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Freezing of Food
M. Elena Castell- Perez
Department of Biological and Agricultural Engineering
Texas A&M University, College Station, TX, USA

LIST OF KEY TERMS

Sensibleheat

Specificheat

Latentheat

Freezing point

Conduction

Convection

Cooling load

Freezing rate and time

Freeze drying

Variables for the Chapter

	 λ = latentheatoffusion

	 ρ = density

 a = thickness

 A = surfacearea

 Cp = specificheat(alsocalledspecificheatcapacity)

 h = convectiveheattransfercoefficient

 k = thermalconductivity

 L = length

 m = mass

 mA = massofwaterinfood,ormoisturecontent

	 ṁp = massflowrateofproduct

 M = massormolecularweight

 MA = molecularweightofwater(18g/mol)

 Ms = massofsoluteinproduct

 Ms = relativemolecularmassofsolublesolidsinfood

 MS = molecularweightofsolute

 Mwater = amountofwaterinproductorwatercontent

 P and R = parametersdeterminedbytheshapeofthefoodbeingfrozen

 Qconduction = heatenergytransferredthroughasolidbyconduction
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 Qconvection = heatenergytransferredtoacoldermovingliquidfromthe
warmersurfaceofasolidbyconvection

 QL = heatenergyremovedtofreezetheproductatitsfreezingpoint;
also known as latent heat energy

 pQ�  = rateofheatremovedfromthefood,orcoolingload
 Qp = heatenergyremovedtofreezetheproducttothetarget

temperature

 QS = sensibleheattochangetemperatureofafood

 R and P = parametersdeterminedbytheshapeofthefoodbeingfrozen

 R = universalgasconstant(8.314kJ/kmol)

 tf = freezing time

 T = temperature

 Ta = freezingmediumtemperature;ambienttemperature

 Tf = freezingpointtemperatureofthefood

 x = thickness of packaging material

 ∆x = thickness of the food

 Xi = mass fraction of component i (example: for water, Xwater or Xw)

Introduction

Freezingisoneoftheoldestandmorecommonunitoperationsthatapplyheat
andmasstransferprinciplestofood.Engineersmustknowtheseprinciplesto
analyzeanddesignasuitablefreezingprocessandtoselectproperequipment
byestablishingsystemcapacityrequirements.
Freezingisacommonprocessforlong-termpreservationoffoods.Thefun-

damental principle is the crystallization of most of the water— and some of the 
solutes—intoicebyreducingthetemperatureofthefoodto−18°±3°Corlower
(astandardcommercialfreezingtargettemperature)usingtheconceptsof 
sensibleandlatentheat.Theseprinciplesalsoapplytofreezingofothertypes
of materials that contain water.
Ifdoneproperly,freezingisthebestwaytopreservefoodswithoutadding

preservatives.Freezingaidspreservationbyreducingtherateofphysical,
chemical,biochemical,andmicrobiologicalreactionsinthefood.Theliquid
water-to-icephasechangereducestheavailabilityofthewaterinthefoodto
participateinanyofthesereactions.Therefore,afrozenfoodismorestable
andcanmaintainitsqualityattributesthroughouttransportationandstorage.
Freezingiscommonlyusedtoextendtheshelflifeofawidevarietyoffoods,

suchasfruitsandvegetables,meats,fish,dairy,andpreparedfoods(e.g.,ice
cream,microwavablemeals,pizzas) (George,1993;JamesandJames,2014).
The great demand for frozen food creates the need for proper knowledge 
of the mechanics of freezing and material thermophysical properties (Filip  
et al., 2010).
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Concepts
Process of Freezing

Freezingisaphysicalprocessbywhichthetemperatureofamaterialisreduced
belowitsfreezingpointtemperature.Twoheatenergyprinciplesareinvolved:
sensible heat and latent heat.Whenthematerialisatatemperatureaboveits
freezingpoint,firstthesensibleheatisremoveduntilthematerialreaches 
itsfreezingpoint;second,thelatentheatofcrystallization(fusion)isremoved,
andfinally,moresensibleheatisremoveduntilthematerialreachesthetarget
temperaturebelowitsfreezingpoint.

Sensible heatistheamountofheatenergythatmustbeaddedorremovedfrom
aspecificmassofmaterialtochangeitstemperaturetoatargetvalue.Itisreferred
toas“sensible”becauseonecanusuallysensethetemperaturesurroundingthe
materialduringaheatingorcoolingprocess.Latent heatistheamountofenergy
thatmustberemovedinordertochangethephaseofwaterinthematerial.During
thephasechange,thereisnochangeinthetemperatureofthematerialbecause
alltheenergyisusedinthephasechange.Inthecaseoffreezing,thisisthelatent 
heat of fusion.Heatisgivenoffastheproductcrystallizesatconstanttemperature.
Forpurewater,thelatentheatoffusionisaconstantwithavalueof~334kJ

perkgofwater.Forfoodproducts,thelatentheatoffusioncanbeestimatedas

	 λ = Mwater × λw (1)

 where λ = latent heat of fusion of food product (kJ/kg)
 Mwater = amount of water in product, or water content (decimal)
	 λw = latent heat of fusion of pure water (~334 kJ/kg)

Thesensibleandlatentheatenergyinthefreezingoffoodsarequantifiedby
equations2-9.Table1presentsvaluesofthelatentheatofseveralfoodswith
specificmoisturecontents.

The comparable term for 
boiling is the latent heat 
of vaporization.

Outcomes
After reading this chapter, you will be able to:

• Describe the engineering principles of freezing of foods

• Describe how food product properties, such as freezing point temperature, size, shape, and composition, as well 
as packaging, affect the freezing process

• Describe how process factors, such as freezing medium temperature and convective heat transfer coefficient, 
affect the freezing process

• Calculate values of food properties and other factors required to design a freezing process

• Calculate freezing times

• Select a freezer for a specific application
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Sensible Heat and Specific Heat
Thesensibleheattochangethetemperatureofafoodisrelatedtothespecific
heatofthefood,itsmass,anditstemperature:

 QS = mCp(T2 –  T1) (2)

 where QS = sensible heat to change temperature of a food (kJ)
 m = mass of the food (kg)
 Cp = specific heat of the food (kJ/kg°C or kJ/kgK)
 T1 = initial temperature of food (°C)
 T2 = final temperature of food (°C)

The specific heat (also called specific heat capacity), Cp,ofliquidwater(above
freezing)is4.186kJ/kg°Cor1calorie/g°C.Infoods,specificheatisaproperty
thatchangeswiththefood’swater(moisture)content.Usually,thehigherthe 
moisture orwater content, the larger the valueofCp, and vice versa. As 
thewaterinthefoodreachesitsfreezingpointtemperature,thewaterbeginsto
crystallizeandturnintoice.Whenalmostallofthewaterisfrozen,thespecific
heatofthefooddecreasesbyabouthalf(Cpofice=2.108kJ/kg°C).Therefore,
onemustbecarefulwhenusingequation2tousethecorrectvalueofCp(above
orbelowfreezing;seeexample1andequations5-7).
ValuesofCpofawiderangeoffoodsataparticularmoisturecontent,aboveand 

belowfreezing,areavailable(Mohsening,1980;ChoiandOkos,1986;ASHRAE,
2018;TheEngineeringToolbox,2019;seetable1forsomeexamples).Whenval-
uesofCp or λofthetargetfoodsareunavailable,theycanbedeterminedusing
severalmethods,rangingfromstandardcalorimetrytodifferentialscanning,
ultrasound,andelectricalmethods(Mohsenin,1980;Chen,1985;Klinbunand
Rattanadecho,2017).
Whenthesepropertiescannotbemeasured(e.g.,becausethesampleistoosmall

orheterogeneous,orequipmentisunavailable),awiderangeofmodelshavebeen
developedtopredictthepropertiesoffoodandagriculturalmaterialsasafunction
oftimeandcomposition.Forinstance,ifdetailedproductcompositiondataarenot
available,equation3canbeusedtoapproximateCpfortemperaturesabovefreezing:

The subscript “p” stands 
for “constant pressure,” 
which is the method used 
to measure the specific 
heat of solids and liquids. 
For gases, Cv, or specific 
heat at constant volume, 
is used.

Table 1. Specific heat (Cp) and latent heat of fusion (λ) of selected foods estimated based on composition 
(ASHRAE, 2018).

Food

Moisture 
Content

(%)

Cp

Above Freezing
(kJ/kg°C)

Cp

Below Freezing
(kJ/kg°C)

λ  
(kJ/kg)

Tf

Initial Freezing 
Temperature 

(°C)[a]

Carrots 87.79 3.92 2.00 293 − 1.39

Green peas 78.86 3.75 1.98 263 − 0.61

Honeydew melon 89.66 3.92 1.86 299 − 0.89

Strawberries 91.57 4.00 1.84 306 − 0.78

Cod (whole) 81.22 3.78 2.14 271 − 2.22

Chicken 65.99 4.34 3.62 220 − 2.78

[a] Temperature at which water in food begins to freeze; freezing point temperature.
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 Cp,unfrozen = CpwXw + CpsXs (3)

 where Cpw = specific heat of the water component (kJ/kg°C)
 Xw = mass fraction of the water component (decimal)
 Cps = specific heat of the solids component (kJ/kg°C)
 Xs = mass fraction of the solids component (decimal)

Asamaterialbalance,Xw = 1 –  
Xs. This method approximates 
thefoodasabinarysystem
composed of only water and 
solids.Whenthemainsolids
component is known, the Cp 
of the solids (Cps)canbeesti-
matedfrompublisheddata
(e.g.,table2).Forinstance,if
the food is mostly water and 
carbohydrates(e.g.,afruit),
Cpscanbeapproximatedas
1.5488kJ/kgK(fromtable2). 
If the target food is composed 
mostly of protein, then Cpscanbeapproximatedas2.0082kJ/kg°C.
Thespecificheatofthefoodaboveitsfreezingpointcanbecalculated

basedonitscompositionandthemassaveragespecificheatsofthedifferent
components as:

 p i pi
1

 
n

i

C X C
�

� �  (4)

 where Xi = mass fraction of component i (decimal, not percentage). For example,  
for water, Xwater = Mwater /M where M = total mass of product

 i = component (water, protein, fat, carbohydrate, fiber, ash)
 Cpi = specific heat of component i estimated at a particular temperature value  

(kJ/kgK) (from table 2)

Inthecaseofwater,separateequationsareavailablefor liquidwaterat
temperaturesbelow(equation5)andabove(equation6)freezing,whileone
equationappliesfor iceattemperaturesbelowfreezing(equation7) (Choi
andOkos,1986):
Forwater−40°Cto0°C:

 Cp = 4.1289 –  5.3062 × 10− 3 T + 9.9516 × 10− 4T 2 (5)

Forwater0°Cto150°C:

 Cp = 4.1289 –  9.0864 × 10− 5 T + 5.4731 × 10− 6T 2 (6)

Table 2. Specific heat, Cp, of food components for −40°C to 150°C.

Food Component Specific Heat (kJ/kg°C)

Protein 3 6 2
p 2.0082 1.2089 10 1.3129 10C T T� �� � � � �

Fat 3 6 2
p 1.9842 1.4733 10 4.8088 10C T T� �� � � � �

Carbohydrate 3 6 2
p 1.5488 19625 10 5.9399 10C T T� �� � � � �

Fiber 3 6 2
p 1.8459 1.8306 10 4.6509 10C T T� �� � � � �

Ash 3 6 2
p 1.0926 1.8896 10 3.6817 10C T T� �� � � � �

From Choi and Okos, 1986; ASHRAE, 2018. T in °C. An extensive database on food products composition is 
available in USDA (2019).
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Forice−40°Cto0°C:

 Cp = 2.0623 + 6.0769 × 10− 3T (7)

Many predictive models
havebeendevelopedforthe
calculationofspecificheatof
variousfoodproducts.Some
examples are presented in 
table3.Anexcellentdescrip-
tion of these and other pre-
dictivemodelsispresented
inMohsenin(1980).
Severalmodels, such as

a modified version of the
model by Chen (1985), are
availableforsimplecalcula-
tionofthespecificheatofa
frozen food:

 
 

� �w0 b w f
p, frozen s 21.55 1.26

X X T
C X

T
��

� � �  (8)

 where Cp,frozen = apparent specific heat of frozen food (kJ/kgK)
 Xs = mass fraction of solids (decimal)
 Xw0 = mass fraction of water in the unfrozen food (decimal)
 Xb = bound water (decimal); this parameter can be approximated with  

great accuracy as Xb ~ 0.4Xp (Schwartzberg, 1976) with Xp = mass 
fraction of protein (decimal)

	 λw = latent heat of fusion of water (~334 kJ/kg)
 Tf = freezing point of water = 0.01°C (can be approximated to 0.00°C)
 T = food temperature (°C)

Latent Heat
Thelatentheatofafoodproductis:

 QL = mλ (9)

 where QL = heat energy removed to freeze the product at its freezing point; also  
known as latent heat energy (kJ)

 m = mass of product (kg)
	 λ = latent heat of fusion of product (kJ/kg)

For water, λ isapproximatedas334kJ/kg.Latentheatvaluesformanyfood
materialsarealsoavailable(ASHRAE,2018;table1).

Table 3. Examples of predictive models for calculation of specific heat of foods.

Model, Source Equation (Cp in kJ/kgK)

Siebel (1892),  
above freezing[a]

Cp = 0.837 + 3.348Xw

Siebel (1892),  
below freezing

Cp = 0.837 + 1.256Xw

Chen (1985),  
above freezing[b]

Cp = 4.19 –  2.30 Xs –  0.628Xs
3

Chen (1985),  
below freezing[c]

Cp = 1.55 + 1.26 Xs + Xs [R T0
2/MsT2]

Choi and Okos (1986) Cp = 4.180Xw + 1.711Xprotein + 1.928Xfat + 1.547Xcarbohydrates + 0.908Xash

[a] Xw = moisture content, decimal; [b] Xs = mass fraction of solids, decimal; [c] R = universal gas constant,  
8.314 kJ/kmol K; T0 = freezing point temperature of water, K; Ms = relative molecular mass of soluble solids in 
food; T = temperature, K.
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Freezing Point Temperature and Freezing Point Depression
The freezing point temperature, or initial freezing point,ofafoodproductis
definedasthetemperatureatwhichicecrystalsbegintoform.Knowledge
of this property of foods is essential for proper design of frozen storage and 
freezingprocessesbecauseitaffectstheamountofenergyrequiredtoreduce
thefood’stemperaturetoaspecificvaluebelowfreezing.
Althoughmostfoodscontainwaterthatturns into iceduringfreezing,

theinitialfreezingpointofmostfoodsrangesfrom−0.5°Cto−2.2°C(Pham, 
1987;ASHRAE,2018);valuesgiven intablesareusuallyaveragefreezing
temperatures.Foodsfreezeattemperatureslowerthanthefreezingpointof
purewater(whichis0.01°Calthoughmostcalculationsassume0.0°C)because
thewaterinthefoodsisnotpurewaterand,whenremovingheatenergy
from the food, the freezing 
point is depressed (lowered) 
duetotheincreaseinsolute
concentration in the ice- 
water sections of the mate-
rial. Therefore, the food will 
begintofreezeattempera-
tureslowerthan0to0.01°C
(table 1). This is called the
freezing point depression 
(figure1).

In general, 1 g-mol of 
solublematterwilldecrease
the freezing point of the 
product by approximately
1°C (Singh and Heldman,
2013). Consequently, the
engineer should estimate
the freezing point of the 
specific product and not
assumethatthefoodprod-
uctwillfreezeat0°C.

Unfrozen or Bound Water
Waterthatisboundtothesolidsinfoodcannotbefrozen.Thepercentof
unfrozen(bound)waterat−40°C,atemperatureatwhichmostofthewater
isfrozen,rangesfrom3%to46%.Thisquantityisnecessarytodeterminethe
heatcontentofafood(i.e.,enthalpy)whenexposedtotemperaturesthatcause
aphasechange;inotherwords,itslatentheatoffusion,λ.
Afreezingpointdepressionequationallowsforpredictionoftherelationship

betweentheunfrozenwaterfractionwithinthefood(XA)andtemperaturein
abinarysolution(i.e.,waterandsolidsmixture)overtherangefrom−40°Cto
40°C(Heldman,1974;Chen,1985;Pham,1987):

When designing cooling 
or freezing processes, the 
heat energy types (QS and 
QL) have a negative sign 
(heat energy is released 
from the system). When 
designing heating or 
thawing processes, these 
quantities are positive 
(heat energy is added to 
the system).

Some foods with 
exceptionally low 
freezing points are dates 
(−15.7°C), salted yolk 
(−17.2°C), and cheeses 
(−16.3 to −1.2°C).

Figure 1. Freezing curves for pure water and a food product illustrating the concept 
of freezing point depression (latent heat is released over a range of temperatures when 
freezing foods versus a constant value for pure water).
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 A
0 f

1 1ln X
R T T
� � �

� �� �
� �

 (10)

 where XA = molar fraction of liquid (water) in product A (decimal). (The molar  
fraction is the number of moles of the liquid divided by the total number  
of moles of the mixture.)

	 λ = molar latent heat of fusion of water (6,003 J/mol)
 R = universal gas constant (8.314 J/mol K)
 T0 = freezing point of pure water (K)
 Tf = freezing point of food (K)

XAiscalculatedas

 

A

A
A

A s

A s

 �
�

m
MX m m

M M

 (11)

 where mA = mass of water in food or moisture content (decimal)
 MA = molecular weight of water (18 g/mol)
 Ms = mass of solute in product (decimal)
 MS = molecular weight of solute (g/mol)

Physics of Freezing: Heat Transfer Modes

Duringfreezingofamaterial,heatisremovedwithinthefoodbyconduction
andatitssurfacebyconvection,radiation,andevaporation.Inpractice,these
fourmodesofheattransferoccursimultaneouslybutwithdifferentlevelsof
significance(JamesandJames,2014).Thecontributionstoheattransferby
radiationandevaporationaremuchsmallerthanfortheothermodesand,
therefore,areassumednegligible(Cleland,2003).
Heattransferproblemscanbedefinedassteady-orunsteady-statesitua-

tions.Duringasteady-stateprocess,thetemperaturewithinasystem(e.g.,the 
food)onlychangeswithlocation.Hence,temperaturedoesnotchangewith
timeatthatparticularlocation.Thisistheequilibriumstateofasystem.One
examplewouldbethetemperatureinsideanovenonceithasreachedthetarget
heatingtemperatureafterthefoodisplacedinsidetheoven.Ontheotherhand,
anunsteady-stateprocess(alsoknownasatransientheattransferproblem)
isoneinwhichthetemperaturewithinthesystem(e.g.,thefood)changes
withbothtimeandlocation(thesurface,thecenter,oranydistancewithin
thefood).Freezingofaproductuntilitscenterreachesthetargetfrozenstor-
agetemperatureisatypicalunsteady-stateproblemwhilestorageofafrozen
productisasteady-statesituation.
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Heat Transfer by Conduction
Ingeneral,therateofheattransferwithinthefoodisdominatedbyconduction
andcalculatedas

 Qconduction = kA ∆T/∆x (12)

 where Qconduction = heat energy transferred through a solid by conduction (kJ)
 k = thermal conductivity of the food (W/m°C)
 A = surface area of the food (m2)
 ∆T = temperature difference within the food (°C)
 ∆x = thickness of the food (m)

Equation12isvalidforone-dimensionalheattransferthrougharectangular
objectofthickness∆xundersteady-stateconditions(i.e.,equilibrium).Varia-
tionsofequation12havebeendevelopedforothergeometriesandarealso
availableinheattransfertextbooks.

Heat Transfer by Convection
Convectioncontrolstherateofheattransferbetweenthefoodanditssur-
roundingsandisexpressedas

 Qconvection = hA ∆T (13)

 where Qconvection = heat energy transferred to a colder moving liquid (air, water, etc.)  
from the warmer surface of a solid by convection (kJ) during cooling  
of a solid food

 h = convective heat transfer coefficient (W/m2°C)
 A = surface area of the solid food (m2)
 ∆T = temperature difference between the  

surface of the solid food and the  
surrounding medium (air, water) = 
Tsurface –  Tmedium (°C)

Theconvectiveheattransfercoefficient,h, 
isafunctionofthetypeoffreezingequipment
andnotofthetypeofmaterialbeingfrozen.The
greaterthevalueofh, the greater the transfer of 
heatenergyfromthefood’ssurfacetothecool-
ingmediumandthefasterthecooling/freezing
processatthesurfaceofthefood.Measurement
andcalculationofhvaluesisafunctionofmany
factors(JamesandJames,2014;Pham,2014).In
thecaseoffreezing,theconvectiveheattransfer
coefficientvarieswithselectedairtemperature
andvelocity.Table4showsvaluesofh for dif-
ferenttypesofequipmentcommonlyusedinthe
foodindustry.

Table 4. Values of convective heat transfer coefficient, h, 
and operating temperature for different types of equipment 
used in food freezing operations.

Freezing
Equipment

h
(W/m2K)

Operating 
(ambient) Freezing

Temperature
Ta (°C)

Still air (batch) 5 to 20 − 35 to − 37

Air blast 10 to 200 − 20 to − 40

Impingement 50 to 200 − 40

Spiral belt 25 to 50 − 40

Fluidized bed 90 to 140 − 40

Plate 100 to 500 − 40

Immersion 100 to 500 − 50 to − 70

Cryogenic 1,500 − 50 to − 196
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Design Parameters: Cooling Load, Freezing Rate, and Freezing 
Time

Theengineerinchargeofselectingacoolerorafreezerforaspecifictypeof
food needs to know two parameters: the cooling load and the freezing rate, 
which is related to freezing time.

Cooling Load
The cooling load, also called refrigeration load requirement,istheamountof
heatenergythatmustberemovedfromthefoodorthefrozenstoragespace.
Hereweassumethattherateofheatremovedfromtheproduct(amountof
heatenergyperunittime)accountsforthemajorityoftherefrigerationload
requirementandthatotherrefrigerationloads,suchasthoseduetolights,
machinery,andpeopleintherefrigeratedspacecanbeneglected(Jamesand
James,2014).Therefore,therateofheattransferbetweenthefoodandthe
surroundingcoolingmediumatanytimecanbeexpressedas:

 p p pQ m Q�� �  (14)

 where pQ�  = rate of heat removed from the food, i.e., cooling load (kJ/s or kW)
	 ṁp = mass flow rate of product (kg/s)
 Qp = heat energy in the product (kJ)

Thecomputedcoolingloadisthenusedtoselectthepropermotorsizeto
carryoutthefreezingprocess.

Freezing Rate
Theothercriticaldesignparameteristheproductfreezing rate, which relates to 
thefreezingtime.Basically,thefreezingrateistherateofchangeintemperature
duringthefreezingprocess.Astandarddefinitionofthefreezingrateofafoodis
theratiobetweentheminimaldistancefromtheproductsurfacetothethermal 

centerofthefood(basicallythe
geometric center), d, and the 
time, t,elapsedbetweenthesur-
facereaching0°Candthether-
malcenterreaching10°Ccolder
than the initial freezing point 
temperature, Tf(IIR,2006)(fig-
ure2).Thefreezingrateiscom-
monlygivenas°C/horinterms
ofpenetrationdepthmeasured
as cm/h.

Freezing rate impacts the 
freezing operation in sev-
eralways:foodquality,rateof
throughputortheamountof
foodfrozen,andequipmentand
refrigeration costs (Singh and 

Figure 2. Schematic representation of freezing rate as defined by the International 
Institute of Refrigeration.
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Heldman,2013).Thefreezingrateaffectsthequalityofthefrozenfoodbecause
itdictatestheamountofwaterfrozenintoiceandthesizeoftheicecrystals.
Slowerratesresultinalargeramountoffrozenwaterandlargericecrystals,
whichmayresultinundesirableproductqualityattributessuchasagrainy
textureinicecream,rupturedmusclestructureinmeatsandfish,andsofter
vegetables.Fasterfreezingproducesalargeramountofsmallericecrystals,
thusyieldingproductsofsuperiorquality.However,theengineermusttakeinto
accounttheeconomicviabilityofselectingafastfreezingprocessforcertain
applications(Barbosa-Canovasetal.,2005).Differentfreezingmethodsproduce
different freezing rates.

Freezing Time
Freezing rate and, therefore, freezing time, is the most critical information 
neededbyanengineertoselectanddesignafreezingprocessbecausefreezing
rate(ortime)affectsproductquality,stabilityandsafety,processingrequire-
ments, and economic aspects. In other words, the starting point in the design 
ofanyfreezingsystemisthecalculationoffreezingtime(Pham,2014).
Freezingtimeisdefinedasthetimerequiredtoreducetheinitialproduct

temperaturetosomeestablishedfinaltemperatureattheslowestcoolingloca-
tion,whichisalsocalledthethermalcenter(SinghandHeldman,2013).The
freezingtimeestimatestheresidencetimeoftheproductinthesystemandit
helpscalculatetheprocessthroughput(Pham,2014).
Calculationoffreezingtimedependsonthecharacteristicsofthefoodbeing

frozen(includingcomposition,homogeneity,size,andshape),thetemperature
differencebetweenthefoodandthefreezingmedium,theinsulatingeffect
oftheboundaryfilmofairsurroundingthematerial(e.g.,thepackage;this
boundaryisconsiderednegligibleinunpackagedfoods),theconvectiveheat
transfercoefficient, h,ofthesystem,andthedistancethattheheatmusttravel
throughthefood(IRR,2006).
Whiletherearenumerousmethodstocalculatefreezingtimes,themethodof

Plank(1913)ispresentedhere.Althoughthismethodwasdevelopedforfreezing
ofwater,itssimplicityandapplicabilitytofoodsmakeitwell-likedbyengineers.
Onemodificationispresentedbelow.
InPlank’smethod,freezingtimeiscalculatedas:

 
2

a af
f

f a f( )
P Rt

T T h k
�� � �

� �� �� � �
 (15)

 where tf = freezing time (sec)
	 λ = latent heat of fusion of the food (kJ/kg); if this value is unknown, it can be 

estimated using equation 1
	 ρf = density of the frozen food (kg/m3) (ASHRAE tables)
 Tf = freezing point temperature (°C) (ASHRAE tables or equation 10)
 Ta = freezing medium temperature (°C) (manufacturer specifications; table 4 for 

examples)
 a = the thickness of an infinite slab, the diameter of a sphere or an infinite cylinder, 

or the smallest dimension of a rectangular brick or cube (m)
 P and R = shape factor parameters determined by the shape of the food being frozen 

(table 5).
 h = convective heat transfer coefficient (W/m2°C) (equation 13 or table 4)
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 kf = thermal conductivity of the frozen food (W/m°C) (ASHRAE tables)

Whenthedimensionsofthefoodarenotinfiniteorspherical(forexample,
abrick-shapedproductorabox),chartsareavailabletodeterminetheshape
factors P and R(ClelandandEarle,1982).
TherearefourcommonassumptionsforusingPlank’smethodtocalculate

freezingtimesoffoodproducts.Herefreezingtimeisdefinedasthetimeto
freezethegeometricalcenteroftheproduct.

• Thefirstassumptionisthatfreezingstartswithallwaterinthefood
unfrozenbutatitsfreezingpoint,Tf,andlossofsensibleheatisignored.
Inotherwords,theinitialfreezingtemperatureisconstantatTf and the 
unfrozencenterisalsoatTf.Thefoodproductisnotattemperatures
aboveitsinitialfreezingpointandthetemperaturewithinthefoodis
uniform.

• Thesecondassumptionisthatheattransfertakesplacesufficiently
slowly for steady- state conditions to operate. This means that the food 
productisatequilibriumconditionsandtemperatureisconstantata
specifiedlocation(e.g.,centerorsurfaceoftheproduct).Furthermore,
theheatgivenoffisremovedbyconductionthroughtheinsideofthe
foodproductandconvectionattheoutsidesurface,describedbycom-
biningequations11and12.

• Thethirdassumptionisthatthefoodproductishomogeneousandits
thermalandphysicalpropertiesareconstantwhenunfrozenandthen
changetoadifferentconstantvaluewhenitisfrozen.
Thisassumptionaddressesthefactthatthermalconductivity,k, a 

thermalpropertyoftheproductthatdeterminesitsabilitytoconduct
heatenergy,isafunctionoftemperature,moreimportantlybelowfreez-
ing.Forinstance,apieceofaluminumconductsheatverywellandithasa
largevalueofk.Ontheotherhand,plasticsarepoorheatconductorsand
havelowvaluesofk.Relativetootherliquids,waterisagoodconductor
of heat, with a kvalueof0.6W/mK.Inthecaseoffoods,k depends on 
productcomposition,temperature,andpressure,withwatercontent
playingasignificantrole,similartospecificheat.Onedistinctionisthat
kisaffectedbytheporosityofthematerialandthedirectionofheat

Table 5. Shape factors for use in equations 15 and 16 (Lopez- Leiva and Hallstrom, 2003).

Shape P R

Infinite plate[a] 1/2 1/8

Infinite cylinder[b] 1/4 1/16

Cylinder[c] 1/6 1/24

Sphere 1/6 1/24

Cube 1/6 1/24

[a] A plate whose length and width are large compared with the thickness
[b] A cylinder with length much larger than the radius (i.e., a very long cylinder)
[c] A cylinder with length equal to its radius
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(thisiscalledanisotropy).Thus,thehigherthemoisturecontentinthe
food, the closer the kvalueistotheoneforwater.Equationstocalculate
thisthermalpropertyasafunctionoftemperatureandcompositionare
alsoprovidedbyChoiandOkos(1986)andASHRAE(2018).Inthecase
of a frozen food, kfrozen foodisalmostfourtimeslargerthanthevalueof
unfrozenfoodsincekiceisapproximatelyfourtimesthevalueofkliquidwater 
(kice=2.4W/m°C,kliquidwater=0.6W/m°C).
Thisthirdassumptionalsoremindsusthatthedensity,ρ, of food 

materials isaffectedbytemperature(mostlybelowfreezing),moisture
content,andporosity.Equationstocalculatedensityasafunctionof
temperatureandcompositionoffoodsarealsoprovidedbyChoiand
Okos(1986)andASHRAE(2018).Inthecaseofafrozenfood,ρ frozen food  
islowerthanthevalueofunfrozenfoodsinceρ ice is lower than ρ liquidwater 
(e.g.,icefloatsinwater).

• Thefourthassumptionisthatthegeometryofthefoodcanbeconsid-
ered as one dimensional, i.e., heat transfers only in the direction of the 
radiusofacylinderorsphereorthroughthethicknessofaplateandthat
heattransferthroughotherdirectionsisnegligible.

Despite itssimplifyingassumptions,Plank’smethodgivesgoodresults
aslongasthefood’sinitialfreezingtemperature,thermalconductivity,and
densityofthefrozenfoodareknown.Modificationsofequation15pro-
videsomeimprovementbutstillhavelimitations(ClelandandEarle,1982;
Pham,1987).Nevertheless,Plank’smethodiswidelyusedforavarietyof 
foods.
OnemodifiedversionofPlank’smethod(equation15)thatiscommonlyused

wasdevelopedtocalculatefreezingtimesofpackagedfoods(SinghandHeld-
man,2013):

 
2
af

f
f a 2 1

1
( )

Rxt PL
T T h k k
�� � �� �

� � �� �� �� � �� �
 (16)

 where L = length of the food (m)
 a = thickness of the food (m); assume the food fills the package
 x = thickness of packaging material (m)
 k1 = thermal conductivity of packaging material (W/m°C)
 k2 = thermal conductivity of the frozen food (W/m°C)

withothervariablesasdefinedinequation15.

The term 
2

1
1 x
h k

� �
�� �

� � 
isknownastheoverallconvectiveheattransfercoeffi-

cient.Itincludesboththeconvective(1/h)andtheconductive(x/k2) resistance 
toheattransferthroughthepackagingmaterial.
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Applications

Engineersusetheconceptsdescribedintheprevioussectiontoanalyzeand
designfreezingprocessesandtoselectproperequipmentbyestablishingsystem
capacityrequirements.Properdesignofafreezingprocessrequiresknowl-
edgeoffoodpropertiesincludingspecificheat,thermalconductivity,density,
latentheatoffusion,andinitialfreezingpoint,aswellasthesizeandshapeof
thefood,itspackagingrequirements,thecoolingload,andthefreezingrate 
andtime(HeldmanandSingh,2013).Alloftheseparameterscanbecalculated
usingtheinformationdescribedinthischapter.
Whenthefreezingprocessisnotproperlydesigned,itmightinducechanges

intextureandorganoleptic(determinedusingthesenses)propertiesofthe
foodsandlossofshelflife(SinghandHelmand,2013).Otherdisadvantagesof
freezingincludethefollowing:

• productweightlossesoftenrangebetween4%and10%;
• freezinginjuryofunpackagedfoodsinslowfreezingprocessescauses
cell-wallruptureduetotheformationoflargeicecrystals;

• frozenproductsrequirefrozenshippingandstorage,whichcanbe
expensive;

• lossofnutrientssuchasvitaminsBandChavebeenreported;and
• frozenfoodsshouldnotbestoredforlongerthanayeartoavoid 
qualitylossesduetofreezerburn(i.e.,foodsurfacegetsdryand 
brown).

Becauseofthepotentialdisadvantagesoffreezing,properdesignofafreez-
ingprocessalsorequiresthefollowingconsiderations:

• thepartsoftheequipmentthatwillbeincontactwiththefood 
(e.g.,stainlesssteel)shouldnotimpartanyflavororodortothe 
food;

• theconditionsintheprocessingplantshouldbesanitaryandallowfor
easycleaning;

• theequipmentshouldbeeasytooperate;
• thepackagingshouldbechosentopreventfreezerburnandother
qualitylosses;and

• thepropertiesofthefoodthatisfrozenrapidlymaybedifferentfrom
whenthefoodisbeingfrozenslowly.

Thereisawidevarietyofequipmentavail-
ableforfreezingoffood(table6).Thechoice 
offreezingequipmentdependsupontherateof
freezingrequiredaswellasthesize,shape,and
packagingrequirementsofthefood.

Table 6. Common types of freezers used in the food 
industry.

Type of Freezer Freezing Rate Range

Slow (still- air, cold store) 1°C and 10°C/h (0.2 to 0.5 cm/h)

Quick (air- blast, plate, tunnel) 10°C and 50°C/h (0.5 to 3 cm/h)

Rapid (fluidized- bed, immersion) Above 50°C/h (5 to 10 cm/h)

Sources: George (1993), Singh (2003), Sudheer and Indira (2007), Pham (2014).
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Traditional Freezing Systems

Slow freezersarecommonlyusedforthefreezingandstorageoffrozenfoods
andarecommonpracticeindevelopingcountries(Barbosa-Canovasetal.,
2005).Examplesof“still”freezersareiceboxesandchestfreezers,abatch-type,
stationarytypeoffreezerthatusesairbetween−20°Cand−30°C.Airisusually
circulatedbyfans(~1.8m/s).Thisfreezingmethodislowcostandrequireslittle
laborbutproductqualityislowbecauseitmaytake3to72htofreezea65-kg
meatcarcass(Pham,2014).

Quick freezersaremorecommonwithinthefoodindustrybecausethey
areveryflexible,easytooperate,andcost-effectivefor large-throughput
operations(George,1993).Air isforcedoverthefoodat2to6m/s,foran
increased rate of heat transfer compared to slow freezers. Blast freezers are 
examplesofthiscategoryandareavailableinbatchorcontinuousmode(in
theformoftunnels,spiral,andplate).Thesequickandblastfreezersare
relativelyeconomicalandprovideflexibilitytothefoodprocessorinterms
oftypeandshapeoffoods.Ittakes10to15 minutestofreezeproductssuch
ashamburgerpattiesoricecream(SudheerandIndira,2007).Throughput
rangesfrom350to5500kg/hr.

Rapid freezersarewell-suitedforindividualquick-frozen(IQF)products,such
aspeasanddicedfoods,becausetheveryefficienttransferofheatthrough
small-sizedproductsinducestherapidformationoficethroughouttheprod-
uctand,consequently,greaterproductquality(George,1993).Fluidizedbed
freezersarethemostcommontypeoffreezerusedforIQFprocesses.Itusually
takesthreetofourminutestofreezeunpackedpeas(SudheerandIndira,2007).
Throughputrangesfrom250to3000kg/hr.

Immersion freezersprovideextremelyrapidfreezingof individualfood
portionsbyimmersingtheproductintoeitheracryogen(asubstancethat
producesverylowtemperatures,e.g.,liquidnitrogen)orafluidrefrigerant
withverylowfreezingtemperatures(e.g.,carbondioxide).Immersionfreez-
ersalsoprovideuniformtemperaturedistributionthroughouttheproduct,
whichhelpsmaintainproductquality.Ittakes10to15 minutestofreezemany
foodtypes(Singh,2003).

Ultra- rapid freezers(e.g.,cryogenicfreezers)aresuitableforhighproduct
throughputrates(over1500kg/h),requireverylittlefloorspace,andarevery
flexiblebecausetheycanbeusedwithmanytypesoffoodproducts,suchasfish
fillets,shellfish,pastries,burgers,meatslices,sausages,pizzas,andextruded
products(George,1993).Ittakesbetweenone-halfandoneminutetofreezea
varietyoffooditems.

Freeze Drying

Freeze dryingisaspecifictypeoffreezingprocesscommonlyusedinthefood
industry(McHug,2018).Theprocesscombinesdryingandfreezingoperations.
Inbrief,theproductisdried(i.e.,moistureisremoved)usingtheprinciple
ofsublimationoficetowatervapor.Hence,theproductisdriedattemper-
atureandpressurebelowthetriplepointofwater.(Thetriplepointisthe
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temperatureandpressureatwhichwaterexists
inequilibriumwith its threephases,gas, liq-
uidandsolid.Atthetriplepoint,T=0.01°Cand 
P=611.2Pa;seefigure 3.)TheA-Blineinfigure3
representsthesaturation(vaporization)linewhen
watertransitionsfromliquidtogasorviceversa;
theA-Clinerepresentsthelinewherewatertran-
sitionsfromsolidtoliquid(fusionormelting)or
fromliquidtosolid(solidificationorfreezing);
andtheA-Dlinerepresentsthesublimationline
when water transitions from solid to gas directly 
(as in freeze drying) or when it changes from gas 
tosolid(deposition).Freezedryingispopularfor
manufactureofrehydratingfoods,suchascoffee,
fruitsandvegetables,meat,eggs,anddairy,due
totheminimalchangestotheproducts’physi-
calandchemicalproperties(LuoandShu,2017).
Thisphasechangeofwateroccursatverylow
pressures.

New Freezing Processes

Alternativestotraditionalfreezingmethodsareevaluatedtomakefreezing
suitableforalltypesoffoods,optimizetheamountofenergyusedandreduce
theimpactintheenvironment.Processessuchasimpingementfreezingand
hydrofluidization(HF),animmersiontypefreezerthatusesiceslurries,provide
highersurfaceheat-transferrateswithincreasingfreezingrates,whichhas
tremendouspotentialtoimprovethequalityofproductssuchashamburgers
orfishfillets(JamesandJames,2014).Thesemethodsuseveryhighvelocity
airorrefrigerant jetsthatenableveryfastfreezingoftheproduct.Studies
ontheirapplicationstofoodsandotherbiologicalmaterialsareinprogress.
Operatingconditionsandfeasibilityofthetechniquesmustbeassessedbefore
implementation.
Otherpromisingtechnologiesincludehigh-pressurefreezing(alsocalled

pressure-shiftingfreezing)(OteroandSanz,2012)andultrasound-assisted
freezing(DelgadoandSun,2012),whichfacilitateformationofsmaller ice
crystals.Magneticresonanceandmicrowave-assistedfreezing,cryofixation,
andosmodehydrofreezingareothernewfreezingtechnologies.Anothertrend
is“smartfreezing”technology,whichcombinesthemechanicalaspectsof
freezingwithsensortechnologiestotrackfoodqualitythroughoutthecold
chain.Smartfreezingusescomputervisionandwirelesssensornetworks
(WSN),real-timediagnosistoolstooptimizetheprocess,ultrasonicmonitoring
of the freezing process, gas sensors to predict crystal size in ice cream, and 
temperature-trackingsensorstopredictfreezingtimesandproductquality
(Xuetal.,2017).

Figure 3. Phase diagram of water highlighting the different phases. 
A (red dot): Triple point of water, 0.01°C and 0.459 mm Hg. A-B 
line: Saturation (vaporization) line. A-C line: Solidification/fusion line. 
A-D line: Sublimation/deposition line. The green dot represents the T 
(100°C) at which water boils at atmospheric pressure (760 mm Hg).
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Examples

Examples1through6showafewofthemanyoptionsanengineercouldconsider
whenselectingthebesttypeoffreezingequipmentandoperationalparameters
tofreezeafoodproduct.Anothercriticalaspectofdesignoffreezingprocesses
forfoodsisthatmanyoftheproductsarepackagedandthepackagingmaterial
offersresistancetothetransferofheat,thusincreasingfreezingtime(Yanniotis,
2008).Example7illustratesthispoint.

Example 1: Calculation of refrigeration requirement to freeze 
a food product

Problem:
Calculatetherefrigerationrequirementwhenfreezing2,000kgofstrawberries
(91.6%moisture)fromaninitialtemperatureof20°Cto−20°C.Theinitialfreez-
ingpointofstrawberriesis−0.78°C(table1).

Solution:
(1)identifythetypeofheatprocess(es)involvedinthisprocessandsetupthe
energybalance;(2)calculatehowmuchheatenergymustberemovedfrom 
thestrawberriestocarryoutthefreezingprocess;and(3)calculatetherefrig-
erationrequirement(inkW)forthefreezingprocess.

Thefollowingassumptionsarecommonlymadeinthistypeofcalculation:

• Conservationofmassduringthefreezingprocess.Thus,mstrawberries = 
2,000 kgremainsconstantbecausethefruitsdonotloseorgainmois-
ture(orthechangesinmassarenegligible).

• Thefreezingpointtemperatureisknown.
• Thetemperatureofthefreezingmedium(ambienttemperature)and
storageremainsconstant(i.e.,asteady-statesituation).

Step 1 Identify the type of heat processes and set up the energy  
balance:
• Sensible,todecreasethetemperatureofthestrawberriesfrom20°Cto
justwhentheybegintocrystallizeat−0.78°C

• Latent,tochangeliquidwaterinstrawberriestoiceat−0.78°C
• Sensible,tofurthercoolthestrawberriesto−20°C(usingequation2)

Thus,forthegivenfreezingprocess,theheatenergybalanceisthesumof
thethreeheatprocesseslistedabove.
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Step 2 Calculate the total amount of energy removed in the freezing 
process, Q:
Sensible,from20°Cto−0.78°C,usingequation2,whereQs = Q1:

 Q1 = mCp,unfrozen (T2 – T1) (2)

where m = 2,000 kg

T1 = 20°C

T2 = −0.78°C

Cpofunfrozenstrawberries(at91.6%moisture)=4.00kJ/kg°C(table1).See
example2forcalculationofthespecificheatofafoodproductabovefreezing.
Thus,

Q1 = (2,000 kg)(4.00 kJ/kg°C)(−0.78 –  20°C) = −166,240 kJ

Notethatthisvalueisnegativebecauseheatisreleasedfromtheproduct.
Latent,usingequation9:

 Q2 = mλ at T = −0.78°C (9)

 where m = 2,000 kg
	 λ = latent heat of fusion of strawberries at given moisture content = 306 kJ/kg 

(from table 1).

Thus,

Q2 = (2,000 kg)(306 kJ/kg) = −612,000 kJ

Notethatthisvalueisnegativebecauseheatisbeingreleasedfromthe
product.
Sensible,tofurthercoolto−20°C,againusingequation2:

 Q3 = mCp,frozen(T2 –  T1) (2)

where m = 2,000 kg

T1 = −0.78°C

T2 = −20°C

Cpoffrozenstrawberries(at91.6%moisture)=1.84kJ/kg°C(table1).See
example3forcalculationofthespecificheatofafrozenfoodproduct.
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Thus,

Q3 = (2,000 kg)(1.84 kJ/kg°C)(−20 + 0.78°C) = −70,729.6 kJ

Addingallenergyterms:

Q = Q1 + Q2 + Q3 = −166,240 kJ –  612,000 kJ –  70,729.6 kJ

= −848,969.6 kJ = Qproduct

Theheatenergyremovedperkgofstrawberries:

Qproduct per kg of fruit = −848,969.6 kJ/2,000 kg = −424.48 kJ/kg

Thus,848,969.6kJofheatmustberemovedfromthe2,000kgofstrawberries
(424.48kJ/kg)initiallyheldat20°Ctofreezethemtothetargetstoragetem-
peratureof−20°C.

Step 3 Calculate the refrigeration requirement, or cooling load (in kW), 
for the freezing process. The cooling load pQ�  (also called refrigeration 
requirement) to freeze 2,000 kg/h of strawberries from 20°C to −20°C is 
calculated with equation 14:

 
p p p�� �Q m Q  (14)

 where ṁp = mass flow rate of product (kg/s)
 Qp = heat energy removed to freeze the product to the target temperature =  

−424.48 kJ/kg

 pQ�  = (2,000 kg/h × −424.48 kJ/kg) /3600 s = −235.82 kJ/s or kW

Notethat1kJ/s=1kilowatt=1kW.

Example 2: Determine the initial freezing point  
(i.e., temperature at which water in food begins to freeze) and 
the latent heat of fusion of a food product

Problem:
Determinetheinitialfreezingpointandlatentheatoffusionofgreenpeaswith
79%moisture.

Solution by use of tables:
Fromtable1,theTfofgreenpeasatthegivenmoisturecontentis−0.61°Cand
thelatentheatoffusionλis263kJ/kg.
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Solution by calculation:
Iftabulatedλvaluesarenotavailable,λoftheproductcanbeestimatedusing
equation1.

	 λ = Mwater × λw (1)

λ = (0.79) × (334 kJ/kg) = 263.86 kJ/kg

Example 3: Estimation of specific heat of a food product 
based on composition

Sometimestheengineerwillnothaveaccesstomeasuredortabulatedvalues
ofthespecificheatofthefoodproductandwillhavetoestimateitinorderto
calculatecoolingloads.Thisexampleprovidessomeinsightintohowtoestimate
specificheatofafoodproduct.

Problem:
Calculatethespecificheatofhoneydewmelonat20°Candat−20°C.Compo-
sitiondataforthemelonisavailableas89.66%water,0.46%protein,0.1%fat,
9.18%totalcarbohydrates(includesfiber),and0.6%ash(USDA,2019).Give
answersintheSIunitsofkJ/kgK.

Solution:
Useequations5-7toaccountfortheeffectofproductcompositionandtem-
peratureonspecificheat.ThespecificheatofhoneydewatT=20°Ciscalculated
usingequation4:

 p i pi
1

 
n

i

C X C
�

� �  (4)

Thus,

p,honeydew w pw p pp f pf c pc a paC X C X C X C X C X C� � � � �

withsubscriptsw, p, f, c, and arepresentingwater,protein,fat,carbohydrates,
andash,respectively,andCpinkJ/kg°C.

Step 1 Calculate the Cp of water (Cpw) at 20°C using equation 6:

 Cp = 4.1289 –  9.0864 × 10− 5 T + 5.4731 × 10− 6T 2 (6)

Thus,

Cp = 4.1289 –  (9.0864 × 10− 5)(20) + (5.4731 × 10− 6)(20)2

Cpw = 4.127 kJ/kg°C
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Step 2 Calculate the specific heat of the different components at T = 20°C 
using the equations given in table 2.

Food Component Cp of Honeydew at T = 20°C (kJ/kgK)

Water 4.127

Protein 2.032

Fat 2.012

Carbohydrate 1.586

Fiber NA

Ash 1.129

Step 3 Calculate the specific heat of honeydew at 20°C using equation 4:

� �� �p,honeydew 0.8966 4.127 (0.0046)(2.032) (0.001)(2.012) (0.0918)(1.586) (0.006)(1.129)C � � � � �

Cp,honeydew at 20°C = 3.86 kJ/kg°C

Step 4 Calculate the specific heat of honeydew at −20°C using equation 8:

 
� �w0 b 0 f

p, frozen s 21.55 1.26
X X L T

C X
T
�

� � �  (8)

Fromthegivencompositionofhoneydew:

Xs = mass fraction of solids = 1 –  0.8966 = 0.1034

Xw0 = mass fraction of water in the unfrozen food = 0.8966

Xb = bound water = 0.4Xp = 0.4(0.0046) = 0.00184

Tf = freezing point of food to be frozen = −0.89°C (from table 1)

T = food target (or freezing process) temperature = −20°C

Substitutingthenumbersintoequation8:

 
� �w0 b 0 f

p, frozen s 21.55 1.26
X X L T

C X
T
�

� � �  (8)

� �
p,frozen 2

334 kJ0.8966 0.00184 ( 0.89°C)
kg1.55 1.26(0.1034)

( 20°C)
C

� �
� �� �

� �� � �
�

Cp,frozen = 2.397 kJ/kg°C

� �� �p,honeydew 0.8966 4.127 (0.0046)(2.032) (0.001)(2.012) (0.0918)(1.586) (0.006)(1.129)C � � � � �
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ThecalculatedCpvaluescanthenbeusedtocalculatecoolingloadasshown
in example 1.

Observations:
• Asexpected,thespecificheatofthefrozenhoneydewislowerthanthe
valueforthefruitabovefreezing.

• Whenvaluesoftheproduct’sspecificheatandinitialfreezingpointare
notavailablefromtables,engineersshouldbeabletoestimatethemusing
availablepredictionmodelsandcompositiondata.

• The Cpofthefrozenproductwascalculatedat−20°C,thefreezingprocess
temperature.Tabulatedvaluesareusuallygivenwhenthefoodisfully
frozenatareferencetemperatureof−40°C(ASHRAE,2018).Ifweuse
−40°Cinequation8,then

� �
� � � �

� �p,frozen 2

334kJ0.8966 0.00184 0.89°C
kg1.55 1.26 0.1034

40°C
C

� �
� �� �

� �� � �
�

Cp,frozen = 1.85 kJ/kg°C.

Thisvalueisclosertothetabulatedvalues.WhilethechangeinCp as 
afunctionoftemperaturecanbeimportantinresearchstudies,itdoes
notinfluencetheselectionoffreezingequipment.

• Manymathematicalmodelsareavailableforpredictionofspecificheat
andotherpropertiesoffoods(Mohsenin,1980;ChoiandOkos,1986;
ASHRAE,2018).Theengineermustchoosethevaluethatismoresuitable
forthespecificapplicationusingavailablecompositionandtemperature
data.

Example 4: Calculation of initial freezing point temperature of 
a food product

Problem:
Considerthestrawberriesinexample1andcalculatethedepressionoftheinitial
freezingpointofthefruitassumingthemainsolidpresentinthestrawberries
isfructose(asugar),withmolecularweightof108.16g/mol.

Solution:
Calculation of the initial freezing point temperature requires a series of 
steps.

Step 1 Collect all necessary data. From example 1, strawberries contain 
91.6% water (mA) and the rest is fructose (100 –  91.6 = 8.04% solids = ms). 
Other information provided is Ms = Mfructose = 108.16 g/mol, λ = 6,003 J/
mol, MA = 18 g/mol, R = 8.314 J/mol K, and T0 = 273.15 K.
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Step 2 Calculate XA, the molar fraction of liquid (water) in the 
strawberries (decimal) using equation 11:

A

0.916
18 0.99220.196 0.0804

18 108.16

X � �
�

Step 3 Calculate Tf of strawberries using equation 10:

 A
0 f

1 1ln X
R T T
� � �

� �� �
� �

 (10)

Rearranged:

1

f A
0

1lnRT X
T�

�
� �

� �� �
� �

1

f
8.314 J / mol K 1ln(0.9922)

6003 J / mol 273.15
T

�
� �� �� �� �

f 272.34 K  0.81°C T � � �

Observation:
Thepresenceoffructoseinthestrawberriesresultsinaninitialfreezingpoint
temperaturelowerthanthatforpurewater.

Example 5: Calculation of freezing time of an unpackaged 
food product

Anair-blast freezer isusedtofreezecodfillets (81.22%moisture, freez-
ing point temperature = −2.2°C, initial temperature = 5°C,mass of fish
=1kg).Assumethateachcodfillet isan infiniteplatewiththicknessof 
6 cm. Freezingprocess parameters for the air-blast freezer are: freez-
ingmediumtemperature−20°C,convectiveheattransfercoefficient,h, of  
50W/m2°C(table4),thedensityandthermalconductivityofthefrozenfish
are992kg/m3and1.9W/m°C,respectively(ASHRAE,2018).Thetargetfreez-
ingtimeislessthan2 hours.

Problem:
Calculatethetimerequiredtofreezeafishfillet(freezingtime, tf),usingPlank’s
method(equation15):

 
2

a af
f

F a f( )
P Rt

T T h k
�� � �

� �� �� � �
 (15)



24 • Freezing of Food

Solution:
Step 1 Determine the required food and process parameters:
	 λ = latent heat of fusion of cod fillet = 271.27 kJ/kg (from tables, ASHRAE, or 

calculated using equation 1, λ = (0.8122)(334 kJ/kg) = 271.27 kJ/kg = 271.27 
× 103 J/kg)

	 ρf = density of the frozen food, 992 kg/m3 (from ASHRAE, 2018)
 Tf = freezing point temperature, −2.2°C (available in ASHRAE, 2018, or calculated 

using composition and equations 10 and 11)
 Ta = freezing medium temperature, −20°C
 a = thickness of the plate = 6 cm = 0.06 m
 P and R = shape factor parameters, 1/2 and 1/8 (from table 6)
 h = convective heat transfer coefficient, 50 W/m2°C (given)
 kf = thermal conductivity of the frozen food, 1.9 W/m°C (from ASHRAE)

Step 2 Calculate the freezing time, tf, from equation 15 as:

� �

3
3 2

f

2 

J 992 kg271.27 10
kg m (0.06 m) (0.06 m)

50 W 1.9 W( 2.2) (20C) 2 8
m C m C

t

� �� � � �� � �� � � �� �� � � �� �
� � � � � �� �

� � � �� �� � � �� �

tf = 12,651.35 seconds/3600 = 3.5 h. The freezing time target would not be met.

Reminder:
Plank’smethodcalculatesthetimerequiredtoremovethelatentheattofreeze
thefish.Itdoesnottakeintoaccountthetimerequiredtoremovethesensible
heatfromtheinitialtemperatureof5°Ctotheinitialfreezingpoint.Thismeans
thatuseofequation15mightunderestimatefreezingtimes.
Asshowninexample1,QS,thesensibleheatremovedtodecreasethetem-

peratureofthefishfrom5°Ctojustwhenitbeginstocrystallizeat−2.2°Cis
calculatedusingequation2:

 QS = mCp(T2 –  T1) (2)

 where m = mass of the food = 1 kg
 Cp = specific heat of the unfrozen cod (at 81.22 % moisture) = 3.78 kJ/kg°C (from 

tables, ASHRAE, 2018).
T1 = 5°C

T2 = −2.2°C

Thus,QS=(1kg)(3.78kJ/kg°C)(−2.2–5°C)=−27.216kJ=−27,216Jofheatenergy
removedperkgoffish.Thequantityisnegativebecauseheatisreleasedfrom
theproductwhenitiscooled.Also,althoughnotnegligible,thisamountismuch
lowerthanthelatentheatremoval.
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Example 6: Find ways to decrease freezing time of an 
unpackaged food product

Problem:
Findawaytodecreasefreezingtimeofthecodfilletsinexample5tolessthan
2 hours.

Solution:
Evaluatetheeffect(ifany)ofsomeprocessandproductvariablesonthecalcu-
lated freezing time, tf,usingPlank’smethodanddeterminewhichparameters
decreasefreezingtime.Equation15:

 
2

a af
f

F a f( )
P Rt

T T h k
�� � �

� �� �� � �
 (15)

Freezingprocessvariables:

• Freezingtimedecreaseswhenfreezingmediumtemperature,Ta, decreases 
(coldermedium):

f
F a

1
( )

t
T T

�
�

• Freezingtimedecreaseswhentheconvectiveheattransfercoefficient,h, 
increases(fasterremovalofheatenergyandthusfasterfreezingprocess):

f
1t
h

� �� � �
� �

Productvariables:

• Freezing time decreases when the thickness, a,oftheproductdecreases
(smallerproduct):

2

f
f

a at
h k
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� �� �
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• Freezingtimedecreaseswhentheproductshapechangesfromaplate
toacylinderorasphere(greatersurfacearea),i.e.,P decreases from 1/2 
to1/6andRdecreasesfrom1/8to1/24:

f
f

P Rt
h k

� �
� �� �
� �

• Freezingtimedecreaseswithalowerlatentheatoffusionofthefood, λ, 
a lower density of the frozen food, ρf,andahigherthermalconductivity
of the frozen food, kf:

f f
f

1t
k
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� � �
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Thishighlightstheneedforaccuratevaluesforthesevariableswhen
usingthismethodtocalculatefreezingtimes.

• Theeffectoftheinitialfreezingpointislesssignificantduetothesmall
rangeofvariabilityamongawidevarietyoffoodproducts:

f
f a

1
( )

t
T T

�
�

Changing freezing process variables.Dothecalculationassumingafreez-
ingmediumtemperatureof−40°C(table4)insteadoftheTa=−20°Cusedin
example5,whileholdingeverythingelseconstant:

� �

3
3 2

f

2 

J 992 kg271.27 10
kg m (0.06 m) (0.06 m)

50 W 1.9 W( 2.2) (40C) 2 8
m C m C

t

� �� � � �� � �� � � �� �� � � �� �
� � � � � �� �

� � � �� �� � � �� �

tf = 5957.51 seconds ~1.66 h < 2 h. The freezing time target would be met.

Thisresultmakessensebecausethelowerthetemperatureofthefreezing
medium(air,inanair-blastfreezer),theshorterthefreezingtime.
Next,considerincreasingtheconvectiveheattransfercoefficient,h, for the 

air-blastfreezer.Basedontable4,thisvariablecangoashighas200W/m°C
forthistypeoffreezer.Whileholdingeverythingelseconstant,

� �

3
3 2

f

2 

J 992 kg271.27 10
kg m (0.06 m) (0.06 m)

200 W 1.9 W( 2.2) (20C) 2 8
m C m C

t

� �� � � �� � �� � � �� �� � � �� �
� � � � � �� �

� � � �� �� � � �� �

tf = 5848.27 seconds ~ 1.63 h < 2 h. The freezing time target would be met.

Thisresultalsomakessensebecausethefasterthefreezingrate(dueto
higher hvalue),theshorterthefreezingtime.
Achievingthetargetfreezingtimeoflessthan2 hourswouldrequireachange

inthefreezingprocessparametersoftheair-blastfreezer,eithertheconvective
heattransfercoefficienthortheoperatingconditions(thefreezingmedium
temperature,Ta).

Changing product variables. Try changing the thickness, a.Assumethefish
isfrozenasfilletsthatare3cmthick(halfthethicknessoftheoriginaldesign).
Holdingeverythingelseconstantexceptnowa=0.03m,
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� �

3
3 2

f

2 

J 992 kg271.27 10
kg m (0.03 m) (0.06 m)

50 W 1.9 W( 2.2) (20C) 2 8
m C m C

t

� �� � � �� � �� � � �� �� � � �� �
� � � � � �� �

� � � �� �� � � �� �

tf = 5430.53 seconds = 1.5 h < 2 h. The freezing time target would be met.

In this case, there is no need to change the operating conditions of the air- 
blastfreezer.
Next,changetheshapeoftheproduct.Filletscanbeshapedasinfinite(very

long) cylinders (P and R=1/4and1/16,respectively;table5)with6cmdiam-
eter,insteadofaslongplates.Keepingeverythingelseconstantandusingthe
original freezing process parameters:

� �

3
3 2

f

2 

J 992 kg271.27 10
kg m (0.06 m) (0.06 m)

50 W 1.9 W( 2.2) (20C) 4 16
m C m C

t

� �� � � �� � �� � � �� �� � � �� �
� � � � � �� �

� � � �� �� � � �� �

tf = 6325.68 seconds = 1.76 h < 2 h. The freezing time target would be met.

Thisresultillustratesthesignificanceofproductshapeontherateofheat
transferand,consequently,freezingtime.Ingeneral,asphericalproductwill
freezefasterthanoneofsimilarsizewiththeshapeofacylinderoraplatedue
toitsgreatersurfacearea.

Example 7. Calculation of freezing time of a packaged food 
product

Forthisexample,assumethatthecodfishfromexample5ispackedintoa
cardboardcartonmeasuring10cm×10cm×10cm.Thecartonthicknessis1.5
mmanditsthermalconductivityis0.065W/m°C.

Problem:
Calculatethefreezingtimeusingtheoriginal freezingprocessparameters
(h=50W/m2°C,Ta=−20°C)anddeterminewhethertheproductcanbefro-
zenin2to3 hours.Ifnot,providerecommendationstoachievethedesired
freezing time.

Solution:
Becausethefoodispackaged,usethemodifiedversionofPlank(equation16):
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Step 1 Collect the information needed from example 5. Also,

L = length of the food = 10 cm = 0.1 m

a = 10 cm = 0.1 m

x = thickness of packaging material = 1.5 mm = 0.0015 m

k2 = thermal conductivity of packaging material = 0.065 W/m°C

k1 = thermal conductivity of the frozen fish =1.9 W/m°C

Step 2 Calculate the freezing time:

3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

17.8 C 6 50 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 14,200.28 seconds = 3.9 h >>>> 2 to 3 h.

Thefreezingtimetargetwouldnotbemet.
Thefreezingprocessmustbemodified.Notethatfreezingofthefishwhen

packagedincardboardtakeslongerthantheunpackagedproduct.

Step 3 Calculate some possible options to reduce the freezing time.
• Shortenthefreezingtimebyusingahigherconvectiveheattransfer
coefficient,h,of100W/m2°C.Then,

3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

17.8 C 6 100 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 11649.6 seconds = 3.23 h.

Thefreezingtimetargetwouldnotbemet.
• Shortenthefreezingtimebyusingayethigherhof200W/m2°C.Then,

3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

17.8 C 6 200 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 10389.8 seconds = 2.9 h.

Thefreezingtimetargetwouldbemet.
• Shortenfreezingtimebyusingh=100W/m2°Candchangingthetem-
peratureofthefreezingmedium,Ta,to−40°C:
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3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

37.88 C 6 100 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 5485.8 seconds = 1.5 h.

Thisisclosertothetargetfreezingtimefortheunpackagedfish.
Freezingtimecouldalsobereducedbyusingadifferentpackagingmaterial.

Forexample,plasticshavehigherk2valuesthancardboard,decreasingproduct
resistance to heat transfer.

Note that changing the shape of the packaging container to a cylinder 
wouldnothaveaneffectonfreezingtimesinceP and R are the same as for 
acube.

Example 8. Selection of freezer

Thechoiceoffreezerequipmentdependsonthecostandeffectonproduct
quality.Overall,theengineerwillneedtoconsiderafasterfreezingprocess
whendealingwithfoodspackagedincardboard,comparedtounpackaged
productsorfoodpackagedinplastic.

Problem:
For this example, compare the freezing times for a typical plate freezer to that 
ofaspiralbeltfreezer.

Solution:
Step 1 Calculate the freezing time for the packaged product in example 7 
using a plate freezer that produces h = 300 W/m2°C at Ta = −40°C:

3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

37.8 C 6 300 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 4694.8 seconds = 1.3 h

Step 2 Calculate the freezing time for the packaged product in example 7 
using a spiral freezer that produces h = 30 W/m2°C at Ta = −40°C:

3 
3 2

f o

J kg271.27 10 992
kg m 0.1 m 1 0.0015 (0.1 m)

37.8 C 6 30 0.065 24(1.9)
t

� �� �� � �� � � �� �� � � �� �� � �� �� �� �
� � � �� �

tf = 32893.2 seconds = 9 h.

Thisspiralfreezerwouldnotbesuitableintermsoffreezingtime.
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Image Credits

Figure1.Castell-Perez,M.Elena.(CCBy4.0).(2020).Freezingcurvesforpurewateranda
foodproductillustratingtheconceptoffreezingpointdepression(latentheatisreleased
overarangeoftemperatureswhenfreezingfoodsversusaconstantvalueforpurewater).

Figure2.Castell-Perez,M.Elena.(CCBy4.0).(2020).SchematicrepresentationoftheInter-
nationalInstituteofRefrigerationdefinitionoffreezingrate.

Figure3.Castell-Perez,M.Elena.(CCBy4.0).(2020).Phasediagramofwaterhighlightingthe
differentphases.A(reddot):triplepointofwater,0.00098°Cand0.459mmHg.A-Bline:
saturation(vaporization)line.B-ClineSolidification/fusionline.A-Dline:Sublimation
line.ThegreendotrepresentstheT(100°C).
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