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Outline
• Fundamentals

– UHT/Aseptic processing system and componentsp p g y p
• Product Considerations

– pH water activity ingredients propertiespH, water activity, ingredients, properties
• Process Considerations

Microorganisms flo heat transfer t T for safet /q alit– Microorganisms, flow, heat transfer, t-T for safety/quality

• Equipment Considerations
– Pump, HX, hold tube, back pressure valve

• Validation Considerations
– Microbial, TTIs, modeling, thermomagnetic switches



Fundamentals



Ultra High Temperature (UHT)
• UHT = Aseptic
• All pathogenic and spoilage organisms

(i l di f C b t li ) kill d(including spores of C. botulinum) are killed
• Thermophilic organisms may survive
• Commercially sterile productCommercially sterile product
• 284 °F (140 °C) for 4 s
• Shelf life: 1-2 yearsy
• UHT/Aseptic processing covered under

– 21CFR108, 21CFR113, 21CFR114



Aseptic Processingp g

• A continuous thermal process in which the p
product and container are sterilized separately 
and brought together in a sterile environmentg g

• Components: Pump deaerator heat exchanger• Components: Pump, deaerator, heat exchanger, 
hold tube, cooling unit, back pressure device, 
filler surge tankfiller, surge tank

• Temperature: 125 - 140 °C (257 - 284 °F)



Aseptic Processing System



Back Pressure and Steam Tables

psi

14 69614.696
17.523
20.779
24.519
28.793
33.66233.662
39.173
45.395
52.400
60.247
69 007

361.3

69.007

What is the minimum gauge pressure required at the back 
pressure valve if your process temperature is 130 °C?

Min. gauge pressure = (39.173 – 14.696) + 10 (for safety) = ~35 psi 



Product ConsiderationsProduct Considerations
(pH, aw, target organism, ingredients, properties)



Classification of Foods based on pH
L id H ≥ 4 6 A id H < 4 6 (C b t li )• Low acid: pH ≥ 4.6; Acid: pH < 4.6 (C. botulinum)

• More specific classification
– Low acid: pH > 5.3

• Red meat, poultry, seafood, milk, corn, peas, lima beans, 
liflpotatoes, cauliflower

– Medium acid: 4.5 < pH < 5.3
S h tti b t ki i h• Spaghetti, soups, sauces, asparagus, beets, pumpkin, spinach, 
green beans, turnip, cabbage

– Acid: 3 7 < pH < 4 5Acid: 3.7 < pH < 4.5
• Tomato, pear, fig, pineapple, apricot, yogurt, white cheese, beer

– High acid: pH < 3.7High acid: pH  3.7
• Sauerkraut, pickles, berries, citrus, rhubarb, wine, vinegar, 

plums, currants, apples, strawberries, peaches



Classification of Foods Based on mc or aClassification of Foods Based on mc or aw

Hi h i t f d (50+% 70 99%)• High moisture foods (50+% 70-99%)
– Fruits, vegetables, juices, raw meat, fish

• Intermediate moisture foods (15-50%)
– Bread, hard cheeses, sausages

• Low moisture foods (0-15%)
– Dehydrated vegetables, grains, milk powder,Dehydrated vegetables, grains, milk powder, 

dry soup mixes

Importance of aw: Honey at 20% mc is shelf stable, while potato at 
20% is not



Effect of aw on Reactions



aw, Tg, and the 3 zones of the MSI



Critical aw for Microbial Growth
• C. jejuni: 0.98
• C. botulinum (types A, B, E): 0.95, 0.94, 0.97 resp.
• Pseudomonas fluorescens, Campylobacter coli: 0.97
• Yersinia enterocolitica: 0.96

Cl t idi f i E li S l ll Vib i h l 0 95• Clostridium perfringens, E. coli, Salmonella, Vibrio cholerae: 0.95
• Vibrio parahaemolyticus: 0.94
• Bacillus cereus: 0 93• Bacillus cereus: 0.93
• Listeria monocytogenes: 0.92
• Bacillus subtilis: 0.91Bacillus subtilis: 0.91
• Staphylococcus aureus: 0.86
• Most molds: 0.80
• No microbial growth: 0.50



Effect of aw on Microbial Growth



Role of Ingredients in Product Qualityg Q y
• Pre-treatment

Pasteurize dairy ingredients to minimize fouling in UHT– Pasteurize dairy ingredients to minimize fouling in UHT
– Pre-cook meat pieces for appropriate texture

Add C lt t i fi– Add Ca salts to increase firmness
• Use modified high-temperature starch or a blend
• Harvest vegetables before peak ripeness and process 

immediately (calcify if needed)
• Use IQF where possible when using frozen veggies

– Caution: Initial temperature of product will be lowerCaution: Initial temperature of product will be lower
• Use volumetric tempering/thawing when possible



Categories of Properties
• Physical

– Density (ρ) -- material/particle, apparent, bulk
• Rheological

– Viscosity (µ), consistency coefficient (K), flow behavior index (n)
• Thermal

– Specific heat (cp), latent heat (λ), thermal conductivity (k)
– Thermal diffusivity (α = k/ρ cp)

• Mass Transfer
– Diffusivity

• Electrical/Electromagnetic
C d i i ( ) di l i ( ’) l f ( ”)– Conductivity (σ), dielectric constant (ε’), loss factor (ε”)

Water activity & heat transfer coefficient are NOT properties



Density (ρ)
• SolidsSolids

– Dimension method (for regular shaped solids)
Buoyant force method (based on mass in air and water)– Buoyant force method (based on mass in air and water)

– Volume displacement method
• Liquid displacement method• Liquid displacement method
• Solid (sand or glass beads) displacement method
• Pycnometer (gas or liquid) method – several ISO & ASTMPycnometer (gas or liquid) method several ISO & ASTM 

standards are based on this method
Density = Mass / Volume

Units: kg/m3

Where is density used?Where is density used?

Mass flow rate = (Density) * (Volumetric Flow Rate)



Density: Pycnometer Method

Micromeritics



Density (ρ) by Pycnometer Method
A B

Sample

Va, Vb: Volume of air in cells A & B resp.

Close al e 2 fill air in A close al e 1: P V m RTClose valve 2, fill air in A, close valve 1: PaVa = m RTa

Open valve 2: m = ma + mb

Th P V /RT P V /RT + P V /RTThus, PaVa/RT = PnewVa/RT + PnewVb/RT
Solve for Vb and hence for volume of sample and then ρ



Flow Behavior Curve
(Shear stress versus shear rate)(Shear stress versus shear rate)
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Newtonian
σ0 = 0, n = 1
Then, K = µ

Source: Singh & Heldman, 2001
Shear Rate



Viscosity (µ) -- Newtonian Fluids
• A measure of resistance to flow
• Units: Pa·s or centipoise (cP)Units: Pa s or centipoise (cP)

– 1 cp = 0.001 Pa·s
• Viscosity (µ) of water at 20 °C = 1 cPViscosity (µ) of water at 20 C  1 cP

– Viscosity of water decreases by ~3% for every 1 °C
• Measurement of viscosity• Measurement of viscosity

– Tube viscometer (Cannon-Fenske)
– Rotational viscometer (Brookfield Haake)Rotational viscometer (Brookfield, Haake)
– Empirical technique (Bostwick consistometer) 

Where is viscosity used?y
NRe = (Density) (Avg. vel.) (Diameter) / (Viscosity)
Reynolds number determines flow type: Laminar/Turbulent



Tube Viscometer
• Principle

M d (∆P) l t i– Measure pressure drop (∆P) versus volumetric 
flow rate (V) across a straight section of tube 
(L th L di )

.

(Length = L, radius = r)

.4P∆ Plot ∆P vs. V  

Slope = 8 L µ / π r4.

4

VL8

rP∆π
=µ .

Obtain µ from slope
VL8Units

r, L: m
∆P: Pa: a
V: m3/s
µ: Pa·s

.



Rotational Viscometer (Newtonian Fluid)
• Principle

– Measure torque [a measure of shear stress (σ) in Pa] 
versus rpm [a measure of shear rate (γ) in s-1].
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T: Torque (N·m)
N: Revolutions per second (s-1)
L: Spindle length (m)L: Spindle length (m)
Ri, Ro: Radius of spindle, cup resp. (m)

Plot “T” on y-axis versus “N” on x-axis. The slope of this o o y s ve sus N o s. e s ope o s
graph is “8π2Lµ/[1/Ri

2 – 1/Ro
2]”. Obtain µ from this.

nist.gov



Rotational Viscometer (Non-Newtonian Fluid)
T (T) i l d (N) l i f lTorque (T) versus rotational speed (N) relation for power-law 
fluids is given by:
Ln (T) = n Ln (N) + ILn (T)  n Ln (N) + I

Where, 
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Hence, n  is determined as the slope of the graph with Ln (T) on 
the y-axis and Ln (N) on the x-axis and K is determined from the 
above equation with “I” being the intercept of the graph.



Bostwick Consistometer
Step 1 Step 2 Step 3Step 1 Step 2 Step 3

Step 4

Compartment: 5 x 5 x 3.8 cm
Inclined trough: Graduated

Step 4

Inclined trough: Graduated
(5 cm x 24 cm)
Spring loaded gateStep 5 p g g
How far does the product 
travel in 30 s?
Good for Quality control

foodqa.byu.edu



In Line Viscometer

Anton Paar L-Vis 510
Hydramotion XL7

Anton Paar L Vis 510



Effect of Temperature on Viscosity
An increase in temperature results in a decrease in the 
viscosity of a fluid and is described by the Arrhenius equation:
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µ, µ1, µ2: Viscosity at temp. T, T1, T2 resp. (Pa s)

RTeA=µ
µ µ1 µ2 y p , 1, 2 p ( )
A: Frequency factor (Pa s)
Ea: Activation energy for viscous flow (J/mol)
R: Universal gas constant (= 8.314 J/mol K)

TemperatureT, T1, T2: Temperature (K; °C NOT okay)

For power-law fluids, the following expression is valid for the 
consistency coefficient KT at temperature T:

RT
E

0T

a

eKK =

consistency coefficient, KT at temperature, T:

K0: Constant (Pa sn)



Activation Energy
Fluid Concentration n Ea (kcal/g mole) µapp at 50 °C, 100 s-1

a ( g ) µapp ,
Depectinized apple juice 75° Brix 1 14.2 150.0
Depectinized apple juice 50° Brix 1 8.4 4.0
Depectini ed apple j ice 30° Bri 1 6 3 1 6Depectinized apple juice 30° Brix 1 6.3 1.6
Depectinized apple juice 15° Brix 1 5.3 0.7
Cloudy apple juice 40° Brix 1 5.8 4.9
Cloudy apple juice 30° Brix 1 5.1 2.0
Cloudy apple juice 65.5° Brix 0.65 9.1 258.5
Cloudy apple juice 50.0° Brix 0.85 6.1 25.0Cloudy apple juice 50.0 Brix 0.85 6.1 25.0
Apple sauce 11.0° Brix 0.30 1.2 730.0
Concord grape juice 50° Brix 1 6.9 15.0
C d j i 30° B i 1 6 2 1 8Concord grape juice 30° Brix 1 6.2 1.8
Peach puree 11.7° Brix 0.3 1.7 190.0
Pear puree 16.0° Brix 0.3 1.9 375.0
Filtered orange juice 18.0° Brix 1 5.8 1.5
Filtered orange juice 10.0° Brix 1 5.3 0.8



Apparent Viscosity
(Non Newtonian Fluids)(Non-Newtonian Fluids)

• For Newtonian fluids, the ratio of shear stress to shear ,
rate is independent of the magnitude of shear rate
– This ratio of shear stress to shear rate is called viscosity (µ)y (µ)

• For non-Newtonian fluids (pseudoplastic, dilatant, 
Bingham), the ratio of shear stress to shear rate is g ),
dependent on the magnitude of shear rate
– This ratio of shear stress to shear rate is called the apparent 

viscosity (µapp); µapp = σ/γ = K γn/γ = K γn-1

– The magnitude of apparent viscosity MUST be accompanied 
i h h i d f h

...

with the magnitude of shear rate
• Eg., The apparent viscosity of fluid ‘A’ is 20 Pa·s at a shear rate of 25 s-1



Apparent Viscosity (contd.)

For pseudoplastic and dilatant fluids, 1n
app K −γ=µ .

For pseudoplastic fluids, µapp decreases with an increase in shear rate
For dilatant fluids, µapp increases with an increase in shear rate

Pseudoplastic Fluid



Effect of Temperature on Apparent Viscosity
Arrhenius equation for Newtonian fluids:

Ea
RTeA=µ

Arrhenius equation for non-Newtonian fluids:
E ⎞⎛

For conc. OJ (From -18.8 °C to 29.2 °C):
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Time Dependent Fluids
• Thixotropic fluids

E hibit d i h t ( d )– Exhibit a decrease in shear stress (and µapp) 
over time at constant shear rate

• Eg., starch-thickened baby foods, yogurt, 
d d ilk i hicondensed milk, mayonnaise, egg white

• Rheopectic fluids
– Exhibit an increase in shear stress (and µ ) C t t h tExhibit an increase in shear stress (and µapp) 

over time at constant shear rate
• Eg., Lubricants, printer’s inks

te

Constant shear rate

• Thixotropy and rheopecty may be 
reversible or irreversible Sh
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Various Solution Viscosities

• Various terms (listed below) are used toVarious terms (listed below) are used to 
describe the effect of dissolving a polymer (say, 
protein or gum) in a solvent (say, water)p ote o gu ) a so ve t (say, wate )
– Relative viscosity (ηrel): ηrel = ηsolution / ηsolvent

– Specific viscosity (η ): η η l - 1Specific viscosity (ηsp): ηsp = ηrel 1
– Reduced viscosity (ηred): ηred = ηsp / C

Inherent viscosity (η ): η = [Ln (η )] / C– Inherent viscosity (ηinh): ηinh = [Ln (ηrel)] / C
– Intrinsic viscosity (ηint): ηint = [ηsp / C] C    0

C: Concentration of solution in g/dl or g/100 ml



Suspension Viscosityp y

• What is the effective viscosity (µ ) of a suspension• What is the effective viscosity (µe) of a suspension 
of solids in a Newtonian fluid?

Ei t i ’ l f i it f dil t i– Einstein’s law of viscosity of dilute suspensions
• µe / µfluid = 1 + 2.5 (C)

Higher order appro imations for dil te s spensions– Higher order approximations for dilute suspensions
• µe / µfluid = 1 + 2.5 (C) + 5.2 (C2)
• µe / µfluid = 1 + 2.5 (C) + (35/8) C2 + (105/16) C3 + (1155/128) C4 +…µe µfluid ( ) ( ) ( ) ( )



Specific Heat (cp)p ( p)
• Energy required to raise temperature of unit mass 

of substance by 1 °C (units: J/kg K)of substance by 1 °C (units: J/kg K)
• Method of mixture

– Mix sample with water in a calorimeterMix sample with water in a calorimeter
• Comparison method

– Compare cooling rate of sample with that of waterp g p
• Adiabatic method

– Known amount of heat is added to a closed test chamber
• Differential scanning calorimetry (DSC)

Where is specific heat used?Where is specific heat used?

Q = (mass flow rate) (specific heat) (temperature change)



Specific Heat (DSC Method)Specific Heat (DSC Method)
• Temperature or heat flux held constant
• Energy required or temperature diff. measured

Manufacturer: Perkin-Elmer



DSC Method (Contd.)

)ref(p
refsa

)sa(p c
m
m

d
dc =

sare md
sa: Sample

ref: Reference

m: massm: mass

Units of cp: J/kg·K

Source: Rahman, 1995



Thermal Conductivity (k)Thermal Conductivity (k)
• Energy transmitted per unit time across unit 

hi k f i l f i hthickness of a material of unit area when a 
temperature gradient of 1 °C exists across it 
(units: W/m·K)(units: W/m·K)

• Line heat source thermal conductivity probe
S lid d li id f d– Solid and liquid foods

• Fitch apparatus
S lid f d– Solid foods

Where is thermal conductivity used?

Q = kA (∆T)/(∆x) Conduction in a solid



Thermal Conductivity ProbeThermal Conductivity Probe

Line heat source methodLine heat source method
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Q : W/mQ     : W/m
T1-2   : K
t0-2     : s0
k      : W/m·K

Source: Rao & Rizvi (1995)



Thermal Conductivity (k) & Diffusivity (α)Thermal Conductivity (k) & Diffusivity (α)

KD2 Pro (Manufacturer: Decagon Devices)( g )
30 mm dual needle probe
Units of α: m2/s

α = k / (ρ cp)
Units of α: m /s



Fitch Method

⎤⎡
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⎡
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m, cp, A, T: For heat sink
(mass, sp. ht., area, temp.)

To: Initial temp. of heat sink
T∞: Temp. of heat source∞ p
L: Thickness of sample

Source: Rahman, 1995



Empirical Correlations

k = 0.61 (Xw) + 0.20 (Xp) + 0.205 (Xc) + 0.175 (Xf) + 
0.135 (Xa) Choi & Okos, 1984( a) ,

c = 4 187 (X ) + 1 549 (X ) + 1 424 (X ) + 1 675 (X )cp = 4.187 (Xw) + 1.549 (Xp) + 1.424 (Xc) + 1.675 (Xf) 
+ 0.837 (Xa) Heldman & Singh, 1981

w: water p: protein c: carbohydrates f: fat a: ashw: water,     p: protein,     c: carbohydrates,     f: fat,     a: ash



Effect of Temperature on k, α, ρ, cp)



Electrical Conductivity (σ)y ( )
• Prepare sample in a cylindrical tube

– Length (L) and c.s. area (A) are known
• Apply electric field by means of electrodes 

at either end of tube
– Measure current (I) for a given voltage (V)( ) g g ( )

• σ = (L I) / (A V)
• Units: Siemens/m• Units: Siemens/m

Where are electrical properties used?

Ohmic heating: Rate of heating depends on electrical cond.



Dielectric Properties
• Dielectric constant (ε’)

– Ability of a material to absorb electromagnetic energyy g gy
• Capacitive component

• Dielectric loss factor (ε’’)Dielectric loss factor (ε )
– Ability of material to convert absorbed electromagnetic 

energy into heate e gy to eat
• Conductive component

Where are dielectric properties used?Where are dielectric properties used?

In radio frequency and microwave heating
Loss tangent, Tan δ = ε”/ε’ (measure of rate of heating)Loss tangent, Tan δ  ε /ε         (measure of rate of heating)
Power dissipated as heat (in W/m3) = 55.61 x 10-12 E2 f ε”
Note: E is in V/m and f is in Hz



Dielectric PropertiesDielectric Properties
(Static Measurement)

Open ended coaxial probe with Network Analyzer

Manufacturer: Hewlett-
Packard



Dielectric Properties
(D i M t)(Dynamic Measurement)



Process Considerations
(Target organism, D, z, F, C, flow, heat, hold, 
cool, homogenization, hydration, deaeration), g , y , )



Classification of Bacteria
• Based on Oxygen

– Aerobes (Need oxygen for growth)Aerobes (Need oxygen for growth)
• Microaerophile: Need only small amount of oxygen for growth

– Anaerobes
• Obligate: Oxygen prevents growth
• Facultative: Can tolerate some degree of oxygen

• Based on temperatureBased on temperature
– Psychrotrophs (Grow best from 58 - 68 °F; grow slowly at refrigerator temp)

– Mesophiles (Grow best from 86 - 98 °F -- warehouse temps)

– Thermophiles (Optimum: 122 - 150 °F; spores can survive 250 °F for 1+ hr)

• Based on salt, acid, water activity (aw), osmotic pressure
– Halophiles (Can not grow in absence of salt)
– Acidophiles (Can grow in high acid conditions – even at pH of 2.0)
– Xerophiles (Can grow in low aw conditions)p ( g w )
– Osmophiles (Can grow in high osmotic pr. conditions – high sugar foods)

Resistance of viruses > spores of bacteria > vegetative cells of bacteria > molds and yeasts
Target organism & surrogate need to be identified for each product-process combination



Examples of Microorganisms in Different Categories
• Aerobe: B. subtilis, M. tuberculosis, Pseudomonas aeruginosa, , g
• Microaerophile: Campylobacter jejuni, Heliobacter pylori
• Anaerobe: C. botulinum, C. butyricum, C. perfringens
• Facultative anaerobe: L. monocytogenes, S. enteritidis, Shigella sonnei
• Psychrophile: Yersinia enterocolitica, Aeromonas hydrophila

h hil l l h f h b ll ll• Mesohphile: E. coli, B. licheniformis, Thiobacillus novellus
• Thermophile: B. stearothermophilus, B. coagulans
• Hyperthermophile: Thermococcus celer pyrodictium brockii• Hyperthermophile: Thermococcus celer, pyrodictium brockii
• Halotolerant (1-6% salt): Staphylococcus aureus, Halomonas elongata
• Halophile (6-15% salt): Vibrio fischeri, Tetragenococcus halophilusHalophile (6 15% salt): Vibrio fischeri, Tetragenococcus halophilus
• Extreme halophile (15-30% salt): Halobacterium salanarium
• Acidophile: Alicyclobacillus acidiphilus/acidoterrestris
• Xerophile: Trichosporonoides nigrescens, Xeromyces bisporus
• Osmophile: Chromohalobacter beijerinckii, Saccharomyces cerevisiae



Factors Affecting Growth of Microorganisms
• IntrinsicIntrinsic

– pH: C. botulinum does not grow below a pH of 4.6
– Moisture: Spoilage bacteria require aw of 0.90+; C. bot: 0.94+; S. o s u e: Spo ge b c e equ e w o 0.90 ; C. bot: 0.9 ; S.

aureus: 0.84; xerophilic molds & osmophilic yeasts: 0.61
– Nutrients: Carbs, fats, proteins, minerals
– Redox potential: Aerobes prefer +ve redox potential
– Antimicrobial resistance: Allicin in garlic, eugenol in cloves, 

thymol in sage lysozyme in eggsthymol in sage, lysozyme in eggs
– Biological structure: Skin and shell offer protection

• Extrinsic• Extrinsic
– Relative humidity: Low aw foods pick up moisture at high RH
– Oxygen/gas content: CO2 can inhibit growthOxygen/gas content: CO2 can inhibit growth
– Temperature: Growth range of -34 °C (psychrophiles) to 100 °C 

(hyperthermophiles)



Target Microorganism

• The most heat resistant microorganism likely to be 
of public health concern in a particular food product p p p
subjected to a particular thermal process
– What if pressure is used to destroy microorganisms?What if pressure is used to destroy microorganisms?

• What is the maximum initial load?
• What is an acceptable final probability of survival?• What is an acceptable final probability of survival?



Surrogate MicroorganismSurrogate Microorganism

• Characteristics
– Similar kinetics (z value) as target organism
– Need to have survivors at end of process
– Should be able to translate data of surrogate to that 

of target (eg.: 5 log destruction of surrogate equates 
to a 12 log kill of target organism)

– Non-pathogenic



Organisms of Concern for Aseptic 
ProcessingProcessing

• Target: Clostridium botulinumg
– Type A and non-proteolytic type B

• Geobacillus stearothermophilusGeobacillus stearothermophilus
– Flat sour spoilage; store below 43 °C to prevent growth

• Spores of C thermosaccarolyticum• Spores of C. thermosaccarolyticum
– D121.1 °C ~ 195 min

D lf l f A bi h hil• Desulfotomaculum nigrificans: Anaerobic thermophile
– Sulphide-stinker spoilage (H2S is generated and dissolves 

i i /f d Fl i b l )in container/food: Flat container – no bulge)



Surrogates for Aseptic Processing

• B. stearothermophillus
• B. subtilis
• C. sporogenesp g
• B. sporothermodurans



D & z values
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D & z values of Microorganisms
Mi i D ( i ) V l (°F)Microorganism DT (in °F) (min) z Value (°F)

Low acid foods: Thermophiles (spores)
Flat sour group (B. stearothermophilus) D250 = 4.0 to 5.0 14 to 22
Gaseous spoilage group (C. thermosaccharolyticum) D250 = 3.0 to 4.0 16 to 22
Sulfide stinkers (C. nigrificans) D250 = 2.0 to 3.0 16 to 22
Low acid foods: Mesophiles (spores) -- Putrefactive anaerobesLow acid foods: Mesophiles (spores) Putrefactive anaerobes

C. botulinum, Type A & B D250 = 0.1 to 0.2 14 to 18
C. sporogenes group (incl. PA 3679) D250 = 0.1 to 1.5 14 to 18
Acid Foods: Thermophiles (spores)
B. coagulans D250 = 0.01 to 0.07 14 to 18
Acid Foods: Mesophiles (spores)
B. Polymyxa & B. macerans D212 = 0.1 to 0.5 12 to 16
Butyric anaerobes (C. pasteuranium) D212 = 0.1 to 0.5 12 to 16
High Acid Foods: Mesophiles (non-spore formers)High Acid Foods: Mesophiles (non-spore formers)
Lactobacillus sp., Leuconostoc sp., yeasts, molds D150 = 0.5 to 1.0 8 to 10



D & z values of Organisms of 
C i L A id F dConcern in Low Acid Foods

O i M di D ( i ) l (°C)Organism Medium D121.1 °C (mins) z value (°C)
C. botulinum Phosphate buffer 0.26 9.0

Pureed peas 0 09 8 3Pureed peas 0.09 8.3
Meat/vegetables 0.11 9.8
Seafood 0.05 7.4
Poultry 0.05 7.4
Rock lobster 0.30 10.8

B. subtilis Phosphate buffer 0.48 14.3
B. stearothermophilus Phosphate buffer 2.48 9.4
C sporogenes Strained pea 1 00 9 1C. sporogenes Strained pea 1.00 9.1



D & z values of Enzymes & Quality Attributes
E Q lit Att ib t D ( i ) V l (°C)Enzyme or Quality Attribute DT (in °C) (min) z Value (°C)

Peroxidase from black radish D80 = 232 28
Peroxidase from green beans D80 = 15 27
Polygalacturonase from papaya D80 = 20 6.8
Lipoxygenase from peas D80 = 0.09 8.5
Catalase from spinach D80 = 0.02 8.3Catalase from spinach D80  0.02 8.3
Lipase from Pseudomonas spp. D120 = 25 26
Protease from Pseudomonas spp. D120 = 300 28
Thiamin in carrot puree (pH = 5.9) D121 = 158 25
Thiamin in pea puree (natural pH) D121 = 247 27
Lysine in soybean meal D121 = 786 21
Chlorophyll A in spinach (natural pH) D121 = 34.1 45
Anthocyanin in grape juice (natural pH) D121 = 17.8 23.2
Betanin in beet root juice (pH = 5 0) D = 46 6 58 9Betanin in beet root juice (pH = 5.0) D100 = 46.6 58.9
Carotenoids in paprika (natural pH) D60 = 0.04 18.9



F Value (Based on Time-Temperature Data)
−− n TTTTt refiref TT ref−

• For a constant temperature process
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• Conservative F value is based on
t10F z ∆= ∆t: Process/holding time

– Center temperature of can (for retorting)
– Center temperature at holding tube exit (for aseptic p g ( p

processing of a liquid product)
– Center of particle that receives the least heat treatment 

(for aseptic processing of a particulate product)
F0 = F value when Tref = 250 °F & z = 18 °F (or Tref = 121.1 °C & z = 10 °C)



Interpretation of F Value

F value is the time of processing/holding at 
the reference temperature that yields the p y
same amount of microbial as in the process 
(constant or variable temperature) under ( p )
consideration.

It facilitates the comparison of the lethal 
effect of different processeseffect of different processes.



F Value (Based on Microbial Data)

•
N
NlogDF 0

ref=

– Dref : D value at reference temperature (NOT 
t t )

N

process temperature)
– N0: Initial microbial count

N Fi l i bi l– N: Final microbial count

• Example: A 5 log reduction in microbial 
population yields -- F = 5 Dref



Cook Value (C Value)
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Component z value (°C)
Bacterial spores 7-12
Vegetative cells 4-8
Enzymes 10-50
Vitamins 25-30
Proteins 15-37
Sensory attribute (Overall) 25-47y ( )
Sensory attribute (Texture softening) 25-47
Sensory attribute (Color) 24-50

Source: Improving the thermal processing of foods (Richardson, 2004)

Note: Generally, for canning & aseptic processing, Tref = 121.1 °C (or 250 °F)
Also, zc >> z in most cases

p g p g ( , )



Time-Temperature Optimization

Log scale Goal: Achieve required F0
with a minimum C value
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Temperature (°C)

Note: Generally, zc >> z



Type of Flow and its Effects

• Laminar
– (Fastest velocity) / (Average velocity) = 2.0(Fastest velocity) / (Average velocity)  2.0
– Wider distribution in residence time and quality 

• Turbulent• Turbulent
– (Fastest velocity) / (Average velocity) = 1.2 

N di t ib ti i id ti d lit– Narrower distribution in residence time and quality

Mixing can also narrow residence time distribution and quality differences



Reynolds Number (for Power-Law Fluids)
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• NGRe: Generalized Reynolds number
• K: Consistency coefficient (Pa·sn)

n4 ⎠
⎜
⎝ )(K γ=σ

• K: Consistency coefficient (Pa·sn)
• n: Flow behavior index
• ρ: Density of fluid (kg/m3)
• u: Average velocity of fluid (m/s)
• dh: Hydraulic diameter (m)

The critical Reynolds number [N ] beyond which

( )( )3n52n4 ++

The critical Reynolds number [NRe(critical)], beyond which 
flow is no longer laminar, is given by:

( )( )
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Velocity Profiles for Flow in Pipes
Laminar TurbulentLaminar

Newtonian
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Damage by Shear
• Maximum effect towards end of heating, in 

holding and beginning of coolingholding, and beginning of cooling
– Minimize tube length

M i i t b di t– Maximize tube diameter
– Avoid cross-sectional area changes

Mi i i f l– Minimize use of valves
• Positive displacement pump minimizes shearing
• Back pressure device

– Diaphragm-type minimizes damage to some particles
– Use of pressurized tank eliminates additional damage



Effect of Heating, Holding, and Cooling
• Heating

– Rapid/volumetric heating method is generally better
– Exception: Very high ‘hfp’ in conventional heating 

can result in higher mass average cook value
• Eg: Outer ring/shell (high mass) of sphere heats much 

faster than heat penetrates inside (due to low ‘α’)

H ldi• Holding
– Helical holding tubes result in better mixing

• Cooling
– Rapid cooling desirable (co-current and non-

regenerative initial cooling; vacuum)



‘hfp’ data from Literature
Source Method NRe hfp (W/m2·K)     Fluid      T (°C)      Geometry

Heppell (1985) Microbiol 5250 - 50000 2180 - 7870 Water 139 SphereHeppell  (1985) Microbiol. 5250 50000 2180 7870 Water 139 Sphere
Chand. et al. (1988) Stationary         6 – 142 56 – 90          Starch Sol 129              Cube

Particle 761 – 2144 65 – 107         Water          129             Cube
Chang & (1989) Stationary 500-1000 239 – 303 Water 75 CubeChang &..(1989) Stationary       500 1000            239 303       Water          75               Cube
Sastry et al. (1990) Rel. Vel.     7300 - 43600       180 - 1327       Water          45             Sphere

Mov. Therm.   7300 - 43600 688 - 3005       Water          45             Sphere
Mwangi et al (1993) Thermochrom 73 - 369 58 - 1301 Glycerin 85 SphereMwangi et al. (1993)  Thermochrom       73 - 369 58 - 1301      Glycerin         85             Sphere
Zitoun & Sastry (1994)       Rel. Vel.        21 - 270            286 -1034      Starch Sol 45               Cube

Liq. Crystal       21 - 270            268 - 928      Starch Sol 45               Cube
Bala & Sastry (1994a) Rel Vel 15 - 798 401 - 1684 Starch Sol 45 SphereBala & Sastry (1994a) Rel. Vel.         15 - 798            401 - 1684    Starch Sol 45             Sphere

Liq. Crystal      15 – 798           857 – 2010    Starch Sol 45              Sphere
Mov. Therm.  15 - 798          363 – 1522     Starch Sol     45               Sphere

Zareifard & Calorimetric 4050 5937 500 2000 Sugar Sol 75 100 SphereZareifard &                 Calorimetric 4050-5937          500-2000      Sugar Sol    75-100           Sphere
Ramaswamy (1999)



‘hfp’ for Forced Convection over a Sphere
NNu = hdc/kf = f (NRe, NPr) – similar to flow in a pipe 

NNu = 2 + 0.6 (NRe)0.5 (NPr)0.33

For 1 < NRe < 70,000 and 0.6 < NPr < 400

OROR

NNu = 2 + [0.4(NRe)0.5 + 0.06 (NRe)0.667]{NPr}0.4(µb/µw)0.25

3 6 104 0 1 380 1 / 3 2For 3.5 ≤  NRe ≤  7.6 x 104, 0.71 ≤  NPr ≤  380, 1 <  µb/µw < 3.2

Note: For all forced convection situations, use bulk temperature of 
fluid to determine properties (unless otherwise specified)



‘hfp’ from Experimentsfp p
• Lumped capacitance method

C l bj f i il i d h bj– Create metal object of similar size and shape as object 
of interest
E ti t l bj t ill b t t t– Entire metal object will be at same temperature

– Rise in temp. of object is related to ‘hfp’
• Ablation

– Melting of object (change in mass) is related to ‘hfp’
• Inverse method

– Use experimental time-temperature data in governing p p g g
heat transfer equations to back calculate ‘hfp’



Other Process FactorsOther Process Factors

• Homogenization• Homogenization
– Raw side versus processed side

H i ti t hi h t t i ll b tt• Homogenization at high temperature is generally better

• Hydration
– Allow sufficient time to ensure homogeneity

• Deaeration
– Minimizes oxidative quality loss



Equipment ConsiderationsEquipment Considerations
(Pumps, HX, Mixers, BPV)



Choice of Pumps
• Dynamic (momentum change)

C if l
For more viscous or
particulate productsSeveral impellers in series– Centrifugal

• Axial flow (Single stage, multistage -- Closed impeller, open impeller)
• Radial flow, mixed flow (Single suction, double suction -- Self-priming, non-priming)

particulate productsSeveral impellers in series

• Peripheral flow (Single stage, multistage -- Self-priming, non-priming)

– Special
• Jet (eductor, injector), gas (or air) lift, hydraulic ram, electromagnetic, vortex, laminated 

Product enters from 2 sides

rotor, inclined rotor, regenerative turbine, rotating casing, reversible centrifugal

• Displacement
Reciprocating

Pumping is done on
both sides of piston– Reciprocating

• Piston (Direct acting steam – double acting, power: crank & flywheel – single/double)
• Plunger (Simplex, duplex, triplex, multiplex)
• Diaphragm (Simplex multiplex fluid operated mechanically operated)• Diaphragm (Simplex, multiplex -- fluid operated, mechanically operated)

– Rotary
• Single rotor

(i l l) i ( i l di l) fl ibl b ( b li ) h l

Many cylinders

– Vane (internal, external), piston (axial, radial), flexible member (tube, liner, vane), screw & wheel

• Multiple rotor
– Gear (external, internal), lobe (single, multiple), circumferential piston (internal, external), screw



Direct Heating
• Culinary steam is utilized• Culinary steam is utilized

– Non-condensable gases are removed using a de-aeration tank
• Pre-heating is usually donePre heating is usually done
• ~120 °F temperature rise by steam

– Addition of steam increases volume by ~12%
• Rule of thumb: ~1% volume change for a ∆T of 10 °F

– Need to factor this in calculating holding length and time
• Categories• Categories

– Steam injection (OR Direct Steam Injection OR DSI)
• Steam is forced through a properly designed sanitary nozzle

l d i f i i l ( i)– Complete condensation of steam is essential (∆Pnozzle ≥ 10 psi)
» Incomplete condensation can result in non-uniform temperatures

– Steam infusion
• Milk is introduced into a vessel flooded with steam

Note: Both of the above systems require vacuum chambers to remove steam that condensed 



Steam Injection

Steam

Pneumatically
actuated

Pneumatically actuated

Variable Gap
Product

www.process-heating.com



Steam Infusion
Air out

Product in

CIP in

Steam in

C liCooling 
water in/out

Product out



Double and Triple Tube HXDouble and Triple Tube HX

V i ti C t d di l t b t i t dVariations: Corrugated, dimple-tube, twisted 
tube, mixer insert



Multitube HXMultitube HX

Caution: Fouling/clogging of one tube could result in under-
processing a portion of the product 



Shell & Tube: (One & Two Pass)



Shell & Tube: Cross-Flow

www.soft-pedia.com



Helical Heat Exchanger



Axial & Secondary Flow Profiles
(Dean Effect)(Dean Effect)

• NDe = NRe (r/R)1/2

C t it h fl t d i it ff t• Curvature, pitch, flow rate, and viscosity affect 
strength of secondary flow
C iti l N f t b l i h hi h• Critical NRe for turbulence is much higher

• ‘h’ increases and so does pressure drop
Axial Flow Profile Secondary Flow Profile

Out In



Scraped Surfacep
Heat Exchanger

(SSHE)(SSHE)

Steam

Insulation

Product

Advantage: Mixing of viscous foodsg g

Disadvantage: Particle damage, 
uncertain residence time, cleaning issues



Type of Heat Exchanger
• Plate, multi-tube

Wider residence time distribution– Wider residence time distribution
• Tubular

Narrower residence time distribution– Narrower residence time distribution
• Scraped Surface Heat Exchanger

Hi h i i ibl id id ti di t ib ti– High mixing; possibly wider residence time distribution
• APV double-cone Jupiter

S lid d li id d l– Solids and liquid are processed separately
• Stork Rota-Hold

– Longer process time for particulates



A) Conventional heating
Conventional versus Volumetric Heating

Flow profile Temperature distribution Mass
Average

A) Conventional heating

r

Temperature distributionFlow profile

B) Well-designed continuous flow microwave heating

Mass
Average

r



Ohmic Heatingg
• 7 electrode housing machined from PTFE, encased in 

SS El t d t d b SS t bSS; Electrodes connected by SS spacer tubes
• Electrical conductivity, voltage, C.S. area, inter-

l d i ifi h i lelectrode spacing, specific heat, particle conc.
• Field distorted around mtls. of low conductivity

– Causes localized hot and cold spots
• ~ linear relation btwn. temp. and conductivity
• Simultaneous heating of liquid & solids (1-2° /s)
• Problems: Product reformulation, runaway heating, y g
• Liquid whole eggs, tomato sauces, soups



Continuous Flow Microwave
(I tit ti l L l P k )(Institutional Level Package)

Holding SectionCooling Section

UltrAseptics/AseptiaUltrAseptics/Aseptia
Raleigh, NC

Microwave 
Generator
100 kW
915 MHz

Aseptic 
Filler
(Bag in
Box)915 MHz Box)

Hopper

P D Pump
Product
R i

Pump

P.D. Pump Reservoir

Pipes in heating section: Ceramic-Plastic combo (to withstand heat and pressure)
Optional: Add static mixers between heaters to equalize temperatures



Academic and Commercial Success with 
Continuous Flow MicrowaveContinuous Flow Microwave

February 13, 2008. 
1st FDA Letter of No Objection for 
a MW sterilized food product: 
Low Acid, Shelf Stable, MW -Low Acid, Shelf Stable, MW 
Sterilized, Aseptically Packaged 
Sweet Potato Puree 

2007 & 2009: NSF Compendium -- Industry-Nominated Technology Breakthroughs
2008: ASABE Food Engineering Award
2009: IFT Food Technology Industrial Achievement Award009: ood ec o ogy dus c eve e w d
2010: USDA-ARS Technology Transfer Award
2012: IFTPS Marvin Tung Award

This technology was extended to dairy products including milk and salsa con quesoThis technology was extended to dairy products including milk and salsa con queso
Salsa con queso received one of the highest sensory scores from U.S. Army Natick
The technology is in the process of being used for other low-acid & acid foods



Mixing (Bends, Coils, Static Mixer)

Straight Tubeg

Tube with Bends



Types of Back Pressure Valves



Validation ConsiderationsValidation Considerations
(t-T data, modeling, micro, TTI, thermomagnets)



What does Validation Involve?

• Assurance of a certain degree of microbial kill of 
the target microorganism for every portion of g g y p
product
– 5 log reduction of target organism for acidified foods5 log reduction of target organism for acidified foods
– 12 log reduction of C. botulinum for low-acid foods

• 12D processp

Premise: Initial microbial load is controlled below a pre-set value



Validation TechniquesValidation Techniques

• Time-temperature dataTime temperature data
– Verify with microbiological plating

• Mathematical modeling• Mathematical modeling
– Verify with microbiological plating

Mi bi l i l l ti• Microbiological plating
– Cannot detect below a certain value

• Not useful for a 12D process

• Time-temperature integrators
– Certain level of destruction of a chemical/enzyme



Validation Based on t-T Data
B t h t• Batch systems
– Conduct temperature distribution tests

• To identify cold spot

– Conduct heat penetration tests
T d i ld• To determine temperature at cold spot

• Continuous systems
– Cold spot identification is system & process 

specific and based on certain assumptions
H i d ld ( ) i fl id• Heat penetration tests done at cold spot(s) in fluid

OR
D i T d f “ i l ”– Determine t-T data for a “conservatively” 
heating location in a multiphase product



Sensors to Determine Residence Time
• Conventional: Stop watch, salt injection
• Digital video imaging
• MRI
• Laser-Doppler-Velocimetry
• Magnetic implantsMagnetic implants

O h l d l i ( ) i• Other: Pulsed Laser Velocimetry (PLV), Positron 
Emission Particle Tracking (PEPT), Computer 
A d di i i l ki (CA )Automated Radioactive Particle Tracking (CARPT), 
Gamma Ray Emission Particle Tracking (γEPT)



Sensors to Determine TemperatureSensors to Determine Temperature

• Conventional methodsConventional methods
– Filled systems, bimetallic, thermocouple, RTD, 

thermistor, pyrometer, py
• Melting point indicators
• Thermochromic dyes• Thermochromic dyes
• Chemiluminescent dyes
• Magnetic thermometry
• MEMS-based system (RF telemetry optional)y ( y p )



Off-the-Shelf MEMS-Based System 

A smaller chip, with RF telemetry capability, is being developed



Validation Based on Mathematical ModelingValidation Based on Mathematical Modeling

• Commercial software
– Model flow and time-temperature dataModel flow and  time temperature data

• CFD-ACE, Fluent, Flow3D, ANSYS, Comsol

– Determine F0 value0
• NumeriCAL, AseptiCAL, HydroCAL (JBT FoodTech)

– Finite difference based mathematical modeling

• Develop your own model



Temperature Distribution in Fluid 
During Microwave Heating (ANSYS)



Temperature Distribution in Particles during 
Mi H ti (I H M d li )Microwave Heating (In-House Modeling)
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Couple flow (3-D), heat transfer, electromagnetics; track particles



Microbiological PlatingMicrobiological Plating
(Surrogate Microorganisms)

• B. stearothermophillus
B btili• B. subtilis

• B. coagulans
• C. sporogenes

Surrogate representative of target?
How to translate data of surrogate to target?How to translate data of surrogate to target?



Time Temperature Integrators
Ch i l TTI• Chemical TTI
– Thiamine inactivation
– Color change by sugar and amino acid groups reduction
– Methylmethionine sulfonate (MMS) degradation

• Physical TTI (based on diffusion)
– Distance traveled by chemical that melts and diffuses on 

a wick paper
• Biological TTIg

– Protein-based
• Enzymatic (α amylase from B. amyloliquifaciens, B. licheniformis)

• Non-enzymatic (Immunochemical: heat affects binding site of proteins)

– Microbiological



BIUs and TTIs

SGM Biotech: B. stearothermophilus Beta Glucosidase from 
Pyrococcus furiosus



Implant Thermomagnetic Switch

Implanted in a 
conservative SSNN

RFID TAG
Enzymatic TTI

conservative 
hollow carrier 
particle

Thermo-Magnetic
Switch

N
N
S

N
S

N
SN

S

Magnetic Tag

Physical TTI

Chemical TTI

Microbial TTI

Spore Load

Temperature
Recorder

Magnet: As light as 0.08 g



Carrier Particle
• What is a conservative carrier particle?What is a conservative carrier particle?
• A hollow plastic particle of a given wall thickness

It h ld b th f t t fl i ti l• It should be the fastest flowing particle
– Adjust density based on RTD studies

• It should also be the slowest heating particle
– Adjust thermal diffusivity to the lowest value based on 

the real food particles in the system



External Magnetic Sensors

Sensors



Magnetic Signals



Low-Acid Foods: Scheduled Process

• Based on
– Nature of product and how it heatsNature of product and how it heats

• pH, properties (viscosity, thermal diffusivity, etc.)

– Container in which product is packedp p
– Characteristics of target organism

• Growth & death curves, heat resistance,

– Thermal processing procedures and controls
• Conventional, ohmic, microwave, etc



Low-Acid Foods: 12D Process

• Assumption: Heaviest load of C. botulinum spores 
in ra canned food is 1012in raw canned food is 1012

– Very conservative value
b l i i k– C. botulinum in meats is at ~0.1 to 7.0 spores per kg meat

• Thus, a 12D process ensures safety
• D250 °F for C. bot in many foods is 0.2 min
• Thus, a 12D process equates to F0 = 2.4 minThus, a 12D process equates to F0  2.4 min
• With a factor of safety, F0 = 3.0 min



Practically Used F0 Values for 
Low Acid FoodsLow Acid Foods

• F0 value required for a safe process decreases from 
3 0 min as pH decreases3.0 min as pH decreases

• Generally, a 5D process for C. sporogenes is used to 
il ( h f b )prevent spoilage (more severe than 12D for C. bot)

• Presence of salt and nitrites decreases required F0
value

• Example: If reqd F0 = 6 min at pH of 6.0, it may be p q 0 p , y
4.0 min at a pH of 5.3. In cured meat products 
containing 150 ppm nitrite and 3-4% brine, it may g pp , y
be 0.3-1.5 min.



Process Filing (FDA Form 2541c)



Concluding Remarks
• Characterize your product

– pH, water activity, ingredient specs, propertiesp , y, g p , p p
• Develop appropriate process based on

Target microorganism flow type heat transfer– Target microorganism, flow type, heat transfer
– Optimize t-T based on safety and quality parameters

• Select appropriate eq ipment• Select appropriate equipment
– Pump, HX, hold tube, back pressure device

• Develop validation protocol
– Microbial, TTIs, modeling, thermomagnetic switches

• File process and plan for process deviations
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