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Abstract

If the time-temperature indicator (TTI) experienced a different temperature than the accompanied packaged food, influ-

enced by heat transfer between the TTI, package, and ambient air, TTI would incorrectly predict the food quality changes

with temperature. Temperature distributions of a finite slab with different sizes, representing beef packaged with TTI, were

estimated by the finite element method (FEM). The thermal properties of the beef and TTI, such as heat capacity, density,

and heat conductivity, were estimated from the relevant equations using their chemical compositions. The FEM simulations

were performed for three cases: different locations of TTIs on the beef, different thicknesses of beef, and non-isothermal

conditions of ambient air. The TTIs were mounted in four different locations on the beef. There was little difference in tem-

perature between four locations of the TTI on the package surface. As the thickness of the slab increased, the temperature

of the TTI changed faster, followed by the corner surface, as well as middle and bottom parts, indicating the possible error

for temperature agreement between the TTI and the slab. Consequently, it was found that any place on the package could be

selected for TTI attachment, but the package size should carefully be determined within a tolerable error of temperature. 

Key words: time-temperature indicator (TTI), temperature distribution, response time, unsteady heat transfer, finite ele-

ment method (FEM) 

Introduction

A successful indicator known as the time-temperature

indicator (TTI) shows certain colors representing accom-

panying food quality under time-temperature experiences

during storage (Bobelyn et al., 2006; Kerry et al., 2006;

Lee and Lee, 2008; Vailkousi et al., 2009). TTIs can be

mounted on food packages and their configurations can

differ according to package size and geometry. As for fish

packages, TTIs have been attached on the outside, inside,

and center of the package box (Giannakourou et al., 2005).

However, depending on the location of the TTI and the

geometric condition of the package, the temperatures that

the TTI and package experience would be different due to

heat transfer between the surrounding air, TTI, and food

package, all having different thermal properties. Unfortu-

nately, any attempt in this aspect has not been reported,

even though TTI has been known for a long time. There-

fore, examinations are necessary to determine how tem-

peratures differ by conditions of TTIs and attached pack-

ages in terms of size, geometry, and thermal properties.

TTIs can be classified into diffusion, polymer, micro-

bial and enzymatic TTIs. Diffusion based TTIs are depen-

dent on the diffusion system of a coloured chemical

substance such as an ester, along a porous wick designed

from blotting paper. Polymer based TTIs operate by poly-

merization reactions in which colorless diacetylene crys-

tals polymerize via 1,4 addition polymerization to a

highly coloured polymer. Microbial TTI has irreversible

color change due to a pH decrease as a result of microbial

growth and metabolism of the growth medium (Ellouze et

al., 2008; Vaikousi et al., 2009). Enzymatic TTIs are the

most commonly used for many reasons (Mehauden et al.,

2007). This indicator consists of two separate compart-

ments. One compartment contains an aqueous solution of

lipolytic enzymes such as pancreatic, and another con-

tains the lipid substrate suspended in an aqueous medium

and a pH indicator mix. Since TTIs, especially the enzy-

matic type, contain some mass, the TTI mass may influ-

ence heat transfer by its use on packages. Although TTI

locations on packages can affect heat transfer, a center
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TTI may represent the center and a corner surface TTI

may represent the corner side of a package.

A sensor is defined as a device used to detect, locate, or

quantify energy or matter, giving a signal for the detec-

tion or measurement of a physical or chemical property to

which the device responds (Floury et al., 2008; Kress-

Rogers, 1998). Sensor performance is typically evaluated

in terms of sensitivity, range, resolution, and response time,

etc. Sensitivity is the minimum input of a physical signal

that will create a detectable output range. The range indi-

cates the maximum and minimum values of the applied

parameter that can be measured. Resolution is the mini-

mum detectable signal fluctuation of the input parameter

that can be detected in the output signal (Kenny, 2005).

Lastly, the response time can be defined as the time

required for the sensor output to change from its previous

state to a final settled value. In temperature measure-

ments, response time is influenced by the size and shape

of the sensor and thermal properties of the objects (Alab-

bas et al., 1996). Even in TTI applications, the geometri-

cal conditions and thermal properties of TTIs and food

packages can affect the response times of TTIs and food

packages to surrounding air temperature during storage.

As a result, experiments should be performed to deter-

mine if there are differences in temperature between TTIs

and packages during storage. The temperatures through-

out a package should be different, in other words, a TTI

can only represent its attached location. The heat transfer

in a package, if large enough, is governed by internal

resistance rather than external resistance. In fact, these

internal and external resistances can be differentiated by

Biot numbers (N
Bi

=internal resistance to heat transfer/

external resistance to heat transfer). If N
Bi

<0.1, heat trans-

fer is governed by external resistance; if 0.1<N
Bi

<40, heat

transfer is governed by both external and internal resis-

tance; and if N
Bi

>40, heat transfer is governed by internal

resistance (Batty and Folkman, 1983). In particular, when

governed by internal resistance, the object size is signifi-

cantly large like in regular TTI mounted packages. Inci-

dentally, thermal properties such as conductivity, heat

capacity, density, and heat transfer coefficient between an

object and ambient air also influence internal resistance.

If there are significant differences between the tempera-

tures that a TTI and food experience due to factors of

internal resistance, food quality would be incorrectly pre-

dicted from the TTI.

Predictions of temperature change with respect to time

and location under unsteady state conditions are usually

resolved by numerical methods rather than analytical

methods (Nicolai et al., 2001). The finite element method

(FEM) is a commonly used technique that can manage

irregular geometries, analyze non-homogeneous and non-

isotropic food products, and is generally more accurate

(Pandit and Prasad, 2003; Puri and Anantheswaran,

1993). FEM was initially applied in the stress analysis of

complicated constructions, and then evolved to versatile

solutions for fluid and solid mechanics, and heat and

mass transfer. Particularly in food areas, FEM can pro-

vide successful solutions for cooking, cooling, thawing,

microwave heating, etc (Wang and Sun, 2002a). Chen et

al. (1993) and Pandit and Prasad (2003) predicted the

temperature distribution of potatoes during microwave

heating by using FEM. Wang and Sun (2002b) used FEM

to evaluate the performance of slow air, air blast, and

water immersion cooling methods for various sizes of

meat. Santos et al. (2010) found the optimum heating

conditions for minimizing E. coli O157:H7 levels in sau-

sage by simulating the temperature of sausage during

heating using FEM. FEM has been widely applied to the

freezing of beef (Sun and Zhu, 1999), frying of sweet

potato (Farinu and Baik, 2008), drying of carrots (Aversa

et al., 2007), thawing of model food substances (Abdalla

et al., 1985), and the distribution and storage of grain (Jia

et al., 2000). Overall, FEM provides practical numerical

solutions for heat transfer related subjects.

In this study, we attempted to analyze possible differ-

ences in temperature between TTIs and food packages

during storage. The temperatures were mathematically

simulated by FEM under conditions of different food

package sizes and TTI locations on packages, as well as

dynamic ambient air temperatures. Temperature response

times were also used to examine temperature discrepan-

cies. A fictitious food and an enzymatic TTI based on a

lipase-triglyceride mixture (Yoon et al., 1994) were used.

The thermal properties of the food and TTI were calcu-

lated using empirical equations (Choi and Okos, 1985).

Materials and Methods

It was assumed that the fictitious TTI and food package

systems would be exposed to ambient air and the surface

put at the bottom insulated. Temperature distributions

were calculated with FEM throughout the system accord-

ing to storage time. The examined temperature spots in

the food package (a fictitious beef) are shown in Fig. 1.

TTIs (fictitious TTI referenced from Yoon et al. (1994))

were located in various places on the food package as

shown in Fig. 2.



Temperature Distribution of TTI Labeled Beef Packages 33

Determination of thermal properties of the materials

The thermal properties of the beef, such as heat capac-

ity, density, and heat conductivity, were estimated from

relevant equations (Table 2) using its chemical composi-

tion (Table 1). The thermal properties of the TTI were

calculated in the same manner using its chemical compo-

sition (Table 1). In the lipase-triglycerides system, the

mixture was composed of buffer (assumed as water), sub-

strate (as a fat), antifreeze agent (as a mixture of fat and

carbohydrate), pH-indicator mixture (as water), and

emulsifier (as a fat). For the thermal conductivity, there

were two types of arrangements of the mixture foods:

parallel and series. The series was adopted because beef

Fig. 1. Measured locations on beef package. M, middle; B,

bottom; C, corner surface; h, variable size of beef pack-

age (thickness).

Fig. 2. Locations of TTIs mounted on beef package. A, top

view; B, side view. 1, corner surface; 2, center side; 3,

center; 4, middle.

Table 1. Composition of TTI and beef

TTI Amount1) Beef Amount2)

Buffer 15 g Water 70.2 g

Substrate (olive oil) 18.3 g Protein 20.7 g

Antifreeze agent (glycerol

18.9 g, sorbitol 45.8 g)

64.7 g Fat 7.26 g

pH-indicator mixture 12.1 g Ash 1.04 g

Emulsifier 0.5 g

1)Referenced from Yoon et al. (1994).
2)Referenced from nutritional website http://www.calorie-counter.

net/beef-calories/beef-sirloin.htm

Table 2. Thermal properties of components of beef and TTI as functions of temperature

Component Equation

Density

Carbohydrate

Ash

Fat

Protein

Water

Specific heat

Carbohydrate

Ash

Fat

Protein

Water

Thermal conductivity

Carbohydrate

Ash

Fat

Protein

Water

Volume fraction

Units: ρ (kg/m3), Cp (kJ/kgoC), k (W/moC), T (oC)
1)Mass fractions

ρ
1

wi
 1)

ρi

--------∑

--------------=

ρ 1.5991 103⋅ 0.31046 T⋅–=

ρ 2.4238 103⋅ 0.28063 T⋅–=

ρ 9.2559 103⋅ 0.41757 T⋅–=

ρ 1.3299 103⋅ 0.51840 T⋅–=

ρ 997.18 3.1439+ 10 3– T⋅ ⋅ 3.7574 10 3– T⋅ ⋅–=

Cp Cpiwi∑=

Cp 1.5488 1.9625+ 10 3– T⋅ ⋅ 5.9399– 10 6– T2⋅ ⋅=

Cp 1.0926 1.8896+ 10 3– T⋅ ⋅ 3.6817– 10 6– T2⋅ ⋅=

Cp 1.9842 1.4733+ 10 3– T⋅ ⋅ 4.8008– 10 6– T2⋅ ⋅=

Cp 2.0082 1.2089+ 10 3– T⋅ ⋅ 1.3129– 10 6– T2⋅ ⋅=

Cp 4.1762 9.0864– 10 3– T⋅ ⋅ 5.4731– 10 6– T2⋅ ⋅=

k
1

Σi 1=
N Øi

ki

-----

-----------------=

k 0.20141 1.3874+ 10 3– T⋅ ⋅ 4.3312– 10 6– T2⋅ ⋅=

k 0.32962 1.4011+ 10 3– T⋅ ⋅ 2.9069– 10 6– T2⋅ ⋅=

k 0.18071 2.7604+ 10 3– T⋅ ⋅ 4.3312– 10 6– T2⋅ ⋅=

k 0.17881 1.1958+ 10 3– T⋅ ⋅ 2.7178– 10 6– T2⋅ ⋅=

k 0.57109 1.7625+ 10 3– T⋅ ⋅ 6.7036– 10 6– T2⋅ ⋅=

Øi

wi ρi⁄

wi ρi⁄( )∑
----------------------=
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is a mixture of many dispersed components, and there-

fore, is close to configuration in series (Neethirajan et al.,

2009).

Numerical analysis

The numerical analysis was executed by ANSYS (10.0,

ANSYS Inc., USA) and the conditions are shown in

Table 3. The procedure was to first build model, set load,

and finally solve and analyze.

In Table 3, the initial temperature conditions of the beef

and TTI were assumed to be 0oC the same. The bottom of

the beef was assumed to be insulated, and the surface of

the beef with an attached TTI was assumed to be in natu-

ral convection heat transfer mode with a convective heat

transfer coefficient of 17 W/m2·K. The heat transfer resis-

tance in the interface of the TTI and beef, i.e., a packag-

ing film, was neglected.

Simulations were performed for three cases: different

locations of TTIs on the beef, different thicknesses of

beef, and non-isothermal conditions of ambient air. The

TTIs were mounted in four different locations on the beef

(Fig. 2). The size of the beef was assumed to be 10 cm by

10 cm in length and width, and with various thicknesses

of 1.5, 3, and 5 cm. The TTI size was fixed as that of a

regular commercial TTI (CheckPoint TTI by the VIT-

SAB Company, Sweden) with 2, 2, and 0.2 cm for length,

Table 3. Steps of ANSYS program for simulation

Analysis phases Given conditions

Building model

Element type

Real constants

Material properties1)

Modeling

Meshing

SOLID70 representing a brick type was chosen for beef and TTI; contact manager was

used to analyze surface-to-surface. 

The same real constants on the interface were shared by TTI and beef.

The thermal properties such as density, specific heat, and thermal conductivity in Table 2

for TTI and beef were used.

Finite slab model was adopted for beef and TTI, and TTI was mounted on beef as shown

in Fig. 2. 

Mapped meshing was used for individual volumes.

Solution

Analysis type

Define loads

Solve

It was confined to transient heat transfer2).

The boundary conditions such as initial temperatures of beef and TTI, time step size

according to steady and dynamic profile3), ambient air temperature and convective heat

transfer coefficient4)

-

Post processor Temperature distributions throughout the nodes according to storage times

1)Isotropic
2)This means unsteady heat transfer mode.
3)Time step size = β (ρc∆x/h), 0.1≤β≤0.5 (NBi>1). ρ, average density; h, heat transfer coefficient; c, specific heat; ∆x, average size of element.
4)Air temperatures are set for static condition or dynamic conditions (Fig. 3), respectively.

Fig. 3. Time-temperature profiles under dynamic condition. A, case I; B, case II; C, case III; D, case IV.
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width, and thickness, respectively. The non-isothermal air

conditions were set as the profiles in Fig. 3, reflecting

four possible storage conditions. Case I and II represented

several paths during transportation, which involved more

frequent temperature fluctuations. Case III and IV repre-

sented paths during storage, involving less frequent fluc-

tuations (Park et al., 2009). Also, by cases II and IV, we

intended to observe the effects of the temperature ampli-

tudes. Meanwhile, the simulations for the different TTI

locations on the beef and different beef thicknesses were

under isothermal air conditions at 25oC.

Determination of response time

There are several performance factors for sensors: sen-

sitivity, range, resolution, and response time. In particular,

response time is influenced by heat transfer according to

the size and configuration of the sensors and target mate-

rials, representing a time delay before reaching a set tem-

perature (Alabbas et al., 1996). There are several ways to

define response time, but here, response time was defined

as the time taken to reach 70% of the total temperature

range from the initial temperature 0oC to the final temper-

ature equivalent to ambient air temperature 25oC (Dats-

kos and Lavrik, 2004).

Results and Discussion

For each case of various beef package size, the contours

of temperature distribution, which were calculated using

FEM. In conditions such as same ambient air tempera-

ture, the temperature of the beef package differs depend-

ing on its size at the same time. More quantitative results

are as follows.

Effects of TTI locations mounted on package

Fig. 4 shows temperature changes with time according

to TTI locations on the beef. The locations on the three

dimensional X, Y, Z-coordinates were (8 cm, 3 cm, 8

cm), (4 cm, 3 cm, 8 cm), (4 cm, 3 cm, 4 cm), and (7 cm,

3 cm, 6 cm) for the surfaces at the corner surface (1 in

Fig. 2), center side (2), center (3), and middle (4), respec-

tively. There were only small differences between the

locations of around 0.1oC. This indicates that the presence

of the beef, which has not uniform temperature distribu-

tion throughout the body in unsteady state, might not

influence the TTI temperature changes because the two

materials have different thermal properties, particularly a

lower heat capacity for the TTI as well as a much smaller

size compared to the beef. Consequently, the TTI internal

resistance to heat transfer is negligible so that the convec-

tive heat transfer with the ambient air becomes dominant

(Batty and Folkman, 1983).

If the TTI has similar thermal properties to the beef, the

center would have a lower temperature change than the

corner surface. Still this reasoning supports that the TTI

seems to be independent of the beef in terms of response

time, although the TTI was attached to the beef, resulting

in little efficacy by TTI location on the beef in terms of

response time. Therefore, when packaging with a TTI,

the TTI does not have to be fixed at a certain location.

Effects of package size under isothermal conditions

The fastest temperature change with time occurred at

the corner surface for all beef thickness conditions, fol-

lowed by the middle and bottom parts in increasing order

(Fig. 5). Response time was read as the time to reach

17.5oC. The TTIs had response times of 5.05, 9.3, and

13.56 min, much shorter than those of the corner surface,

e.g., 13.3 min for the 1.5 cm beef thickness. This is

because the TTIs were much smaller in size and lower in

heat capacity than the beef, and therefore, temperature

responses were faster. Regarding the effects of location,

the times taken to reach 17.5oC for the 1.5 cm thick beef

were 13.3, 19.3, and 19.7 min for the corner surface, mid-

dle, and bottom, respectively. This indicates that the heat

transfer is lower at the more inner locations (Wang and

Sun, 2002a; Wang and Sun, 2002b). For the 3 cm-thick

beef, they were 20.4, 32, and 32.5 min, respectivly, and

for the 5 cm-thick beef, they were 26.66, 42.7, and 43.8

min, respectivley. According to this, the heat transfer rate

increased with beef thickness, because the internal heat

resistance through the beef increased with thickness.

Fig. 4. Plots of temperature vs. time for TTIs mounted on

different locations of beef package. ---, location 1; ◆,

location 2; —, location 3; ×, location 4.
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Effects of package size under dynamic temperature

conditions

The beef with thicknesses of 1.5, 3, and 5 cm and a TTI

attached at the center surface were mathematically simu-

lated for temperature distribution under non-isothermal

storage conditions (Fig. 3). The possible combinations of

the conditions were as many as 12 (3 thickness × 4 non-

isothermal conditions = 12), thus the few with significant

differences were selected in the following manner. The

small and large beef thicknesses (1.5 cm, 5 cm) were

matched with case II [big amplitude and short interval

(0oC-25oC, 1 h)] and case III [small amplitude and long

interval (0oC-5oC, 6 h)], respectively. Case II may affect

beef quality more due to higher temperature fluctuations,

whereas case III would have less change in temperature.

In case II for the 1.5 cm thick beef, after 20 min at

25oC, temperature responses were quick in the order of

TTI, corner surface, middle, and bottom parts of the beef,

reaching 24.8, 20.5, 17.8, and 17.4oC, respectively (Fig.

6). In case II of the 5 cm-thick beef, the magnitudes of

temperature change among the parts were in the same

order as for the 1.5 cm-thick beef. However, the tempera-

ture response gaps became larger for the three parts of

beef, reaching 15.3, 9.3, and 8.9oC after 20 min at 25oC,

respectively. Overall, the temperature changed at a lower

rate when compared to the 1.5 cm-thick beef.

In case II for the 1.5 cm-thick beef, after 60 min at 25oC

and 20 min at 15oC, consecutively, temperature responses

were quick in the order of TTI, corner surface, middle,

and bottom parts of the beef, reaching 15.1, 16.7, 17.7,

and 17.8oC, respectively. Case II of the 5 cm-thick beef

showed the same tendency as that of the 1.5 cm-thick beef

for temperature response order among the parts. However,

changes in overall temperature were slower than those of

the 1.5 cm-thick beef.

In case II for the 1.5 cm-thick beef, after 60 min at 25oC,

60 min at 15oC, and 60 min at 0oC, consecutively, the TTI

and the corner surface, middle, and bottom parts of the

beef reach 0oC, whereas in the same situation for the 5

cm-thick beef the TTI reached 0oC, but the beef did not

reach 0oC, with temperatures of 1.3, 2.6, and 2.7oC,

respectively. 

As the size of the beef package became larger, the TTI

showed delayed temperature responses. This is because

the temperature of the beef influenced that of the attached

TTI. However, it should be reiterated that the reason why

there was no difference in TTI temperature for the differ-

ent TTI locations was that the TTI is independent of the

beef. Compromising these two understandings that there

is dependency between the TTI and beef in terms of heat

transfer, the TTI should be governed more by the beef in

terms of different sized beef than different TTI locations

on the same sized beef.

In case III for the 1.5 cm-thick beef, after 6 h at 2, 4, 6,

and 0oC, respectively, the temperatures reached each tar-

get temperature earlier, in the order of TTI, corner sur-

face, middle, and bottom parts of the beef. Even the 5

cm-thick beef reached target temperatures in an interme-

diate length of time because the time intervals were long

enough. As compared to case II, the differences in tem-

Fig. 5. Plots of temperature vs. time for variable locations on

different sized beef packages and TTI mounted on the

corner surface under isothermal air conditions at

25oC. A, h=1.5 cm (case II); B, h=5 cm (case II); C,

h=1.5 cm (case III); D, h=5 cm (case III). ---, TTI; ······,

corner surface; —, middle; ◆, bottom.
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perature between the TTIs and several beef parts were

less significant in case III, because the storage conditions

were less dynamic in terms of temperature schedule with

respect to time.

Consequently, it was found that larger sized beef is

slower in temperature response to ambient air tempera-

ture. Moreover, various non-isothermal storage condi-

tions result in different temperature responses for TTIs

and various parts of beef. For all different sizes of beef,

the TTI responded faster than the various parts of the

beef, although there was a slight difference in the TTI for

different sizes of beef.

TTIs are successful indicators for intelligent food pack-

ages, indicating food quality by color changes during

storage. In this study, some possible differences between

the temperatures as experienced by TTIs and beef pack-

ages with TTIs attached were mathematically analyzed.

The results showed that TTI could be placed anywhere

outside the packages for there were no differences in tem-

perature throughout the package surface. When the slab

packages were thicker under more temperature abuse

conditions, the temperature histories that the TTI and the

packaged food experienced were more different. Accord-

ingly, smaller packages could be fitter for TTI applica-

tions than bigger ones. If a relatively big package needs

to be used, the strict control of cold-chain would be

required with temperature abuse avoided. If the packages

are filed up during storage or distribution, each of them

should have its own TTI attached to make the tempera-

ture histories of TTI and the individual packages the same.

Through this study, it was convinced that the thermo-

physical properties and geometrical conditions of pack-

ages including TTI and packaged food should be as

important as the kinetics aspects of TTI and food reac-

tions involved which had traditionally been studied. Such

consideration would contribute to determine a tolerable

condition for TTI use such as the package size, the food

composition, the magnitude of temperature fluctuation of

ambient air, etc.
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