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    19.1    Introduction 
  The preservation of food by refrigeration is based on a very general principle in 
physical chemistry:  molecular mobility is depressed and consequently chemical 
reactions and biological processes are slowed down at low temperature . In contrast 
to heat treatment, low temperature practically does not destroy microorganisms or 
enzymes but merely depresses their activity. Therefore: 

!      Refrigeration retards spoilage but it cannot improve the initial quality of the 
product, hence the importance of assuring particularly high microbial quality 
in the starting material  

!      Unlike thermal sterilization, refrigeration is not a method of  ‘ permanent pres-
ervation ’ . Refrigerated and even frozen foods have a defi nite  ‘ shelf life ’ , the 
length of which depends on the storage temperature 

!      The preserving action of cold exists only as long as low temperature is main-
tained, hence the importance of maintaining a reliable  ‘  cold chain  ’  all along the 
commercial life of the product 

!      Refrigeration must often be combined with other preservation processes (the 
 ‘ hurdle ’  principle).    

  Natural ice, snow, cold nights and cool caves have been used for preserving food 
since pre-history. However, to become a large-scale industrial process, low temperature 
preservation had to await the development of mechanical refrigeration in the late 
19th century. Frozen food made its appearance shortly before World War 2. Following 
are milestones in the history of mechanical refrigeration: 

!      1748: W. Cullen demonstrates refrigeration by vacuum evaporation of ether 
!      1805: O. Evans. First vapor compression system 
!      1834: J. Perkins. Improved vapor compression machine 
!      1842: J. Gorrie uses refrigeration to cool sick room 
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392 Refrigeration, Chilling and Freezing

!      1856: A. Twinning. First commercial application of refrigeration  
!      1859: F. Carré. First ammonia machine 
!      1868: P. Tellier attempts refrigerated transatlantic maritime transport of meat  
!      1873: C. von Linde. First industrial refrigeration systems in brewery  
!      1918: First household refrigerators 
!      1920: W. Carrier. Start of commercial air conditioning  
!      1938: C. Birdseye. Start of the frozen food industry  
!      1974: S. Rowland and M. Molino. Refrigerant gases in the atmosphere sus-

pected of destroying the ozone layer.    

   Food preservation at low temperature comprises two distinct processes: chill-
ing and freezing. Chilling is the application of temperatures in the range of 0°C to 
8°C, i.e. above the freezing point of the food, while freezing uses temperatures well 
below the freezing point, conventionally below  ! 18°C. The difference between the 
two processes goes beyond the difference in temperature. The stronger preserving 
action of freezing is due not only to the lower temperature but also and mainly to the 
depression of water activity as a result of conversion of part of the water to ice. 

  The use of refrigeration in the food industry is not limited to preservation. 
Refrigeration is applied for a number of other purposes such as hardening (butter, 
fats), freeze concentration, freeze drying, air conditioning including air dehumidifi -
cation and cryomilling (see size reduction).  

    19.2     Effect of Temperature on Food Spoilage 

   19.2.1     Temperature and chemical activity 
  The relationship between the temperature and the rate of chemical reactions is 
described by the Arrhenius equation, already discussed in Chapter 4. 

k A e k A
E

RT

E
RT" " !

!
! ln ln (19.1)    

   where:   
   k      "      rate constant of the chemical reaction 
   E      "      energy of activation, J/mol 
  T      "      absolute temperature, K 
   R      "      gas constant 
  A      "      frequency factor, almost independent of temperature therefore constant for a 

given reaction. 
  The kinetics of chemical spoilage reactions such as non-enzymatic browning and 

loss of some vitamins during storage is found to fi t the Arrhenius model quite closely 
within a fairly wide temperature range. The Arrhenius model is therefore widely used 
for the prediction of chemical spoilage during storage, following non-monotonous 
time–temperature profi les. Attention should be paid to the possibility of discontinuity 
in the Arrhenius model due to phase transition phenomena. 
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       EXAMPLE 19.1 
   It has been reported ( Hill, 1987 ) that the percentage loss of vitamin C in spinach 
upon refrigerated storage at 2–3°C was 37% after one day, 56% after 2 days and 
66% after 3 days. Do the data fi t the  ‘ fi rst order ’  model of reaction kinetics? 

    Solution: 
   If the  ‘ fi rst order ’  model is applicable, then log (c/c 0 ) should be linear with 
time (c      "      vitamin concentration). The plot ( Figure 19.1   ) is nearly linear 
(y      "       ! 0.134x      #      1.926, with R 2       "      0.991).   

    EXAMPLE 19.2 
   The relationship between the rate of non-enzymatic browning and the tempera-
ture in a concentrated solution of carbohydrates is shown in  Figure 19.2    in the 
form of an Arrhenius plot. 

    a.     How would you explain the discontinuity in the curve? 
    b.     Calculate the energy of activation at 70°C and at 40°C. 
    c.     Assuming that the curve can be extrapolated, what is the rate of browning 

at 2°C ? 

    Solution: 

        a.     The discontinuity occurs at 1/T      "      0.00305       K ! 1 , corresponding to T      "
  328°K      "      55°C. This is in the range of the glass transition temperatures of 

y " !0.1339x # 1.926
R2 " 0.9911

1.5

1.55

1.6

1.65

1.7

1.75

1.8

1.85

1 2 3
Days

Lo
g 

%
 r

et
en

tio
n 

of
 V

it.
 C

Figure 19.1      Loss of vitamin C in spinach during cold storage. (Example 19.1)    
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394 Refrigeration, Chilling and Freezing

concentrated solutions of carbohydrates (52°C for sucrose). The disconti-
nuity is most probably due to phase transition.  

    b.     At 70°C (1/T      "      0.0029       K ! 1 ), the slope of the curve is  ! 21       363       K. Applying 
Eq. (19.1):    

E
R

E" " $ "21363 21363 8 314 177600! . kJ/kmol.K

      

   At 40°C (1/T      "      0.00319       K ! 1 ), the slope of the curve is  ! 5000       K. 

E
R

E" " $ "5000 5000 8 314 41570! . kJ/kmol.K.
      

    c.     At 2°C (1/T      "      0.00364       K ! 1 ). Extrapolation would give ln(k) !       !     11. Hence: 
k      "      16.7      $      10 ! 6 , meaning that the rate of browning at 2°C would be very 
slow.      

    EXAMPLE 19.3 
  Orange juice is aseptically packed in multilayer carton boxes. At the moment of pack-
ing the juice contained minimum 50       mg vitamin C per 100       g. The label claims a vita-
min C content of 40       mg per 100       g. What must be the maximal storage temperature, 
if the product has to comply with the claim on the label after 180 days of storage? 
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Figure 19.2       Rate of non-enzymatic browning vs. temperature. (Example 19.2)    



  Assume that the loss of vitamin C follows a fi rst order kinetics with a rate constant 
of k      "      0.00441 day ! 1  and an energy of activation of E      "      70       000       kJ/kmol, at 27°C. 

    Solution: 
   Let C (mg/100       g) be the concentration of the vitamin in the juice. For a fi rst order 
reaction: 

ln
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   The rate constant at 27°C is k 1       "      0.00441 day ! 1 . 
   Let the rate constant at the unknown storage temperature be k 2 . 
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   The Arrhenius equation is written as follows: 
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   The maximum storage temperature is 14°C. 

    19.2.2    Effect of low temperature on enzymatic spoilage 
  The relationship between enzymatic activity and temperature follows the well-known 
bell-shaped curve, with maximum activity corresponding to the optimal temperature 
characteristic to each enzyme ( Figure 19.3   ). On fi rst sight, this behavior may seem 
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Figure 19.3      Effect of temperature on enzyme activity and stability    
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396 Refrigeration, Chilling and Freezing

to be in contradiction with the Arrhenius model. In reality, however, the bell-shaped 
behavior is the result of two simultaneous and contrary processes,  both  depressed by 
low temperature. The fi rst is the enzyme-catalyzed reaction itself. The second is the 
thermal inactivation of the enzyme ( Figure 19.4   ). 

   Enzyme activity is strongly slowed down but not totally eliminated by refrigera-
tion, even below freezing temperature. This is the reason for the need to inactivate 
the enzymes by blanching, particularly in frozen vegetables. 

   Enzymatic activity in chilled and frozen foods is of considerable technological sig-
nifi cance. Such activity may be desirable, as in the case of the aging of chilled meat 
or in the development of fl avor in many kinds of cheeses but it can also be a source 
of deterioration such as the activity of proteases in fi sh or lipases in meat etc.  

    19.2.3     Effect of low temperature on microorganisms 
  With respect to the effect of temperature on their activity, microorganisms are 
grouped into four categories: thermophiles, mesophiles, psychrotropes and psy-
chrophiles ( Mocquot and Ducluzeau, 1968 ; Hawthorne and Rolfe, 1968). Typical 
growth temperature ranges corresponding to the four groups are given in  Table 19.1   . 

 Table 19.1        Bacteria, grouped by their growth temperature 

 Group Growth temperature (°C) 

       Minimum  Optimum  Maximum 

 Thermophiles  34 to 45  55 to 75  60 to 90 

 Mesophiles  5 to10  30 to 45  35 to 47 

 Psychrotropes   ! 5 to 5  20 to 30  30 to 35 

 Psychrophiles ! 5 to 5  12 to 15  15 to 20 
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Figure 19.4       Explanation of the bell-shaped activity curve    



  The four groups differ not only in their temperature requirement for growth but 
also in their rate of growth.  Figure 19.5    shows qualitatively the dependence of 
growth rate (generations per hour) and temperature for thermophiles, mesophiles and 
psychrophiles. Psychrophilic bacteria grow much more slowly, even at their optimal 
temperature ( Stokes, 1968 ).

   In refrigerated foods, psychrotropic and psycrophilic microorganism are obviously 
the main reason for concern. 

  The relationship between temperature and shelf life is evident from the graph in 
 Figure 19.6   . It can be seen that, at lower temperature: 

!      The induction period (lag phase) is longer 
!      Growth rate in the logarithmic phase is slower  
!      As a result of the above, the bacterial count after a given storage time is con-

siderably lower.    

  The microbiological quality of a refrigerated food depends therefore on the time–
temperature profi le of the life of the product. Obviously, additional factors such as 
pH and water activity play an important role in the microbial processes in foods. 
Predictive microbiology ( McMeekin et al., 1993 ;  McMeekin, 2003 ) is a new science, 
trying to develop tools for the prediction of the microbiological quality of foods, as a 
function of storage conditions. 
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Figure 19.5      Classifi cation of microorganisms by their response to temperature    
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Figure 19.6      Schematic representation of the effect of storage temperature on the microbial load of a 
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398 Refrigeration, Chilling and Freezing

    19.2.4     Effect of low temperature on biologically active 
(respiring) tissue 
   By  ‘ active tissues ’ , we refer to foods such as fruits and vegetables after harvest or 
meat after dressing, in view of their biochemical activity. 

  The principal biochemical post-harvest process that occurs in fruits and vegetables 
is respiration , whereby sugars are  ‘ burnt ’ , oxygen is consumed and carbon dioxide is 
evolved. The rate of respiration is usually determined by measuring the rate of oxygen 
consumption or carbon dioxide release. Respiration is the most important (but not the 
only) cause of deterioration of fruits and vegetables during storage. It is usually said 
that the shelf life of fresh produce is inversely related to the rate of respiration. The 
rate of respiration is closely related to the temperature. The rate of respiration increases 
by 2- to 4-fold for every 10°C increase in the temperature within the range of usual 
storage temperatures. However, too low storage temperatures may cause a condition 
known as  ‘ chill injury ’  in certain commodities and must be avoided ( Fidler, 1968 ). 

   Fruits and vegetables differ in the intensity of their post-harvest respiration rate. 
Following is a rough classifi cation of some fresh produce with respect to their respi-
ration rate during storage: 

!      High respiration rate: avocado, asparagus, caulifl ower, berries  
!      Medium respiration rate: banana, apricot, plums, carrot, cabbage, tomatoes  
!      Low respiration rate: citrus, apples, grapes, potatoes. 

  Many crops undergo a process of post-harvest ripening during storage. These are 
called ‘ climacteric ’  species, because their rate of respiration increases to a maximum 
in the process. Ethylene is produced and acts as a ripening hormone. Apples, bananas 
and avocado are climacteric, while citrus and grapes are non-climacteric ( Figure 19.7   ). 

  It is possible to control the rate of respiration of fruits, vegetables and cut fl owers with 
the help of refrigeration alone or through the combination of refrigeration and ‘ controlled 
atmosphere ’  storage.  ‘ Controlled atmosphere ’  consists of long-range refrigerated storage 
in closed chambers where the atmosphere has been artifi cially modifi ed so as to depress 
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Figure 19.7       Effect of temperature on the respiration rate of some crops    



the rate of respiration to the desired level. The optimum composition of the atmosphere 
depends on the commodity and often on the particular variety of the commodity.  Table 
19.2    shows typical optimal storage conditions for selected fruits and vegetables. 

   Respiration is an exothermic process. The heat released by respiring commodities 
during refrigerated storage and transportation must be taken into account in calculat-
ing the refrigeration load required.  Table 19.3    gives the approximate rate of heat evo-
lution during storage of selected commodities. 

   Low temperature alone is not always suffi cient for extending the shelf life of fruits 
and vegetables. Another important condition that must be controlled in post-harvest 
storage is relative humidity. Loss of water is often the cause of texture deteriora-
tion, wilting, shriveling etc. Water loss may be minimized by storing at high relative 
humidity, but humidity levels that can promote growth of mold must be avoided.  

    19.2.5    The effect of low temperature on physical properties 
   Numerous changes in physical properties caused by exposure to low temperatures 
may have signifi cant effects on food quality. Some of these changes are: 

!      Increase in viscosity 
!      Decrease in solubility, resulting in crystallization, precipitation, cloudiness (e.g. 

in beer) 

 Table 19.2        Optimal storage conditions for some fruits and vegetables 

 Fruits in controlled atmosphere 

Produce Temperature  Atmosphere  

  % oxygen % CO 2  

 Pineapple  10–15  5  10 

 Avocado  12–15  2–5  3–10 

 Pomelo  10–15  3–10  5–10 

 Lemon  10–15  5  0–10 

 Mango  10–15  5  5 

 Papaya  10–15  5  10 

 Melon (cantaloupe)   5–10  3–5  10–15 

 Vegetables in ordinary cold storage 

 Produce  Temperature (°C)  Relative humidity (%)   

 Artichoke  0–2  90–95   

 Asparagus  0–2  95–100   

 Broccoli  0–2  95–100   

 Carrot  0–2  98–100   

 Eggplant  10–14  90–95   

 Onion  0–2  65–75   

 Potato   8–12  90–95

Effect of Temperature on Food Spoilage 399
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!      Hardening, transition to rubbery and glassy state in carbohydrate systems  
!      Hardening of fats  
!      Decomposition of colloidal systems such as emulsions and gels  
!      Freezing.      

    19.3     Freezing 
   Freezing is one of the most widespread industrial methods of food preservation 
today ( Tressler et al., 1968 ). The transition from chilling to freezing is not merely a 
continuous change that can be explained on grounds of the lower temperature alone. 
On the contrary, freezing represents a point of sharp discontinuity in the relationship 
between temperature and the stability and sensory properties of foods. 

!      The exceptional effi ciency of freezing as a method of food preservation is, to 
a large extent, due to the depression of water activity. Indeed, when food is 
frozen, water separates as ice crystals and the remaining non-frozen portion 
becomes more concentrated in solutes. This  ‘ freeze concentration ’  effect results 
in the depression of water activity. In this respect, freezing can be compared to 
concentration and drying  

!      On the other hand, the same phenomenon of  ‘ freeze concentration ’  may accel-
erate reactions ( Poulsen and Lindelov, 1981 ), inducing    irreversible changes 
such as protein denaturation, accelerated oxidation of lipids and destruction of 
the colloidal structure (gels, emulsions) of the food 

!      The  rate of freezing  has an important effect on the quality of frozen foods. 
Physical changes, such as the formation of large ice crystals with sharp edges, 
expansion, disruption of the osmotic equilibrium between the cells and their 

 Table 19.3        Approximate rate of heat evolution during refrigerated 
storage of selected commodities, according to storage temperature  

 Commodity Heat evolution rate, Watts per ton, when stored at: 

   0°C  5°C  10°C  15°C 

 Apple  10–12  15–21  41–61  41–92 

 Cabbage  12–40  28–63  36–86  66–169 

 Carrot  46  58  93  117 

 Sweet corn  125  230  331  482 

 Green peas  90–138  163–226  –  529–599 

 Orange  9  14–19  35–40  38–67 

 Strawberry  36–52  48–98  145–280  210–275 

  From  Singh and Heldman, 2003 



surroundings, may induce irreversible damage to the texture of vegetables, 
fruits and muscle foods. It has been established that such damage is minimized 
in the case of quick freezing. 

    19.3.1    Phase transition, freezing point 
    Figure 19.8    shows  ‘ cooling curves ’  describing the change in temperature as heat is 
removed from a sample. The graph at the left describes the cooling behavior of pure 
water. As the sample is cooled, the temperature drops linearly (constant specifi c heat) 
until the fi rst crystal of ice is formed. The temperature at that moment is the  ‘ freez-
ing temperature ’  of pure water, 0°C at atmospheric pressure, by defi nition. The freez-
ing point is the temperature at which the vapor pressure of the liquid is equal to that 
of the solid crystal. Under certain conditions (absence of solid particles, slow undis-
turbed cooling), the sample may undergo a metastable state of supercooling as shown 
in  Figure 19.8 . Some proteins, known as  ‘ antifreeze proteins ’  are capable of prevent-
ing crystallization of water ice at the freezing point. 

  The graph at the right represents the cooling curve of a solution or a real food 
material. As the sample is cooled, the temperature drops linearly. The fi rst ice crystal 
appears at the temperature T &f . This is the temperature at which the water vapor pres-
sure of the solution is equal to that of pure water ice. Since the water vapor pressure 
of a solution is lower than that of water at the same temperature, T &f  is lower than the 
freezing temperature of pure water. The difference, called the  ‘ freezing point depres-
sion ’ , increases with the molar concentration of the solution. Transformation of some 
of the liquid water to ice results in higher concentration of the solutes, which in turn 
lowers the freezing point and so on. There is no sharp phase transition at a constant 
temperature but rather a gradual  ‘ zone of freezing ’ , starting at the  temperature of 
initial freezing , T &f . 

   Experimental data pertaining to the initial freezing temperatures are available in 
the literature ( Earle, 1966 ). Assuming ideal behavior, the initial freezing temperature 
can be estimated from food composition data ( Miles et al., 1997 ; Jie et al., 2003 ; van 
der Sman and Boer, 2005). The initial freezing temperature of common fruits and 
vegetables falls between  ! 0.8 and  ! 2.8 ( Fennema, 1973 ).
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Figure 19.8      Cooling curves for pure water and aqueous solution    
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       EXAMPLE 19.4 
   Estimate the initial freezing temperature of 12       Bx orange juice and of 48       Bx orange 
juice concentrate. Assimilate the juices to 12% and 48% w/w solutions of glucose 
(MW      "      180). 

    Solution: 
  The freezing point of a solution is the temperature at which its vapor pressure is equal 
to that of pure water ice. Assuming ideal behavior (Raoult’s law), the vapor pressure 
of a solution is: p      "      x w  p 0 , where x w  is the molar fraction of water in the solution and 
p0  is the vapor pressure of pure water. The molar fraction of the two solutions is: 

   For 12       Bx: 

xw "
!

! #
"

( ) /!
( ) / /

.
100 12 8

100 12 18 12 180
0 987

   For 48       Bx: 

xw "
!

! #
"

( ) /
( ) / /

.
100 48 18

100 48 18 48 180
0 915

  Values of vapor pressure of water and ice at different temperatures are given in 
Table A.10. The vapor pressure of each solution at different temperatures is calcu-
lated from these values and the temperature at which they equal the vapor pressure 
of ice is searched. A graphical solution is shown in  Figure 19.9   . 

   Results: The freezing point of 12       Bx juice is approximately  ! 1.5°C. 
   The freezing point of 48       Bx juice concentrate is approximately  ! 9.2°C. 

   It is not possible to freeze out all the water of a solution. When the concentra-
tion of the solute in the non-frozen portion reaches a certain level, that entire portion 
solidifi es as though it were a pure substance. This new solid phase is called  ‘ eutecti-
cum ’ . A theoretical phase diagram for a salt solution is shown in  Figure 19.10   . 

   In the case of sugar solutions and most food materials, it is practically impossible 
to reach the eutectic point because glass transition of the non-frozen concentrated 
cold solution occurs before the eutectic point. Molecular motion in the glassy solid 
becomes extremely slow and any further crystallization of water ice becomes practi-
cally impossible. 

    19.3.2     Freezing kinetics, freezing time 
  As stated in the introduction to this Chapter, the quality of frozen foods is strongly 
affected by the speed of freezing. Furthermore, freezing time is of obvious economic 
importance, as it determines the product throughput of the freezing equipment. An 
analysis of the factors that affect freezing time is, therefore, of interest. 

   Let us consider a mass of liquid, cooled by cold air blowing over its surface 
( Figure 19.11   ). We shall assume that the liquid is initially at its freezing temperature, 
so that all the heat removed from the liquid comes from the latent heat of freezing, 
released when some of the liquid is transformed to ice. 
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Figure 19.9      Freezing point of solutions 

  The rate of heat transfer from the freezing front of the liquid to the cold air is 
therefore equal to the rate of heat release as a result of forming additional ice. 

q A
dz
dt

A
h

z
k

T Tf a" "
#

!!" 1
( ) (19.2)   

   where:   
   q      "      rate of heat removal, W 
  A      "      area of heat transfer, m 2
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(       "      density of the liquid, kg.m ! 3

)       "      latent heat of freezing of the liquid, J.kg ! 1

   z, Z      "      thickness of the frozen phase 
   h      "      convective heat transfer coeffi cient at the air !     ice interface, W. m ! 2 .K ! 1

   k      "      thermal conductivity of the frozen phase, W.m ! 1 .K ! 1

  T a       "      temperature of the cooling medium (in this case, cold air) 
  T f       "      freezing temperature. 
   Rearranging and integrating we obtain the time necessary to freeze a mass of liq-

uid of thickness Z: 

t
T T

Z
h

Z
kf a

"
!

#
!" 2

2

"

#
$$$

%

&
'''' (19.3)      

   Equation (19.3) is known as the  Plank equation , originally proposed by R.Z. Plank 
in 1913 ( Pham, 1986 ; López and Hallström, 2003). 
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Figure 19.10       Phase diagram of a salt solution. S      "      salt; E      "      eutecticum; L      "      liquid; I      "      ice    
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Figure 19.11       Temperature profi le in freezing    



   Equation (19.3) gives the freezing time for a semi-infi nite body. For other 
geometries, Plank’s formula is written in the following general form: 

t
T T

d
Qh

d
Pkf a

"
!

#
!" 2"

#
$$$$

%

&
'''' (19.4)    

   For a plate of thickness d, cooled from both sides: Q      "      2       P      "      8 
   For an infi nite cylinder of diameter d:                   Q      "      4       P      "      16 
   For a sphere of diameter d:                   Q      "      6       P      "      24 
   Plank’s formula is only approximate, due to the inaccuracy of some of the assump-

tions made: 

!      In reality, latent heat of freezing is not the only kind of energy exchanged. 
There are also some sensible heat effects such as the further cooling of the ice 
formed and lowering the temperature of the non-frozen material down to the 
freezing point. In practice, the error resulting from this assumption is not large, 
since the latent heat effects far exceed sensitive heat effects  

!      As explained above, there is no sharp freezing point in foods. T f  is therefore an 
average value 

!       )  refers to the latent heat of freezing of the food and not of pure water. If the 
mass fraction of water in the food is w and the latent heat of freezing of pure 
water is  )0 , then  )  can be calculated as  )       "      w )0 . This is also an approximation 
since not all the water is freezable. Furthermore, if the food contains fats that 
are solidifi ed in the process, the enthalpy of solidifi cation should be taken into 
account in the calculation of ) .    

   More precise methods for the calculation of freezing time have been proposed 
( Pham, 1986 ;  Succar, 1989 ;  Mannapperuma and Singh, 1989 ;  Chevalier et al., 2000 ).
Some of these methods make use of numerical rather than analytical techniques. 
Despite its shortcomings, Plank’s formula is valuable in process design and for visu-
alizing the effect of process conditions on freezing time. Following are some of the 
practical consequences of Plank’s equation: 

   1.     Freezing time is inversely proportional to the overall temperature difference T f       !      T a
    2.     Freezing time increases with increasing water content of the food 
    3.     Freezing time is proportional to the sum of two terms: a convective term pro-

portional to the size d and a conductive term proportional to d 2 . When freez-
ing larger items, such as beef carcasses, whole birds or cakes, the conductive 
term (the internal resistance to heat transfer) becomes the predominant factor 
and the convective term becomes less signifi cant, i.e. increasing the velocity 
is practically ineffective. On the other hand, when freezing small particles, the 
convective term is important and improving convective heat transfer to the sur-
face (e.g. increasing the turbulence) results in considerably faster freezing. 
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       EXAMPLE 19.5 
   Blocks of fi lleted fi sh, 5       cm thick are to be frozen in a plate freezer (by contact with 
a cold surface on both sides). 

    a.     Estimate the time for complete freezing of the blocks. 
   Data: 
   Temperature of the plates:  ! 28°C, constant 
   Average freezing temperature:      !     5°C 
   Density of the fi sh: 1100       kg/m 3

   Water content of the fi sh: 70% w/w 
   Thermal conductivity of frozen fi sh: 1.7       W/m.K 
   Latent heat of freezing of water: 334       kJ/kg. 
   Sensible heat effects and heat loss will be neglected. Assume perfect con-
tact between the fi sh blocks and the plate surface. 

    b.     What will be the freezing time if the blocks are packaged in carton boxes? The 
thickness of the carton is 1.2       mm and its thermal conductivity is 0.08       W/mK.    

    Solution: 

        a.     Equation (19.4) is applied, with Q      "      2 and P      "      8 (plate cooled from both 
sides).
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   The surface contact is ideal, hence h is infi nite. 
   Substituting the data: 
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   The freezing time for the unpackaged fi sh is 0.57 hours. 

    b.     The surface resistance to heat transfer is now not nil but equal to the ther-
mal resistance of the package of thickness z: 
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   The freezing time for the packaged fi sh is 2.9 hours. 



    EXAMPLE 19.6 
        a.     Meat balls, 4       cm in diameter are to be frozen in a blast of cold air, at 

! 40°C and at  ‘ moderate ’  velocity. The convective heat transfer coeffi cient 
at the air–meat ball interface is h      "      10       W/m 2        K (determined from previous 
experiments with copper spheres). All other data are like for fi sh (Example 
19.5). Calculate the time for complete freezing. 

    b.     Repeat the calculations for a  ‘ very moderate ’  air current (h      "      1       W/m 2        K), 
and a ‘ very turbulent ’  blast (h      "      100       W/m 2        K).  

    c.     Repeat the calculations for the 3 cases, but with  ‘ mini ’  meat balls, 1       cm in 
diameter.    

    Solution: 

        a.     Plank’s equation for spheres is:    
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   Substitution of the data yields: 
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    b.     For very slow air (h      "      1       W/ m 2        K):    
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   For very turbulent air (h      "      100       W/ m 2        K): 
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    c.     For the mini-meatballs (d      "      1       cm):    
   At moderate air velocity: 
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   At slow air velocity: 
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   At high air velocity: 
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   The results are summarized in  Table 19.4   . 
   Conclusion: the effect of heat transfer at the surface (e.g. air turbulence in blast 

freezing) is much stronger in the case of small items where internal resistance to 
heat transfer is less signifi cant.     

    19.3.3     Effect of freezing and frozen storage on product quality 
   For a very large number of food products, freezing represents the best preservation 
method with respect to food quality. The nutritional value, the fl avor and color of 
foods are affected very slightly, if at all, by the process of freezing itself. The main 
quality factor that may be adversely affected by freezing is the texture. On the other 
hand, unless appropriate measures are taken, the deleterious effect of long-term fro-
zen storage and of thawing on every aspect of product quality may be signifi cant. 

    1.    Effect of freezing on texture 
   In a vegetal or animal tissue, the cells are surrounded by a medium known as the 
extracellular fl uid. The extracellular fl uid is less concentrated than the protoplasm 
inside the cells. The concentration difference results in a difference in osmotic pres-
sure which is compensated by the tension of the cell wall. This phenomenon, known 
as turgor, is the reason for solid appearance of meat and the crispiness of fruits and 
vegetables. When heat is removed from the food in the course of freezing, the extra-
cellular fl uid, being less concentrated, starts to freeze fi rst. Its concentration rises and 
the osmotic balance is disrupted. Fluid fl ows from the cell to the extracellular space. 
Turgor is lost and the tissue is softened. When the food is thawed, the liquid that was 
lost to the extracellular space is not reabsorbed into the cell, but is released as free 
juice in the case of fruits or  ‘ drip ’  in the case of meat. 

   It is generally believed that freezing damage to the texture of cellular foods is 
greatly reduced by accelerating the rate of freezing. This is explained by the fact 

 Table 19.4        Effect of particle size and turbulence on freezing rate: summary  

 Diameter  Freezing time (s) 

  Low h  Moderate h  High h 

 1       cm  1867  189  21.5 

 4       cm  7503  789  118.5 



that the condition of osmotic imbalance, created at the onset of freezing, disappears 
when the entire mass is frozen. Furthermore, rapid freezing results in the formation 
of smaller ice crystals, presumably less harmful to the texture of cellular systems. 

  Another probable reason for the deterioration of the texture is the volumetric 
expansion caused by freezing. The specifi c volume of ice is 9% higher than that of 
pure water. Because cellular tissues are not homogeneous with respect to water con-
tent, parts of the tissue expand more than the others. This creates mechanical stress 
that may result in cracks. Obviously, this effect is particularly strong in foods with 
high water content such as cucumbers, lettuce and tomatoes. This kind of texture 
damage is partially prevented by adding solutes. Adding sugar to fruits and berries 
before freezing was a widespread practice before the development of ultra-rapid 
freezing methods. 

  The rate of freezing affects the size of ice crystals. Slow freezing produces large 
crystals. It has been suggested that large crystals with sharp edges may break cell walls 
and contribute to texture deterioration in cellular foods subjected to slow freezing. 

  There is no controversy as to the fact that slow freezing results in higher percent-
age of drip in meat and fi sh ( Jul, 1984 ). It is also accepted that rapid freezing causes 
less damage to the texture of particularly fragile fruits. On the other hand, the  gen-
eral  applicability of the theory stating the superiority of rapid freezing seems to be 
questionable ( Jul, 1984 ). Nevertheless, quick freezing continues to be the practical 
objective of food freezing process design. 

    2.    Effect of frozen storage on food quality 
   Frozen storage, even at fairly low temperature, does not mean the absence of dete-
riorative processes. On the contrary, frozen foods may undergo profound qual-
ity changes during frozen storage. While the rate of reactions is generally (but not 
always) slower in frozen foods, the expected shelf life, and therefore the time avail-
able for the reactions to take place, is long. Some of the frequent types of deteriora-
tion in frozen foods are protein denaturation resulting in toughening of muscle foods, 
protein–lipid interaction, lipid oxidation and oxidative changes in general (e.g. loss 
of some vitamins and pigments). 

   Extensive studies on the effect of frozen storage on product quality were under-
taken in the 1960s by researchers and the Western Research Laboratories of the US 
Department of Agriculture ( Canet, 1989 ). A large number of commodities were 
tested for changes in chemical composition and sensory characteristics. A concept 
known as  ‘ time–temperature–tolerance’ (TTT) was developed ( Van Arsdel et al., 
1969 ). The studies showed a linear relationship between the storage temperature 
and the logarithm of storage time for equal reduction in quality (loss of a certain 
vitamin, loss of color or loss of organoleptic score). The logical conclusion of these 
studies could be that lower storage temperature  always  results in higher quality. This 
is not always the case, however. Reactions may be accelerated by the  ‘ freeze con-
centration ’  effect more than they are attenuated by the lower temperature. In this 
case, the rate of deterioration (e.g. lipid oxidation) may increase as the storage tem-
perature is lowered, passing through a maximum and then diminishing at very low 
temperatures.
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   Mass transfer phenomena during frozen storage (oxygen transfer, loss of moisture) 
may be a major cause of quality loss. The quality of packaging is, therefore, particu-
larly important in frozen foods. The PPP (product–process–package) approach con-
sists of paying attention of all three factors in evaluating and predicting the effect of 
frozen storage on product quality ( Jul, 1984 ). 

  Another type of change in frozen foods during storage is the process of recrystal-
lization. As explained in the chapter on crystallization (Chapter 14), smaller crystals 
are more soluble than large ones. Equally, small ice crystals have a lower melting 
point then large ones. Consequently, if the storage temperature undergoes fl uctua-
tions, small ice crystals may melt and then solidify on the larger crystals. This may 
be the reason why foods frozen rapidly and those frozen slowly sometimes show sim-
ilar ice crystal size distribution after storage. Recrystallization is particularly objec-
tionable in ice cream, where conversion of small ice crystals to large ones results in 
loss of the smooth, creamy texture. The remedy is, of course, avoiding temperature 
fl uctuation during storage as much as possible. 
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  20 

    20.1    Sources of Refrigeration 
   Low temperatures may be delivered by three types of sources: 

!      Natural sources: ice, snow, climatic conditions 
!      Mechanical refrigeration 
!      Cryogenic agents. 

   Only the last two are suitable for industrial implementation. 

    20.1.1    Mechanical refrigeration 
  A heat engine operating in reverse is capable of using work in order to transfer 
heat from a low temperature to a high temperature source ( Figure 20.1   ). If the pur-
pose of the process is to deliver heat to the high temperature source, the device is 
called a ‘ heat pump ’ . If, on the contrary, the objective is to cool the low temperature 

Refrigeration machine 
or

Heat pump

THot

TCold

Work

Q1

Q2

Figure 20.1      Principle of the refrigeration machine or heat pump    
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source, the same device is named a  ‘ refrigeration machine ’  ( Dosset and Horan, 2001 ;
 ASHRAE, 2006 ).

  Thermodynamically, refrigeration may be produced by a number of different pro-
cesses. Three different thermodynamic effects are used commercially to produce 
refrigeration, namely: the  vapor compression cycle , the  absorption cycle  and the 
Peltier effect . 

  The basic principle of the most common type of mechanical refrigeration is a 
cyclic thermodynamic process known as the  Rankine cycle  (William John Macquorn 
Rankine, 1820–1872, Scottish engineer) or a vapor compression cycle . A theoretical 
reverse Rankine cycle is shown in  Figure 20.2    as a T–S (temperature–enthropy) plot. 
The cycle consists of four sections: 

!      Step 1: Compression: saturated vapor at pressure P 1  (Point 1) is compressed to 
pressure P 2  (Point 2). Ideally, isenthropic (adiabatic and reversible) compres-
sion is assumed. Mechanical work is supplied to the  compressor

!      Step 2: Condensation: the compressed vapor is cooled until completely con-
densed as a saturated liquid (Point 3). Ideally, cooling is assumed to take place 
at constant pressure. The heat removed from the condensed vapor is transferred 
to a cooling medium such as air or water. Physically, this step takes place in a 
heat exchanger serving as a  condenser

!      Step 3: Expansion: the pressure of the liquid is released through a throttling ele-
ment (e.g. an expansion valve ), down to pressure P 1  (Point 4). The throttling 
 process is supposed to be isenthalpic, not involving any exchange of energy. Point 
4 represents a mixture of saturated vapor (Point 1) and saturated liquid (Point 5) 

!      Step 4: Evaporation: heat is transferred to the liquid–vapor mixture until all the 
liquid is evaporated (back to Point 1). This is the step of the cycle where use-
ful refrigeration is generated. Physically, this step occurs in a heat exchanger 
known as the  evaporator  or  diffuser .    

  The fl uid undergoing the cycle is called a  refrigerant . Although, theoretically, 
the reverse Rankine cycle could be run with any fl uid, only certain compounds and 
 mixtures are suitable for use in practical refrigeration. The criteria for the selection 
of refrigerants will be discussed later. 
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Figure 20.2       Vapor compression refrigeration cycle    



  The  refrigeration capacity , q e , of a mechanical refrigeration cycle is the rate at 
which heat is extracted from the surroundings at the step of evaporation. Energy bal-
ance for the evaporator gives: 

q m h he " !( )1 4 (20.1)    

   where:   
   m      "      rate of circulation of the refrigerant, kg.s ! 1

   h 1 , h 2  etc.      "      specifi c enthalpy of the refrigerant at point 1, 2 etc., J.kg ! 1 . 
   In the SI system, refrigeration capacity is expressed in watts. An old engineering 

unit, called the ‘ commercial ton of refrigeration ’ , is still in use. It is equal to the rate 
at which heat needs to be removed to produce one ton (2000 lb in the USA) of ice 
at 0°C in 24 hours from water at the same temperature. Its equivalent in SI units is 
3517 watts. 

  The rate at which heat is rejected to the surroundings, q c  is obtained from the 
energy balance for the condenser: 

q m h hc " !( )3 2 (20.2)    

  The theoretical mechanical power w (watts) supplied to the compressor is: 

w m h h" !( )2 1 (20.3)    

   By virtue of the fi rst law of thermodynamics, for the entire cycle: 

q q we c# ! " 0 (20.4)    

  The useful output of the refrigeration machine is its refrigeration capacity. The cost 
factor is the power input to the compressor. The energy  ‘ effi ciency ’  of a refrigeration 
machine is therefore expressed as its  coeffi cient of performance  (COP, dimension-
less), defi ned as: 

COP
q
w

h h
h h

e" "
!

!
1 4

2 1
(20.5)    

Note : COP is a thermodynamic concept, different from the formal defi nition of 
 ‘ effi ciency ’  of a heat engine. Therefore, COP can be, and usually is, considerably 
larger than 100%. Another practical expression of  ‘ energy effi ciency ’  of a refrigera-
tion machine is horsepower per ton of refrigeration . 

  A real refrigeration cycle deviates from the theoretical cycle described above. The 
main reasons for deviation are: 

!      The compression is not adiabatic, nor reversible. The power requirement of the 
compressor is higher than the theoretical value due to heat losses as well as 
volumetric and mechanical ineffi ciencies  

!      There is a pressure drop due to friction along the refrigerant fl ow channels and 
not only in the expansion valve  
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!      The low pressure vapor entering the compressor (Point 1) is usually slightly 
superheated to avoid  ‘ wet compression ’  (presence of liquid droplets in the gas, 
which may cause accelerated wear in the compressor)  

!      Despite thermal insulation, there is some heat transfer (loss of refrigeration) to 
the refrigerant fl ow tubing between the expansion valve and the evaporator.    

      EXAMPLE 20.1 
   A refrigeration machine is to deliver a refrigeration capacity of 70       kW at  ! 40°C. 
The refrigerant is R-134a. The condenser is air cooled. Condensation temperature 
is assumed to be 35°C. Complete condensation with no supercooling is assumed. 
To avoid wet compression, 5°C superheat is allowed at the exit from the evapo-
rator. Calculate the theoretical compressor power, the heat rejected at the con-
denser and the coeffi cient of performance of the machine. 

    Solution: 
   The thermodynamic properties of the refrigerant at the different  ‘ points ’  of the 
cycle will be fi rst determined, with the help of the appropriate refrigerant table 
(Tables A.15 and A.16). 

   Point 1: Pressure      "      p 1       "      Saturation pressure at  ! 40°C      "      51.8       kPa (Table A.15). 
   Temperature      "      T 1       "       !     35°C ( ! 40°C      #      5°C superheat) 
   The thermodynamic properties at point 1 are found from Table A.16: 
   h 1       "      377.3       kJ/kg                     s 1       "      1.778       kJ/kg.K                     v 1       "      0.371       m 3 /kg 

   Point 2: Pressure      "      p 2       "      Saturation pressure at 35°C      "      887.6       kPa 
   Entropy      "      s 2       "      s 1       "      1.778       kJ/kg.K 
   Other thermodynamic properties at Point 2 are found from Table A.16: 
   T 2       "      49.3                     h 2       "      438.1       kJ/kg 

   Point 3: Saturated liquid at p 3       "      p 2       "      887.6       kPa 
   h 3       "      249.1       kJ/kg (from Table A.15) 

   Point 4: h 4       "      h 3       "      249.1       kJ/kg 
   The refrigerant mass fl ow rate is calculated from 

q m h he " !( )1 4

m
q

h h
e"

!
"

!
"

1 4

70
377 3 249 1

0 546
. .

. kg/s

   The theoretical mechanical power w is calculated from 

w m h h" !( )2 1

w " ! "0 546 438 1 377 3 33 2. ( . . ) . kw

   The coeffi cient of performance is: 

C O P. . .
.

." "
70

33 2
2 11



   Following are the principal physical components of the vapor compression refrig-
eration machine ( Figure 20.3   ). 

!      The  compressor : the most common type is the air-cooled reciprocating piston 
compressor (see Pumps, Section 2.4.2). Depending on the capacity, the com-
pressor may have one or a number of cylinders. Screw compressors are used for 
large capacities at constant load. Centrifugal (turbo) compressors are suitable 
for low compression ratios and used mainly for air conditioning. The compres-
sors of household refrigerators are usually hermetic, permanently lubricated 
units. For very low temperatures two-stage compression may be necessary 

!      The  condenser  may use air or water as the cooling medium. Air-cooled con-
densers are fi nned-tube radiators. Air fl ow is induced by fans. Water-cooled 
condensers are more compact, shell-and-tube type heat exchangers. The prob-
lems of fouling and scaling should be addressed by proper treatment of the 
cooling water in closed circuit 

!      The  expansion valve  or throttle often serves as the regulator of refrigerant fl ow 
rate and is the main control element of the cycle. Different types (thermody-
namic, fl oater-controlled, pressostatic, electronic) are available 

!      The  evaporator  is the place where refrigeration is delivered to the system. Its 
geometry depends on the nature of the delivery. In a swept-surface freezer, it 
is the jacket of the heat exchanger. In a cold room, it is a fi nned-tube radiator 
type heat exchanger with fans. In a milk cooler, it is a helical tube immersed in 
milk. In a plate freezer, it is the hollow plates of the unit. In order to utilize fully 
the refrigeration capacity of the machine, it is important to secure that only gas 
(slightly superheated) leaves the evaporator. 

!      Auxiliary hardware items, usually installed on the loop are: buffer storage ves-
sels for refrigerant, refrigerant pumps for large distribution systems, oil and 
water separators, fi lters, internal heat exchangers, valves, measurement and 
control instruments, sight glasses etc. 

  As stated above, vapor compression systems are by far the most common type 
of refrigeration machines. Systems based on absorption cycles  are used in specifi c 
cases (experimental setups, refrigeration where electric power for running compres-
sors is not available etc.). Interest in absorption refrigeration may increase, however, 
in connection with the expansion of application of solar and geothermic energy. The 

Expansion valve

Compressor

Condenser

Evaporator

Figure 20.3      Vapor compression refrigeration system    
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principle of absorption refrigeration is shown schematically in  Figure 20.4   . Two fl u-
ids are involved: a refrigerant and an absorbent. 

  Typically, the refrigerant is ammonia and the absorbent is water. The thermody-
namic process is still the reversed Rankine cycle, but the step of vapor compression 
is replaced by a sequence of operations, consisting of: 

!      Absorption of the refrigerant at low pressure, coming from the evaporator, to 
produce a  ‘ strong ’  solution. This is an exothermic process and requires cooling 
(air or water). It takes place in the  ‘ absorber ’   

!      Transfer (pumping) of the strong solution to the high pressure region of the 
machine

!      Desorption of the refrigerant from the strong solution to deliver refrigerant 
vapor at high pressure. This is an endothermic process requiring a source of 
heat (fuel, solar or geothermic etc.). It takes place in the  ‘ generator ’  or  ‘ boiler ’   

!      Return of the weak solution to the absorber.    

  The high pressure refrigerant vapor emerging from the generator undergoes the same 
sequence of stages (condensation – expansion – evaporation) as in the vapor compres-
sion cycle. 

  The  Peltier effect  is the reverse of the Seebeck effect, discussed in connection with 
thermocouples (Section 5.7.1). A temperature difference is induced between the 
junctions of two different metals, when a voltage is applied between the junctions. At 
present, Peltier refrigeration is used in devices requiring very small capacities such 
as cooling and dehumidifi cation of instrument housings, vending machines etc. 

    20.1.2     Refrigerants 
  The refrigerants used in vapor compression cycles are volatile liquids. The desirable 
properties of a refrigerant are: 

!      High latent heat of evaporation  
!      High vapor density 
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Figure 20.4       Absorption refrigeration aqua-ammonia system    



!      Liquefi ed and evaporated at moderate positive pressure  
!      Non-toxic, non-irritating, non-fl ammable, non-corrosive  
!      Miscible with lubricating oils 
!      Environment friendly 
!      Inexpensive, easily available.    

  Ammonia is one of the fi rst substances used as a commercial refrigerant. It satis-
fi es most of the properties listed above, but it is toxic, irritant and may catch fi re. It is 
used in high capacity installation rather extensively. 

   Halogenated hydrocarbons are the preferred refrigerants for household refrigera-
tors and air conditioning and they are extensively used in industrial refrigeration as 
well. They consist of hydrocarbons substituted with chlorine and fl uorine. They are 
numbered as Rxxx according to the following convention: 

!      The fi rst digit from right is the number of fl uorine atoms in the molecule 
!      The second digit from right is the number of hydrogen atoms plus one 
!      The third digit from right is the number of carbon atoms minus one. 

  Thus, difl uorochloromethane (CHClF 2 ) is R-22. The third digit being zero is not 
shown and the number of chlorine atoms is found from the valence of carbon not 
occupied by hydrogen or fl uorine. 

   In the same manner, R-12 is difl uorodichloromethane (CCl 2  F 2 ). 
  Tetrafl uoroethane (C 2  H 2  F 4 ) is R-134. 
  We distinguish between CFCs (chlorofl uorocarbons, such as R-12), HCFCs 

(hydrochlorofl uorocarbons, such as R-22) and HFCs (hydrofl uorocarbons, such as 
R-134).

  In 1974, Rowland and Molino discovered that vapors of refrigerants may combine 
irreversibly with ozone and thus deplete the protective ozone layer of the stratosphere. 
In 1987, governments of most countries of the world, under the auspices of the UN, 
signed the ‘ 1987 Montreal Protocol ’  stipulating the gradual banning of ozone-depleting 
chemicals, including ozone-depleting refrigerants. The use of the most harmful group, 
the CFCs, has been practically discontinued in developed countries. The less harmful 
HCFCs will be gradually phased out. Starting 2020, manufacturers will no longer be 
allowed to produce HCFCs. These measures have prompted the chemical industry to 
develop new, more environment-friendly refrigerants, such as HFCs. 

  It should be noted that vapors of refrigerants are also among the  ‘ greenhouse gases ’  
responsible for global warming, but their ozone depleting effect is much more harmful. 

    20.1.3    Distribution and delivery of refrigeration 
  The refrigeration capacity generated by the refrigeration machine may be delivered 
to the points of demand directly or indirectly. 

  In direct delivery, called  ‘ direct expansion ’ , the liquefi ed (condensed) refrigerant is 
conveyed directly to the point of demand, where it evaporates. The heat exchanged 
is the latent heat of evaporation. In indirect distribution, the evaporator is used to cool 
an intermediate liquid medium, which is pumped in closed circuit to the points of 
demand. The heat exchanged is sensible heat. 
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   Direct expansion systems are less expensive, simpler and more energy effi cient. 
However, they require long distribution lines carrying the volatile refrigerant, with 
the risk of leakage and contamination. The direct linkage between the refrigeration 
machine and the demand is problematic, as it impairs the fl exibility of the system. 
Indirect distribution systems require higher capital investment and higher opera-
tion cost. However, they are more suitable for multipoint distribution and fl uctuating 
demand as they allow for the  ‘ storage ’  of refrigeration in the distribution medium. 
The desirable properties of the intermediate medium are: 

!      High specifi c heat 
!      Low freezing point 
!      Moderate and stable viscosity 
!      Low corrosivity  
!      Absence of toxicity  
!      Low cost. 

  The most commonly used intermediate media are solutions (brines) of calcium 
chloride and solutions of glycols.   

    20.2     Cold Storage and Refrigerated Transport 
   Refrigeration installations may be divided into two groups: 

    1.     Devices the main purpose of which is to maintain the low temperature of 
chilled or frozen goods. Examples: cold storage facilities, refrigerated vehicles  

    2.     Devices the main purpose of which is to lower the temperature of food rapidly. 
Examples: chillers, freezers. 

   Cold storage is distinguished from ambient storage by the presence of two fea-
tures: thermal insulation and a source of cold. In a cold room of moderate size oper-
ating at 4°C, these two features may represent two thirds of the erection cost. 

  Thermal insulation is provided by an appropriate thickness of porous material with 
a cellular (polymer foam) or fi brous (mineral wool) structure. The thermal conductiv-
ity of commercial insulation materials is about 0.05       W/m.K°. The low thermal con-
ductivity is due to the air entrapped in the porous structure (the thermal conductivity 
of stagnant air is 0.024       W/m.K°). Moisture reduces drastically the effi ciency of ther-
mal insulation. It is therefore necessary to provide a moisture barrier, in the form of 
a plastic fi lm or aluminum foil applied on the outer (warmer) face of the insulation. 

  The adequate thickness of the thermal insulation is calculated according to the 
design temperature of the cold room, the room geometry, the thermal conductivity of 
the insulation material and the environmental conditions (temperature, winds, expo-
sure to sun etc.). Calculation of the economically optimal thickness weighs the cost 
of insulation against the cost of refrigeration. These factors vary with time and loca-
tion. In the absence of more precise data and as a rule of thumb, insulation thickness 
is designed for a refrigeration loss of 9       W/m 2 . 



    EXAMPLE 20.2 
  A company builds cold storage facilities in different parts of the world. The specifi ed 
storage temperature is 4°C. It is desired to develop a formula for the economically 
optimal thickness of the insulation, as a function of the following local variables: 

!      Maximum outside temperature      "      T  
!      Total cost of refrigeration      "      R currency units per kJ 
!      Cost of insulation, including installation, I currency units per m 3 .    

  The thermal conductivity of the insulation is 0.04       W/mK. The useful life of the 
insulation is 7 years. The cold storage rooms are operative 24 hours a day, every day. 

    Solution: 
   Let z be the insulation thickness, A its surface area and k ith thermal conductivity. 

   Let C R  and C I  be the hourly cost of refrigeration and insulation, respectively. 
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   To fi nd z for minimum cost, we take the derivative of the total cost and we set 
it to 0: 
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  The source of cold (the heat sink) is usually the evaporator of a vapor compres-
sion refrigeration machine. This is a heat exchanger, usually known as a  diffuser . 
Typically, it consists of a fi nned coil with one or more fans. The temperature of the 
refrigerant in the diffuser is a few degrees C lower than the temperature in the room. 
This temperature difference determines the required size of the diffuser (i.e. the size 
of the heat exchange area). A large temperature difference requires a smaller diffuser 
but results in higher cost of refrigeration. Furthermore, a colder heat exchange sur-
face causes more drastic drying of the air. If the room contains unpackaged prod-
ucts, this may result in loss of product weight during the storage and excessive frost 
on the heat exchange surface of the diffuser. Thus, the selection of an evaporation 
temperature for the diffuser is a matter of cost optimization. 
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  The refrigeration requirement (refrigeration load) of a cold storage room com-
prises the following elements: 

!      Heat transfer through the insulation 
!      Air changes, both intentional and unintentional 
!      Introduction of goods at temperatures higher than that of the room  
!      Heat generated by respiration (fruits and vegetables)  
!      Defrosting cycles  
!      Energy spent by fans, fork lifts, conveyors, lighting etc.  
!      People working in the room. 

    EXAMPLE 20.3 
   A cold room is used to store frozen meat at  ! 30°C. Calculate the refrigeration 
load of the facility. 

   Data: 

!      Internal volume of the room      "      1000       m 3

!      Surface area exposed to the exterior      "      700       m 2

!      Loading program: 25       000       kg meat at  ! 20°C per day, introduced to the 
room and an equal quantity of meat at  ! 30°C is removed  

!      The specifi c heat of meat at that range of temperatures is 1.8       kJ/kg.K  
!      The exposed surface area is covered with polystyrene foam insulation, 25       cm 

thick. The thermal conductivity of the insulation is 0.04       W/mK  
!      Ambient temperature      "      25°C  
!      Air changes: 2000       m 3 per day. (Assume dry air)  
!      Allow 1.2       kW for lights, fans, defrost, people, conveyors etc.    

    Solution: 
   Loss through insulation: 
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  Air changes: the density of air at 25°C is 1.14       kg/m 3 . Its specifi c heat is 1       kJ/kg.K. 
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   The total refrigeration load is: 

   Q T       "      6.16      #      5.21      #      1.45      #      1.2      "      14.02       kW 

   The openings in cold storage rooms are often equipped with an  ‘ air curtain ’  
to reduce air exchange when the door is open. A fan installed over the door blows 
a vertical jet of air across the opening as long as the door is open. Reducing 



unintentional air changes is important, not only as a way to reduce the refriger-
ation load but also because penetration of moist warm air from outside causes 
fogging in the room. 

Refrigerated transportation  is the most critical and often the weakest link of the 
cold chain. 

   For short-range transportation and distribution, vehicles with thermal insulation 
but without autonomous generation of refrigeration may be suffi cient. In this case, 
cold air is blown into the vehicle chamber before loading with thoroughly refriger-
ated merchandise. Ice or dry ice (solid carbon dioxide) may be used, with obvious 
limitations and safety issues. The use of ice is particularly frequent in fi shing boats. 
For long-range transportation, the vehicle must be equipped with its own source of 
cold. Mechanical refrigeration is the usual source, but the use of cryogenics (liquid 
nitrogen) is being increasingly applied. 

    20.3    Chillers and Freezers 
  The engineering aspects of food freezing have been reviewed by  Holdsworth (1987) ; 
see also  Tressler et al. (1968) .

   Methods for chilling or freezing foods may be classifi ed according to the heat 
transfer mechanism, as follows: 

!      The use of a stream of cold air (blast chillers or freezers) 
!      Contact with cold surfaces (contact freezer)  
!      Immersion in cold liquid (immersion coolers or freezers) 
!      Evaporative cooling (cryogenic cooling or freezing). 

    20.3.1    Blast cooling 
  The simplest embodiment of blast cooling is the batch cabinet chiller or freezer. 
A batch of food is placed in a cabinet, usually on trays or trolleys, or hung on hooks 
(meat carcasses). Cold air is blown over the food and circulated through a diffuser by 
means of fans ( Figure 20.5   ). 

Diffuser

Figure 20.5      Cabinet freezer    
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  A more advanced type is the continuous tunnel cooler or freezer ( Figure 20.6   ), 
where the food is conveyed by trolleys or conveyor belts. One variation of the con-
tinuous belt freezer is the spiral freezer ( Figure 20.7   ) in which the food is conveyed 
on a spiral, made of a continuous fl exible mesh belt. Spiral belt freezers occupy little 
fl oor-space at high processing capacity. 

   In fl uidized bed cooling, the cold air is used both to cool and to fl uidize a bed 
of particulate foods. When used for freezing, this mechanism has the advantage of 
freezing the particles individually. The IQF (individual quick freezing) is the most 
common type of this class ( Figure 20.8   ). 

Figure 20.6       Tunnel freezer    

Figure 20.7       Spiral belt freezer. (Courtesy of FMC FoodTech)    

Pulsed jets of cold air

Figure 20.8       Principle of fl uidized bed (IQF) freezing 



   One variation of the IQF freezer features two sections. The fi rst is a fl uidization 
section where the air blast is suffi ciently strong to lift the product. The purpose of 
this section is rapidly to freeze the surface of individual particles so as to form a 
crust and prevent adhesion. The rapid formation of a frozen crust also reduces mois-
ture loss. The interior of the particle is still unfrozen. Freezing is completed on a belt 
at the second section, without fl uidization ( Figure 20.9   ). 

  The power required to circulate the blast of air constitutes a signifi cant part of the 
energy expenditure of blast coolers in general. Moisture loss, which represents both 
a loss in product weight and in quality, is also a common problem in blast cooling. 
The methods used to reduce moisture loss include: 

!      Proper packaging before chilling or freezing 
!      IQF  
!      Glazing: a small quantity of water is sprayed on the product so as to form a 

thin fi lm of water on the surface. Upon freezing, this becomes a fi lm of ice, 
impermeable to water vapor. Glazing is mainly applied to unpackaged fi sh and 
seafood.

    20.3.2    Contact freezers 
  The two most important types of this group are the plate freezer and the swept-
surface freezer. 

  The plate freezer ( Figure 20.10   ) consists of hollow shelves (plates) cooled by 
refrigerant evaporating inside them. The food is pressed between the plates. This 
ensures good contact between the cold surface of the plate and the food. Freezing 
time depends on the thickness of the product between the shelves. Typically, two 
hours are required to freeze a 6       cm thick block of fi sh to a core temperature of 
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2.  Belt 1
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Figure 20.9      Two-stage fl uidized bed (IQF) freezing. (Courtesy of FMC FoodTech) 
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! 18°C, with plate temperature at  ! 35°C. Plate freezers are energy effi cient and 
compact. They are, however, appropriate for use only with product shapes delimited 
by two parallel planes, such as food packed in rectangular boxes or blocks of fi lleted 
fi sh. They are usually loaded and unloaded manually and operate in batches. Systems 
with automated loading       unloading are available. 

  The scraped-surface (or swept-surface) freezer ( Figure 20.11   ) is a continuous 
freezer, operating on the principle of the swept-surface heat exchanger (see Section 
3.6.4) with refrigerant in the jacket. It can be used only for partial freezing of 
pumpable products. This type of equipment is used for soft-freezing ice cream and 
for slush-freezing concentrated fruit juices.  

    20.3.3     Immersion cooling 
  Immersion in cold water is a method used for the rapid cooling of fruits and vegeta-
bles to remove  ‘ fi eld heat ’  after harvest. This operation is often called  ‘ hydro-cooling ’ . 
In the poultry industry, dressed birds are cooled in a continuous bath of chilled water. 
Shrimp is often cooled by immersion in cold brine. 

    20.3.4     Evaporative cooling 
   Under this heading we include cooling methods based on direct contact with an 
evaporating substance. 

  In the case of  ‘ cryogenic cooling ’ , the evaporating substance is liquid nitro-
gen or solid carbon dioxide (dry ice). At atmospheric pressure, liquid nitrogen boils 
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Figure 20.10       Schema of a plate freezer    
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Figure 20.11       Swept-surface slush freezer    



at ! 196°C. Its latent heat of evaporation is 199       kJ/kg. For freezing, liquid nitrogen 
stored under pressure is sprayed over the food traveling on a conveyor belt inside a 
tunnel ( Figure 20.12   ). Due to the very high temperature drop, freezing is extremely 
rapid. The cold vapors of nitrogen serve to pre-cool the product entering the tunnel, 
before it meets the liquid nitrogen spray. Practically, about 2.5       kg of liquid nitrogen 
are needed to freeze one kg of food. 

  Liquid carbon dioxide is also stored under pressure but, when it is released through 
the spray nozzles, it converts to a mixture of gaseous CO 2  and a snow of solid CO 2
crystals. These crystals undergo sublimation on the surface of the food. The evap-
oration temperature of liquid CO 2  is  ! 78.5°C and its latent heat of evaporation is 
571       kJ/kg. 

  The main advantages of cryogenic freezing are: 

!      Compact, inexpensive equipment. Low capital investment  
!      Extremely rapid freezing, very low moisture loss 
!      Versatile, quick to install anywhere. 

  The disadvantages are: 

!      High cost of the cryogens  
!      Dependence on a reliable supply of cryogens  
!      Not suitable for large items. The very large temperature gradients may create 

large mechanical stress, cracks and breakage. 

   In total, cryogenic freezing is more expensive than mechanical refrigeration. 
Nevertheless, cryogenic freezing is valuable in the following situations: 

!      The freezing line is used occasionally  
!      Economy of fl oor-space is of essence (need to accommodate the line in exist-

ing, crowded plant layout, location with expensive land cost) 
!      Experimentation, product development at pilot scale. 

  A particular type of evaporative cooling uses water as a refrigerant. Water is sprayed 
over the food and allowed to evaporate under reduced pressure.  ‘ Vacuum ’  cooling is 
used for rapid cooling of vegetables (particularly lettuce) for the fresh market. 

Liquid N2

Precooling Freezing

Figure 20.12      Liquid nitrogen freezer    
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