, · ' • • 

() . 29 1 • 1 il3 • 91 • 
• 1 1 1 .. '6 1ll-4 • P • ''I 

' . 
.33 1. • 7 J 145 .6{), • • 
• 35 1 • H 146. '~8 .. • 

{1 .37 1 .q(1 1",..7 .. 25 .. 1 ~) 

• 39 2 .. 11+H .f' ,-It Ja 1 1 
0.4 1 2. 1 lJ, B. 71 \ 1 3 

.t+3 2 .2,;1 14n. 3q C''-:; 1 ,;;:. It • .J' 

(1 .45 2 .. 3 150 • C3 .. 1 B 
.47 2 .,4 1 sn 65 1. {i2 

., - :,. .. • 1. 
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TfMPfPATURE 1ST InUT fOr·! L .T'd;.\LITY C LCUl. fIONS 

Tel TG? THI THZ r lTY V I SCtJS lTV 

6 ,. 71 .436[-- 3 

t~.A S5-FLOW RE. NO. Z 

213.33 6.1 

X/L T I I'<iE p TEMP H.ATE LE IHAL J TY 

D. 49 2 • 5;'~' 1 51 • 2 i t • • :')2 4 

0.50 2 • 60 1 51. 8 .. • o;2f.:: 
.n .52 152 • .'?·4 ,'32 \,) .. .. 
t' '_l • 54 1 52. 7 

.56 .. 

.. 5a 3 .. ] '5 .. £1 • .. 
r·· .60 1 f',\ 1 Sft. 25 , -
':"') .. """ .. ,. 

• 62 3 .2G 1 54 • 68 .. .. (":6.2 
o. 64 3 3 1 "'t,0 C6C? .. ?o) • ,. • 
'''I .66 -:3 l"' 15:> 47 ... "';. f'7B 1. .. r ... ' .. . . .~" .. 

• 68 '3 • h 155 8 l t ~. .. .. 
fl. 7 t ; 

.~ ... - 3 • 6 1 56. 19 • 
0 .72 • 7 1. '16. 5 0) 

:) • l 
D 74 3 HG 1 56 85 1 n .. • .,. ' . \~' i.:.'.1 

0 • 76 3 q 157. 16 1 1 '5 F', r}12 • • "- .. 
• '78 4. 157. .. 1 22 • 141 
• so 4 .1 1 1 .. 73 .. ) 13") · 1 54 

H2 1 58. ~" J 7 167 .. .. • 
() .134 1 58. 25 ,. 1'-',.1+ '* 

f', 1 1-;2 
r'\ 8 5 4. 4] 1 t,.·o 5 1 51 197 \} .. .-' o. • .. 

.8'7 it ., 5 iSH. 73 " 1 59 (21 e} .. .. 
CI • 89 4 • 1 58 .. 5 .. 166 .. 229 

• 91 4. 71) 1 Sq. 16 
.4 , 73 .247 .. ,l.- • 

• 93 4. 1 59. 31 .~ 265 • 1- • 
.95 4 .9 159 • 56 • 1 8 .. 283 

1 '5. 1 5 1 6.:'. ,,,> ] ;~j7 '3:::}3 • !. ",\ • 

TEMPERATURE: IS1RlnUTION AND LETHALITY Ct:,LCUL,ATICNS 

IN 1 NOM MENSTf~UU;'-1 AT j\ V FLOC I TY f ').2 FT ISEC (HOLOT NG) 

1. 4 5.3 l t 1 .. .'177 
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T EMPFf{AT0RE n I S TP.I nUT ION ,~\f\,.lD Lr~ .\L I TV C LC UL/\ T I ChJS 

IN 1 NDM r~1ENSTRUUM l\T fJ V[LOCITY F 5.2 FT/SFC (cnOLING} 

Tel Te? THl TH2 NS lTY V I sr..os lTY 

63.71 • 436F- ~,3 

MA SS-FLOW l 

213.33 11536.6 11.40 6.1 

X/t 

0.0 
0.01 

T I t~ 

(') 
..i .. 

0.2 
O.{}4G.3:; 

.06 
C.07 

.(;B 

.1 
0.11 

.12 

.14 
0.15 
(; .17 

.18 

.19 

.21 
0.22 
0 .. 24 

.25 

t.. ,"\ 
• 'f, 

.5('; 
0.6 

1.20 
1 .3 
1.4 
l.sn 
1.6 
1. '1 
1.8 

• 26 1.9:~ 

0.28 2. 
• 29 2.1"\ 

O.3(] 2 •. 2 
C .32 ? .. 3 

.. 33 2. l t n 

PROD TEMP 

16 • 
154. 82 
149.86 
145.1 
14'J. Sit 
136.11 
1 :31.99 
127.sa 
1?'r.13 
12U.45 
116.92 
11 .53 
11.29 
1 7.18 
14. 21 
1(·1..35 

9B.62 
96. 
'13.4,9 

.77 
H6.56 
8A·.44 
Ht? .41 

.47 

HATF lE rHj~L I TV 

,. 
.. 
• 

• 1 3 
.. 1 3 

• :1 
., 
"J 

.. 01 ""1 

13 
.'- 13 
• 13 
."'f)] '3 

• 13 

• .. 
.. 
.. 

1 3 
13 
13 

1':1; 
13 
1"-< 
1 :3 
13 

• ;:'13 
• 13 
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T fj~PE R.ATUR n IS I mJT J 1 T ~lI1Y ALCULA1InNS 

IN 1. 0 % N DM MEN S T fUHJ<V!!1 VFLOr:ITY flr .2 F r IS (CCCIL I NG) 

Te 1 TC2 TH1 TH2 C NSITY VJSCOSITY 

41.0 36. 16. 41.5 .71 

Y·1ASS-FLOW HE. ~In. z F 

213. .1 

X/L TI ~1 PROD TEt4P A.T 1.:- LfTH/\L ITY 

0.35 2.5 
.362,. 6".: 

0.37 2.70 
0.39 

.40 

.42 

.43 

.44 3.'2 
t"; .46 3. 3f.l 
('<.47 
0.48 

.50 
0.51 

5 ',,", .. ~ :; 

0.54 

3.4") 
3.5 
3 • 6'J 
3.7 
3.8) 
3.90 

(;.55 4./'\'''\, 
.574.1 
.58 4.2 
.60 4.3 

0.61 .It 

().62 .5) 
0.644.6 
0.654.10 

.66 4.S iJ 

.68 4.9 
1.O(~ 7.22 
1.17 8.45 

78.61 
76.82 
75.11 
73.4'1 
71.B9 
7(>.39 
6 • 9 f t-

67.56 
66.23 
64.96 
6.:'),. 75 

61 .4·6 

5P. :~ 
57.-4A 
56.5'3 
55.67 
.f.j4.84. 
5,4. ,)4 

53.2£3 
52.55 
51. 5 
51.1B 
ii 1 .t:;; 
41.5 

• 
• 
• 

• 
:; . 

• 

13 
13 
1 ~1 

13 
13 
13 
1:3 
13 
'} J, 

• 1 
.~ 13 
• ·-1''l, 

• 
13 
1 ;:::, 

.t' 1:1. 
• (' .... 13 

• 
• 

• 

• 

• 
" . 

1 ~ 
13 
13 
13 

13 
13 
1 
13 
13 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 20% NOM MENSTRUUM AT A VELOCITY Of 10.1 FT/SEC (HEATING) 

Tel Te2 THI TH2 DENSITY VISCOSITY 

128.0 170.0 214.0 201.0 65.81 O.830E-03 

X/l 

0.0 
0.04 
0.08 
0.12 
0.15 
0.19 
0.23 
0.27 
0.31 
0.35 
0.38 
0.42 
0.46 
0.50 
0.54 
0.58 
0.61 
0.65 
0.69 
0.13 
0.17 
0.81 
0.84 
0.88 
0.92 

MASS-flOW RE. NO. Z f 

435.00 12351.39 11.40 6.10 

TIME 

0.0 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.10 
1.80 
1.90 
2.00 
2.10 
2.20 
2.30 
2.40 

PROD TEMP 

128.00 
130.52 
132.94 
135 .• 27 
137.51 
139.61 
141. 74 
143.73 
145.65 
141.49 
149.26 
150.97 
152.60 
154.18 
155.10 
151. 15 
158.55 
159.90 
161.20 
162.44 
If3.6·4 
164.19 
165.90 
166.97 
167.99 

RATE 

0.0 
0.0001 
0.0001 
0.0001 
0.0002 
0.0003 
0.0005 
0.0007 
0.0011 
0.0016 
0.0023 
0.0032 
0.0045 
0.0062 
0.0084 
0.0113 
0.0150 
O.C197 
0.025.6 
0.0329 
0.0420 
0.0.530 
0.0664 
o.ca24 
0.1014 

LETHALITY 

0.0 
C.t1000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0002 
C.0003 
0.0005 
0.C007 
0.0010 
0.0015 
0.0021 
0.0029 
0.00·40 
0.0055 
0.0015 
0.0101 
0.0134 
0.0116 
0.0229 
0.0295 
0.0377 
0.0419 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 201 NDH MENSTRUUM AT A VELOCITY OF 1C.1 fT/SEC (HEATING) 

Tel Tel THI TH2 DENSITY VISCOSITY 

128.0 110.0 214.0 201.0 65.81 O.830E-03 

MASS-FLOW RE. NO. Z f 

435.00 12357.39 11.-40 6.10 

X/l TIME PROD TEMP RATE LETHALITY 

0.96 2.50 168.98 0.1238 0.0603 
1.00 2.60 169.92 0.1501 0.0153 
1.00 2.61 110.00 0.1541 0.0765 

TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 201 NDM MENSTRUUM AT A VELOCITY OF 10.1 fT/SEC (HOLDING) 

1.04 2.70 110.00 0.1553 0.0915 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 201 NOM MENSTRUUM AT A VELOCITY Of 10.1 FT/SEC (COOLING) 

Tel Te2 THI TH2 DENSITY VISCOSITY 

62.6 35.6 170.0 66.2 65.81 O.B30E-03 

MASS-flOW RE. NO. Z F 

435.00 12357.39 11.40 6.10 

X/l TIME PROD TEMP RATE lETHALITY 

0.0 0.0 110.CO o.c 0.0 
0.03 0.10 165.10 0.0636 0.0064 
0.05 0.20 160.37 0.0244 0.0088 
0.08 0.30 155.19 0.0096 0.0098 
0.11 0.40 151.31 0.0039 0.0102 
0.14 0.50 147.10 0.0017 0.0103 
0.16 0.60 142.98 0.0007 0.0104 
0.19 0.70 138.99 0.0003 0.01,04 
0.22 0.80 135. 14 0.00(1 0.0104 
0.25 0.90 131.42 O.OOOl 0 .• 0105 
0.27 1.00 121.82 0.0000 0.0105 
0.30 1.10 124.35 c.oooo 0.0105 
0.33 1.20 120.99 0.0000 0.0 
0.36 1.30 111.14 0.0000 0.01 
0.38 1.40 114.61 0.0000 0.01G5 
0.41 1.50 111.58 0.0000 0.0105 
0.44 1.60 108.65 o.oono 0105 
0.46 1.70 105.82 o. 0.0105 
0.49 1.80 103.09 c.oooo 0.0105 
0.52 1.90 100.45 0.0 0.0105 
0.55 2.00 97.90 0.0000 0.0105 
0.57 2.10 95.43 o.ncoa 0.0105 
0.60 2.20 93.05 c.oooo 0.0105 
0.63 2.30 90.15 0.0000 0.0105 
0.66 2.40 88.52 O.GOOD 0.0105 



119 

TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 20~ NDM MENSTRUUM AT A VELOCITY Of 10.1 FT/SEC (COOLING) 

Tel Te2 THI TH2 DENS ITY VISCOSITY 

62.6 35.6 170.0 66.2 65.81 O.8.30E-03 

MASS-flOW RE. NO. Z F 

435.00 12351.39 11.40 6.10 

X/l TIME PROD TEMP RATE LETHAlI"TY 

0.68 2.50 86.31 0.000'0 0.0105 
0.71 2.60 64.30 c.coco 0.0105 
0.74 2.70 82.29 0.0000 0.0105 
0.77 2.80 80.35 0.0000 0.0105 
0.19 2.90 78.48 o.coco 0.0105 
0.82 3.00 76.67 0.0000 0.0105 
0.85 3.10 74.92 0.0000 0.0105 
0.87 3.20 13.23 0.0000 0.0105 
0.90 3.30 11.60 0.00 0.0105 
0.93 3.40 70.02 0.0000 0.0105 
0.96 3.50 68.50 0.0000 0.0105 
0.98 3.60 67.C2 0.0000 0.0105 
1.00 3.66 66.20 0.0000 0.0105 
1.17 4.28 66.20 0.0000 0.0105 
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IN 3 % N.DM MENSTRUUM r?,T j\ VFLDC I TY OF 21. FT ISf: (H TI 

Tel Te2 THI TH2 n~NSITY VIse lTV 

1 '34. 1 8 n ." 2 2 ,') • ~~ '~? .': 6 D • 26 • 1 ? 

MASS-FLOW R F ... Nn. l 

1 :? OC): .;~ 14-891. 6 11. .1 

X/L T I ME PROD T EMF HAT LETHALITY 

• 0 .. . i 134. • 
0 1 a 1 () l42. ('2 

,~ .. • ' ... 
2 ¥" 2 149 • ; .~ • • • .. 31 .3 1. ':)5. 13 " 

,. 
G .41 4'~' .• :,-,' 16'.". 37 • 7· 1 

• 51 ... 5 1 64. S7 • :> l 5 
.61 .. 6J 16 f1. 91 • 1 1 

t) • 71 .7 172 .45 .. 2] 
82 r\ R'1 1 75. 4R 44 ftl .. '... .• J ,. .. 

.9:2 .9 178. 1 2 • 76 24- .1643 
1 .. • 9~'3 1 80 .c .. 9 7-4 

TEMPERATURE DISTRIRUTIONAND L;=THALITY C.ALCUl."f\'ftOI\IS 

IN 3 ~ NOM MENSTRUUM AT A VELOCITY F 27. FT/SEC (HOLDING) 

I. 1. 2 1.171 .2852 
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TENPE f~ATUR if 1 S I dUT ION L TH;\l lTY Ct\LCUL .AT IONS 

IN 3 NDM FNSTRUU~~ ~T /', VELOCITY F 27. FT/SEC (COOL H<iG) 

Te 1 TC2 THI 

64. 36. 1·8{'::. 

SS-FLD~f 

12 .. 

X/l T I ME PROD 

• · () 1 • 
• 01 D • 1 169. 
15 .2 '''1 1 58. • \ .. ~ 

o. 22 o. 3 149. 
0.29 Ii .40 1 {to. t.i 

.(). 36 5 r": 132. .. 
• 44 • t" 124. 
• 51 (:.7 1 17 .. 

f)-. 58 8 1 1 • 
0 .. 65 .. 9 1(}4. 

.73 1 • o. 8 1 • 1 ',,-

.. B7 1 
.., .. ~ 

'. 95 1 .3 83. 
1 • 1 ,. 38 an. 
1. 17 1 .6 1 • 

TH2 OFNSITY VISCOSITY 

r: Hn. 

RE. NO. 1 

14891.66 11.40 

TEf>-1P PAT 

• 
f,3 • 1583 

1 
29 D. 
41 • 
14 .. 
4-;' 

J • .J • 
2 1 ' .;) • 
55 .. I 

11 • 
• 

.. 
32 .. 
r-; ,', 
\' \., c: • 

F 

6.1 

l ETrH~L I TY 

.f 

.. 1';.1; 

• 17H 
.. IS 1 
.11 
• lE? 
.fIB? 



122 

TEMPERATUPE DT<;TFlnUTION t:'\flL l..i::THJ\LITY CAl.CULATIONS 

IN 40~ NON t~Ff\JSTj~Ul.lN ;\TI.\, VELnCITY OF .29.6 FT/SEC (HF!\TINC) 

Tel TC? Tln TH2 GENSITY VISC0SITY 

142.0 190.0 254.0 238. 7 J. 98 C.8 r i6F-U2 

MASS-flO\.J 

1380.00 

X/L TIME 

0.11 .1C 
o. ,23 ~/. 2 
0.34 0.3') 
0.45 ().40 
J.S6 r'1.5C 
\).(.,8 O.o;) 
C'.19 (!. 7 (i 
0.9(\').80 
1. ()O .89 

142. fll.) 
149.65 
156.61 
162.94 
168.68 
173.91 
178.65 
182.<)7 
18':: .• 0':] 
19(',. (1() 

4C3 7. ") 1 11.4C) 

R (},T F 

i," • 

'.) .'; 22 

• 91 
(.(330 
.165 

C. 3:': 90 
C.S137 
1 .9(') 1 a 
4. 365'3 
6.49C4 

F 

6.1C 

LETHALITY 

(.C\CU2 
G .C'~11 
C. ;)044 
'J.0151 
O.{146 
t:'i.1273 

.3235 
'0.76':\1 
1.32~1 

TEMPERATURE DISTRIGUTION AND LETHALITY CALCULA1IONS 

IN 40% N(H4 MEf,JSTPUUHl\T l .. , VElUCI TV or .29.6 fT/S[C (J-HJtOING) 

1.fi4 0.92 1 '9J. 1.612(' 
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TEMPERATURE OISTklKUTI AND lETHAlIfV CALCULATIONS 

IN 40% NDf"'! MfNSTr<UUr~ J\'T l\ VELOCITY f 29.6 fT/S[C (COOLJI'H:;) 

Tel Te? THI TH2 DENSITY VISCOSITY 

62. 36.( 19r). 96.R 7 .. 

MASS-fLOW RE. NO. z F 

13 • ·4 t) 3 '7 • 1 11 • 4{) 6.1C 

X/l TIMF PHD!) TEMP P"l!lT LETHALITY 

• i') • 190,.() .- • 
o.uS 1 (' ,., " 119. 68 1. 3't55 .1 346 
0 • 16 .2:] 169.97 .. 1:167 • 1532 
o. 24 .3C 16G. B1 \.j. ~:~ ~ .1561 
0 • 32 4'-' ,. ') 152 • 19 .. " . 1 566 
-).40 0.5 144. 7 r:, 

• • 1567 
.48 '0.6) 136. 43 • • 1568 

(1 .56 .1 1.29.22 ,; 1 [56B "., . • 
0.64 R . '" 122.44 • .. 156A 
0.72 '1.9 116. .1 5f: 
0.80 1 ~.'""'. 11 r~ .1561:1 • • 

.B8 1.1 ] """,,:!; 'J.l 56. • : ..... : .. 
0.91 1 .2 9'9. ,"\ 1.56 10. ,. 
1. 1 .24 96. tl l,) • .1 5 8 
I. 17 1 .46 96. 8f') ~~<t 1 ~;6 P, • .' . 



IN 
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TF PF K.!4 TU I S I FUT "[ L T~"l L I TV ell LCtlL ,1~T I GNS 

MINIMAL H )~ T A V ELf1C 1 TY 27. fTJS~C (H ATING) 

Tel T*'11 TH2 1'IJ.s I T V V I Sf I] S r T Y 

135. 174.( 1.. 1 q. 

i~ASS-FL OW 

.. 

X/L Tt M t: PRnD 

C • .. 135 .. 
0 .. In .. 1 1 ·4J .. 

2 1 ") 14( .. .. c: ~ .. 
.3 1 .3 1.51 • .. ltl .. 4~ 1 56. 

0 .. 52 .. 1 .. 
0 .. 62 ": ~j • ("',5 163 .. 
-C) • 72 '. 7 1 67 • 
/""\ .83 B 1{}0. '* .. 93 O~ 

• ~·I '~. 172 .. 
1 .. .. 9-' 1 7 1T. 

f< F. NO. 

91?71.5 11 • 

Tft*1P RAT 

.. 
2 7 • 
BH .. 1 3 
B 36 
3 /+ .. 
31 
ed .. 1+22 

'. ?{,n-, 

.. 1/'1' '1 1 
43 .. ?"t 16 

7 -, 
'Ill 

'? 8? ~, 

F 

LETH?~L TTY 

~5 

77 

.. 747 

TEMPERATURE OISTRIBUTION j~!\,JD LF~THAlITY CALCULATICNS 

IN MINIMAL BROTH t~TA vEtncITY OF 27. F'f/SFC (HDt If\,JG) 

1.04 1. .. 34 >i5 .. 2 
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T E~lPFATU E ISr~ I FHJT r l(::T !\L fTY ,1.LCtllATI 

OTI-! Vr::tCl( r TY ?7. TIS (C (JCiL I 

Tel TC? THI TH2 SITV ISrCSJTY 

64.4 

Ml~SS-FlOh! f. NC. l 

1 80. 6.1 

X/l TI MF PROD T!:MP ATE lETHi\L lTV 

.. • 174. .. 
07 r. 1 1 53 • • . 

r'1 ;; :. 15 ) .2 1 .. 2H 
0.22 '-, .3 137 ,. 12 
('j .. 29 .. 'I-C 126. 98 

.31 ,. r:: 1 17.75 

.44 .6 1,.~9 .35 

.. 5? • "7 1 1.7 
•. 59 .. 94 • 75 

r~· .66 .42 tj · • 
0.74 1. • 67 t" .. • 

.81 77. 43 ~, ::- ,-.. ",.-" .. 
88 1 ~) .;"; 72 66 .. • c.. ": ... / .. .. • 

• 96 1 -~ · .. -' 68 • 33 • .. 
1 .on 1 • 36 66 • • • 

, 3 2 
1. 17 1 .. 59 66 .. .. .. :3 
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TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 10% NOM MENSTRUUM AT A VELOCITY Of 27.0 FT/SEC {HEATING) 

Tel Te2 1111 TH2 DENSITV VI ITY 

131.0 176.0 222.0 210.0 62.90 O.383E-03 

MASS-FLOW RE. NO. Z F 

1110. 68334.56 11.40 6.10 

Xll TIME PROD TEMP RATE LETHALITY 

0.0 0.0 131.0'0 0.0 0.0 
0.10 0.10 131.89 o.oeC2 0.0000 
0.20 0.20 144.11 0.0001 0.0001 
0.31 0.30 149.14 0.0023 0.0003 
0.41 0.40 154.83 0.0066 0.0010 
0.51 0.50 159.44 0.0168 0.0021 
0.61 0.60 163.60 0.0393 0.0066 
0.72 0.10 161.36 0.0847 0.0151 
0.82 0.80 170.76 0.1696 0.0320 
0.92 0.90 173.84 C.3117 0.0638 
1.00 0.98 176.00 0.4212 0.0962 

TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 101 NOM MENSTRUUM AT A VELOCITY OF 21.0 fT/SEC (HOLDING) 

1.04 1.01 116. 0.5220 0.1150 



127 

TEMPERATURE DISTRIBUTION AND LETHALITY CALCULATIONS 

IN 101 NDM MENSTRUUM ATA VELOCITY OF 27.0 fT/SEC (COOLING) 

Tel TC2 THI TH2 DENSITY VISCOSITY 

64.4 35.6 116.0 68.0 62.90 O.383E-03 

MASS-FLOW RE. NO. I f 

1110.00 68334.56 11.40 6.10 

X/l TIME PROD TEMP RATE LETHALITY 

0.0 0.0 176.00 0.0 0.0 
0.07 0.10 162.86 C.047·4 0.0041 
0.15 0.20 150.86 0.0041 0.00.51 
0.22 0.30 139.89 0.0004 0.0052 
0.29 0.40 129.81 0.0001 0.0052 
0.36 0.50 120.12 0.0000 0.0052 
0.44 0.60 112.35 0.0000 0.0052 
0.51 0.70 104.71 0.0000 0.0052 
0.58 0.80 91.73 0.0000 0.0052 
0.66 0.90 91. 0.0000 0.0052 
0.73 1.00 85.52 0.0000 0.0052 
0.80 1.10 80.19 0.0000 0.0052 
0.88 1.20 75.32 o. COOO 0.0052 
0.95 1.30 70.88 0.0000 0.0052 
1.00 1.37 68.00 0.0000 0.0052 
1.17 1.60 68.00 0.0000 0.0052 
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TEMPERATURE DISTRIBUTIDN lUi t TH,L\LITY CAlCULl\TIONS 

IN 201 NOM MENSTRUUM AT A VfLOCITY r 7. FT/SfC (HEATING) 

Tel 1'C2 THI TH2 n IT Y VI sen S I TY 

130. 178. 226. 214. 5.64 .7 HE-(l3 

M.AS s- Fl OlrJ RE. NO. z 

11 7(). 

X/l TI t-1E 

• n • 
• 1 n • 1~ 

0.21 • ? 
0.31 0 .3 
0.41 .40 
{).52 • 5 
0.62 .6 

.72 !J ,. 7 

.83 • B 
0,.93 !) .• ~}.:) 

1. r,." 
~ .• ' ,f .97 

PROD TEMP 

1 • 
1:31. 41 
144 • 1 
15 • 14 
1 55. 1 
160.54 
165 • 1 
169. :;~14 
172. (, ,., 

, .. 0 

175.<)1 
178. 

RAT 

• 
• 2 

f':. -, 
I /, 

• 

G2 " .. ':} 

• 52 
r~ 1. 1 83 :.,./ . 

·e 24£17 
.4 67 

• 1-• . ~. 
'-i ,.' 

lETH~lITY 

• 

.. ';~'451 
• S38 
.1367 

TEMPERATURE DISTRIBUTION AND lFTH,'tITY CALCULATIONS 

IN 20 NOM MENSTRUUM AT A V ITY OF 21. FT/SEC (HOLDING) 

1.0·4 1. 178. G.781S .1646 



129 

T Ef'1PE RATUF IS TP. I htJT rnN t\N('l l T-L~L I T Y C (.\LC UI..J\ T IONS 

IN 2 NO;" t·1E'" STRUU?r1 I~T A VElC~C I 1 Y OF 27 ... ~, FT IS FC «cnOl INC;) 

Tel TC2 THl TH2 FNSITY VISCOSITY 

62.6 36 • t...,.i 17 • 68. 65. 6.1;.- • 7 ,ar: - "3 

MASS-FLOW RF Nn. z 1-.. r 

1170 '1;196Li: • .(~5 1 1 .. 4(1 6. 1 ~, 
.~ '" 'l 

X/L T 1,.1 t: PROD TEMP RP..T f LETHAL I TY 

• • ~) 178. .. • 
• ('7 /) In 1(::4. 26 '; 

6"" • .. • 
f': 15 .~?() 1 5 1 77 1"'\ 6() .. • \.' 

,. .. 
D • 22 • 14;]. 4r~ .. • Sj 

.29 4/'\ · ';,.' 1 • 06 .. r~c6q 
n .,' . 37 .. 50 1. 20. 65 • .0(;69 
0.'+4 .6 1 12. (9 i"". 1)69 • .. 
c. 52 .10 1 04. ("; .. 69 it 

• 59 97. 22 .. • {"1')69 

.66 9C. 17 • • 069 

.74 84.9 1 .. • ,'169 
r, 8 1 19. 57 f~'6c; \.' .. .. • 
r • 88 1 • 2;) 74 • 72 C .. • C:(; 9 

• 96 1 .3 7(; .. ~-$l • • f 069 
1 • 1 • 36 6 .. • n. ;"'6<1 

1 17 1 59 6 - '~-1',~~" ;1 0C69 • • • .. . ~ ' .. ' . 
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T f M PE RA TU RE f) r TR I3UT I r)l': f.~ L TH ,,\ LIT Y C /, L (' U L ,IJ, TIC t~ S 

IN 1 % NOM f'·1[\JSTi:{.IJU1';1 AT t\ VELOCIlY lJF27. fT/SE-( (H ATI~J~) 

Tel 1C2, THI TH2 .i: 3ITY VI OSITY 

131.0 18. 2 2. 21. 6.2 • 9(' 

M ~;S s- fL O\.J F. NO. Z 

111 • 68334.56 11.4{) 

X/L T T r", PROD TE~~P R .~\1" 

• 0 • 0 131 • • 
r' 10 o. 1 138. pc;; 
~"4'J. ..3,,,j' • 

• 20 r'\ .2 1 lt5. QI-
" ::> 

;.l • 31 152 • 1 1 '+ , '. 
• 41 • 15'1. 69 
.51 • 162. 67 
.61 .clf) 167 • 12 
• 72 • 1(' 17 1 • • 1 794 
.82 • 8 174. 64· • ~3 7('? 

f'\ 92 Ii .9C) 1 7'7 8c 7"'65 ". • · 1 r~ I) 1 J'"'''' q-,:. • • u • ': '!;. • 

TEMPERATURE DIS I8UTI 

F 

6.1 

L TH~~L lTY 

.. 

'; . 
n. 
.[i~7R 

.1385 

.21 

I N lO~ NDM MENSTfHHJ"'4 AT A V ElDC ITY nF 27. fT IS 

1.G4 1. 1 1 .. 171 

(HOLO I f\JG ) 
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TEf>4PEFU\TU IS TP I T ~~G L THAlITY CAL ULATI ~S 

IN 1 % MF~STRUU~ AT A VELDC TY JF ~7. fT/S C (CDOLI 

Ie 1 TC2 THl TH2 n-NSITY VISCDSITY 

64.4 35.6 1 .. • 3B 3[:- ?, 

t"lAS S-FL Rf. .. z F 

111 .. 6.1 

X/L TI ME PROD TF~1P RAT lFTHAlIIV 

• • 
• 07 • 1 

• 15 .2_ 
0.22 • ":H) 

• 1.'9 • 4t; 

• 36 • 5 
.4(+ .6 

• 51 .. 1 
., • 58 
r. .66 
0.73 
(\ .8 

• 88 1. 1('\ 
.95 1 .3 J 

1 .QO 1 .37 
1. 17 1. • 6 

180. 
166. ;? 
1. 51. 6~ 
142 • 1 7 
1 31 • 1,/ 
122 • 2C 
1 l3.f;j~~ 
1(:5. 6~j 

gR • 47 

• 4 ~~ 
745. 11-5 

7C'. 92 
hB. 
68. 

.. 

• .-, 
.' . 
" .-

·i~ 

" 
• 

.. 
• 
• 

,"'t 

" . 
• 
" 
• 

.. 

• 1 1. 
.. 1)2 
• ; 1 2 
.. 1 2 
• 1;~2 

• le'7 
.. (- 1-' 2 



VITA 

Karimireddy Krishna Reddy, son of Mr. and Mrs. K. Rama Krishna 

Reddy, was born on June 4, 1933, in Gundlacheruvu, Andhra Pradesh, 

India. He received his primary education in Gundlacheruvu, his high 

school education in Cuddapah, and attended Besant Theosophical College, 

Madanapalle. He received his Intermediate in Arts and Science in 

September, 1953, and his B.V.Sc., (D.V.M.) degree in July, 1958, from 

Madras University. He was the recipient of a State Scholarship at the 

School of Veterinary Medicine of Madras University. 

After graduation, Reddy worked in the State of Andhra Pradesh 

as a Veterinary Surgeon from August, 1958, to May 1959. He imparted 

instruction in Animal Husbandry in the College of Agriculture from 

June, 1959, to May, 1961. He joined the College of Veterinary Science, 

Andhra Pradesh, Agricultural University, Hyderabad, as Instructor from 

June,196l, to August, 1965. 

The author entered the Graduate School of Auburn University, 

Auburn, Alabama, in September, 1965, and completed the requirements 

for his M.S. degree in Dairy Manufacturing in August, 1967. He 

received a graduate research assistantship and entered the Graduate 

School of Virginia Polytechnic Institute and State University in 

September, 1967, to work toward his Ph.D. degree in Food Science and 

Technology. 

He was married to Uma Saraswathi of Hyderabad. They have one 

son, Hari Hara Reddy. 
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The sterilizing effect showed that turbulent flow heat treat­

ments were highly effective in destruction of the test organism. This 

method appeared applicable for evaluating helically coiled tube 

processes provided that the same test conditions are used. 




