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Most of the published methods for estimating temperature history during heating/cooling/freezing solid food 

require data on thermal properties of the product and any relevant heat transfer coefficients. However, there are 
some difficulties of obtaining thermal data for use in industrial heating/cooling/freezing of food. In this paper the 

development of a new procedure for estimating the temperature history is briefly reviewed, a procedure which does 
not require the knowledge of thermal data of the food being heated/frozen. This procedure collects a series of time/ 

temperature data at a point in the food in the early stages of heating/freezing, analyzes these data to predict the 

thermal parameters which are responsible for heat conduction, and predicts the time/temperature relationship for 

the remainder of the heating/cooling/freezing phases. 
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We start with the case of heating for developing the on-1ine 

inverse method and then it is extended to freezing process. 
This is because freezing is more complicated than heating due 

to the considerably changes of thermal property durlng food 
freezing. 

Heating a Slab of Food 
A number of workers have calculated optimal thermal 

sterilization condltions to maximize surface or volume 
average quality retention with a constraint that required 
inactivation of microorganisms is fulfilled (Silva et a[, 1992). 

Solving optimal sterilization problem may give an optlmal 
temperature history for higher quality products of heat-pre-

served foods. However, there is a need for a specific control 

system which may manage the thermal process operation to 
afford the food with optimal temperature history. This is 
because thermal properties of food and the surface heat 
transfer coefficient are not widely avallable. To determine the 

precise values for these parameters often requires a separate, 

lengthy and detailed analysis. 

For such situation where system parameters are not clearly 

known, feed back control is often a good method. Unfortu-
nately, however, it fails to achieve a target-1ethality because of 

a kind of time lag which is considerably enlarged as the 
increase of food size (Mihorl et a/, 1991). 

In order to get rid of these difficulties, Mihori et al. ( 1991, 

1994) proposed an inverse method for on-line control to 
achleve appropriate sterilization. 

In case of heating a slab of food, the temperature at time t 

and position x may be described as a function of t, x and two 

parameters Bi and 1: 

7rED2pCp/~ , (1) 
BiE hD/~ , (2) 

( T- Th)/( Ti- Th)= 77(t,x,Bi,7) , (3) 

which is an analytlcal solution of the heat conduction 
equation. 

We place a temperature sensing probe in a sample food. 
The collection of a series of time/temperature data sets at the 

10cation of the sensing probe begins when we start a thermal 
sterilization process. 

(tl'Sl)' (t2'S2)' (t3'S3)' (t4'S4), . . . (th,Sk) . 

We attempt to estimate two system parameters 1, Bi and x, 
the location of sensing probe. To do this we use some initial 

estimate values for the parameters with which we calculate an 

approxlmate values for the temperatures at the true location 

of the probe. 

(tl'T1)' (t2'T2)' (t3'T3)' (t4,T4)' ' ' ' (tk,Th) . 

Using a steepest descent method we can access to true 
values of 1, Bi and x where the sum of the errors to be 
minimized: 

a al j = ' aBi~:](T. S)=0 a ~(T S) O a~(TJ S) O 
'axj 

(4) 

Once the parameters are available we can predict the 
temperature history making use ofthe parameters. A success-

ful example (Mihori et al, 1991) of heating mannan jelly 
in a slab container realized to a target lethality is shown in 

Flg. l. 

* To whom correspondense should be addressed. 
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Fig. 1. Time/temperature relationship and lethal rate integral both measured 

and predicted using a mannan jelly slab. Half-thickness=4.5 mm. T*-Tem-

perature of sensing probe at outside surface; T~ = temperature at geometnc 

center; Fp=1ethal rate integral. 

Placing a Sensing Probe on the Outside Surface of the 

Container 
The position of the temperature probe with which the 

thermal response of food is observed, can be placed anywhere 

in the food, even on the external surface of the container 

(Mihori et ed, 1994). Locating the sensing probe on the 
outside surface of the container may have advantages and 
disadvantages. Advantages are: ( 1) facilitate setting up the 

sensing probe, (2) a non-destructive method. The disadvan-
tage is (1) the sensor is able to give little information in case 

of large Biot number, (2) the surface temperature is sometimes 

ill-stable. These disadvantage can be overcome by replacing 
the temperature probe with a heat flux sensor which is placed 

on the outside surface of the container (Mihori et al, 1994). 

A variety of film type heat flux sensors are available in the 

market; so-called "theamopile" composed of different metal 

foils (thermocouples) sandwiched one another. 

A Precise Mathematical Model for Freezing Food 
Frozen food as a disperse system In order to extend 

this on-line inverse method to food freezing, we need a precise 

mathematical model for freezing food. We assumed a frozen 
food as a disperse system in which granular pure-ice-crystal is 

dispersed in concentrated aqueous liquid or in solid solution 

(Fig. 2). The extent of freezing. R, defined by the mass of ice 

divided by the mass of food, may be expressed in the form as 

follows (Mihori & Watanabe, 1994a): 

R= I -( T/ T) (5) 
where Tf is the initial freezing temperature in Celsius. Using 

R, the volumetric liquid fraction, F, in the food body may be 

written as: 

F=pj.*/(pj.*+R,~) (6) 
where ,q~ is the density of unfrozen matrix. 

Effective thermal conductivity The effective therrnal 

conductivity I in a disperse system may depend on the 
structure of the system and cannot be predicted easily. For the 
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Fig. 2. A disperse system as a model offrozen food at each stages offreezing. 

practical use it is often written by a series model or by a 

parallel model. 

l = FAm+( I - F)~ice Parallel , (7) 

l I l ~ = FAm + (1-F)~iCe (8) series . 

Heat conduction equation Considering that the phase 
change takes place over some extended range of temperature 

in food freezing, the energy accumulation term in heat 
conduction equation may be written as: 

~qll+pfL aF (9) dt at ' 
Since F depends on T, this may be rewritten and If is 
defined as: 

flLl~~pLLd( C T)+pfL ~~} aatT ~: ~ aT . (10) 
d T at 

Thence a general equation for one dimensional heat conduc-

tion in food freezing may be written as: 

aT ~aT_ a ~(T}t (ll) at ~ ax ax 
When the local temperature at a position in a food body is 

10wered, extent of freezing at this position may increase and 

the thermal properties may change. This means that the 
thermal property may depend on the position in the food 
body when it has a temperature difference in the food body, 

which happens in rapid freezing processes. In such cases the 

heat conduction equation in a solid may be written as follows 

because ~ depends on T which depends on x: 

~f aT =~(T>~•aa!xT + dAd(TT) ( aaxT )2 
at 

non-linear heat conduction model. (12) 

This equation may be referred as a non-linear model. 
The second term (non-linear term) in the right-hand side of 

this equation has been often neglected even though they liked 

to consider the temperature dependence of I . In such a case 

the heat conduction equation may be written as: 

a2 T aT =1(Tyt~; Iinear heat conduction model. (13) ~ ax at 

A rapid freezing experiment to examine the mode/ In 
an attempt to find which model works for the simulation, we 
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Fig. 3. The time/temperature curve at the center of a slab (5% sodium 
chlorlde solution). Closed circle, measured; solid line, calculated. 

carried out a rapid freezing experiment on a sodium chloride 

aqueous solution (Mihori & Watanabe, 1992), because 
precise thermal data including temperature coefficients and 

concentration coefficlents are avallable. An experiment of 
rapid freezing (with large h) is required to observe the freezing 

time which is refiected by the structure of the food body, 
eliminating the effects of surface heat transfer coefficient (h) 

which governs the heat transfer phenomena when h is small. 

The results of the experiment showed that non-linear heat 
conduction equation with parallel model heat conductivity 
works for the simulation of freezing food (Fig. 3). 

Analytical Solution Model for Food Freezing 
Freezing a slab of food Since the non-1inear heat 

conduction model requires the detailed thermal data such as 
temperature coefficient and concentration coefficient of heat 

conductivity and heat capacity (including latent heat), we use 

a sodium chloride solution as the prototype of model food. 

When ~ and ;L for a sodium chloride solution can be 
approximated by (Fig. 4): 

~ A/( T+ T ) , ~ =A-BT (14) 
the non-linear heat conduction equation (Eq. ( 12)) may be 

written as: 

} a6 ae e a (p-F6'~)~,~ax (15) 
at ax 

where A, B, Tc and A are constants chosen to make a good 
fit for ~ and ~; ~=(A+BTc)/A, F=B/A and 6=T+Tc' 
By using a new variable ~=ixl2n:, this equation turns 
into an ordinary non-llnear dlfferential equation as: 

d6 ef(6- p/F}i~~dd~~ +( dd6~ )2}~~ dg = 
O . ( 16) 

This equation has an analytical solution: 6= ~• This means 
that there exists a linear temperature profile in a food of slab 

being frozen (Mihori & Watanabe, 1994a). It may be interest-

ing that a linear temperature profile is assumed in Plank's 

model whlch is well known to be useful. Another interesting 
point is that substituting a linear temperature profile into the 

linear heat conduction equation (Eq. (13)) results in no 

cooling of the body. 
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Fig. 4. Conductivity I and heat capacity ~ vs, temperature of 5% sodium 
chloride solution. Solid line, Iiterature value; chain line and dotted line, 

approximated by Eq. ( 14). 

Using this linear profile as the first stage of freezing 
followed by a terminating stage profile with constant thermal 

properties (Mihori & Watanabe, 1994a), the on-line inverse 

procedure for predicting freezing temperature history was 
valldated to work (Mihori & Watanabe, 1994b). A copy of 
the monitoring display of an on-line prediction of freezing a 

slab of Alaska pollack surimi is shown in Fig. 5. 

Locating the temperature sensing probe on the outside 
surface of the food body was found to work also for the case 

of freezing (Mihori et al, 1997). 

Freezing a cylinder and a sphere of food When the 
shape of the food to be frozen is a cylinder, a linear tempera-

ture profile does not exist anymore in the food body during 

freezing and no analytical solution has been found yet. 
Fortunately however, a profile method using a logarithmic 

function was found available to describe the temperature 
profile with which an approximate equation for predicting 
freezing time was derived (Hu et al, 1995). 

Concerning a sphere of food, however, we could find no 
function suited to describe the temperature profile during 
freezing. This difficulty pushed us to step into a numerical 

model approach. 
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Table 1. The coefricients used at each step of the iteration in the numerical 

experiment of freezing lean beef. The simulated measured temperature history 

included random error of +0.2'C. 

n E2 P1 P2 P3 P >< lOS p,_, 

O I OOO 2000 3 OaC Time, t [s] 
Fig. 5. Temperature history during freezing a slab ofAlaska pollack suriml. 

Solid line, measured: dotted line. predlcted. ~: dimensionless distance from the 

center. 
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The error for P3 and P5 was calculated as 100X(Pestimate~Ptrue)/Ptruc' The 
I P error for P and P was calculated as 100X(Pestimate 1 3estlmatc~Ptruc/P1'true)/ 

( Ptrue/ Pl'true)' 

Numerical Solution Model for Food Freezing 
In order to make the on-1ine inverse method available for 

a food body of any shape, applying a numerical calculation 

method may be a good choice. Thls may be boosted by the 
recent trends of appearing a rapid personal computer with 

amazing CPU. 
Hu et a/. ( 1997) made an attempt to apply a numerical 

calculation method to develop an inverse procedure for 
predicting temperature hlstory without the knowledge of 
thermal properties. They examined the literature data on 
thermal properties of various kinds of food and found that the 

temperature dependence of ~ and ~ may be descrlbed well 
in the form as: 

P3 ( 17) ~ ( T)= P1 + p2/(- T) , 

P5 ( 1 8) ~= P4/(- T) . 

Once the boundary and initial conditions and the parame-
ters P-{P1' P2' P3' P4' P5} associated with the thermal 
properties are specified, the direct problem defined by Eqs. 

(12), (17) and (18) can be solved numerically and the 
temperature distribution can be calculated as a function of 

time and position anywhere in the food body. 
Now we consider an inverse problem which concerns with 

the estimation of these five coefncients from the knowledge of 

transient temperature measurements collected using sensors 
placed at three different locatlons in the food body. This may 

be a problem of findlng the unknown parameters P that 
minimize the following sum of squares functlon: 

", 

E2=~( Ti( P)- Si)2 . ( 19) 

An important point to be noticed is that the solution ofthe 

inverse problem described above does not enable us to access 

to the true values of the thermal property coemcients P. When 

Eqs. (17) and ( 18) are substituted Into Eq. (12), one can see 

that Eq. ( 12) gives the same solution to any sets of parameters 

P1' P2 and P4 as long as the ratio ofthese parameters P1 : P2 : 

P4 is kept constant, while good estimates for the values of P3 

and P5 can be determined. 
The valldity and the accuracy of the method of inverse 

analysis considered here was demonstrated by a numerical 
experiment where literature data of lean beef (Sweat, 1986) 
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Fig. 6. The comparison between the slmulated exact temperature history 
(solid line) and the predicted temperature history (dash line) for freezlng lean 

beef, when the temperature measurement included i0.2'C. The symbols are the 

temperatures used for the prediction. 

was used. The sensor locations were l/ lO, l/5, 3/ 10 thick of 

the slab from the surface. For simplicity the inltial freezing 

temperature was chosen as the initial temperature of the slab. 

Table I shows the coemcients used at each step ofthe iteratlon 

in the numerical experiment of freezing lean beef. The 
simulated measured temperature included random error of 
i0.2'C. The iteration was successful to converge. P1 was set 
to l. The ratio of P1 : P2 : P4 was predicted within lO% error, 

while the absolute values were in 80% error. Using these 
parameters, the temperature history during freezing was 
calculated and compared with the simulated exact tempera-
ture history in Fig. 6, which shows that the prediction ofthe 

temperature history makes a considerably good agreement. 

Nomenclatures 
Bi Biot number =D h/~L-J 
Cp specific heat capacity LJ kg~1 'C-1J 

D half-thickness of a slab Lm] 
F volumetric liquid fraction L-J 
h surface heat transfer coefficient LW m~1 'C-1J 

L Iatent heat LJ kg~1J 
nt number of temperature recordings L-J 
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Pi 

R 
T 
Th 
T, 

x 
~ 
~~ 

p 

~ 

thermal property coefficient 
extent of freezing L-] 

temperature ['C] 
heating water temperature L'C] 
initial temperature L'C] 

time Ls] 

position [mJ 
thermal conductivity LW m~1 'C-1J 
~ of saturated NaCl solution LW m~1 'C-1] 
density [kg m~3] 

=pCpD2/~ [s] 
function defined by Eq. (lO). 
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