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The growth of Escherichia coli in a food simulant during conduction
cooling: combining engineering and microbiological modelling
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Abstract

Several studies have been conducted over the last decade to accumulate data on the growth of food-borne bacteria as a function of
di!erent environmental variables, such as temperature or pH. It has been demonstrated that such data can be used to predict bacterial
growth in food products, both under conditions of constant and #uctuating temperatures. The purpose of the present study was to
combine bacterial growth modelling with a heat transfer model describing the spatial temperature changes within a solid object, and
to validate the model experimentally. Firstly, experimental growth data were attained for Escherichia coli W3110 immobilised in agar
at "xed temperatures. Growth data were then "tted using predictive microbial models to represent growth in lag, exponential and
stationary phases. When compared to growth in liquid cultures, similar values were found for maximum exponential growth rate.
Next, experiments were conducted whereby a 9 l vessel was "lled with agar inoculated with E.coli and conduction cooled in a water
bath. A "nite di!erence scheme was used to model heat transfer from the vessel, and bacterial growth was consequently modelled as
a function of temperature inside the vessel. Experimental results for bacterial growth showed good agreement with theory. The results
show that it is feasible to combine engineering and microbial models. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Incidences of food-borne illnesses are a problem of
growing international concern. In the United Kingdom,
for example, the number of incidences of food poisoning
has increased almost 10-fold between 1977 and 1997, to
94,000 cases (Communicable Disease Surveillance
Centre, Public Health Laboratory Service, 1998). The
bulk of these cases was attributed to meat, poultry, eggs
and red meat products (Adams & Moss, 1995). Strains of
Escherichia coli were "rst recognised as a cause of gastro-
enteritis in the early 1940s, and more recently, owing to
a number of fatal outbreaks, E.coli 0157:H7 (a parti-
cularly virulent strain) has become well established as
a food-borne pathogen (Jay, 1996).

Advances in techniques for the development and ap-
plication of mathematical models to predict the growth
of micro-organisms in foods have resulted in the emerg-
ence of a new discipline called predictive microbiology
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(Skinner, Larkin & Rhodehamel, 1994). Typically,
a two-step approach has been used in this type of model-
ling. In the "rst, curves are "tted to data derived experi-
mentally, whilst in the second, kinetic parameters derived
from the curve-"tting procedure have been modelled
with respect to the di!erent environmental variables tes-
ted (such as pH, a

8
, temperature) (McClure et al., 1994a).

There are a number of examples in the literature describ-
ing the application of these models to bacterial growth
data (e.g. Buchanan, Bagi, Goins & Philips, 1993;
McClure, Cole & Davies, 1994b). The potential bene"ts
of predictive microbiology to the food industries have
been outlined in a number of studies. For example, by
mathematically modelling the growth of bacteria, it has
been shown possible to obtain a reasonably good estima-
tion of the shelf-life of "sh products (McMeekin, Ross
& Olley, 1992; Dalgaard, 1995), dairy products (Gri$ths,
1994), and also to be able to predict the growth of the
pathogen E.coli 0157:H7 in raw ground beef (Walls
& Scott, 1996). However, as pointed out by Zwietering,
de Wit and Notermans (1996), predictive microbiology
will only estimate bacterial growth to within orders of
magnitude. Such modelling, although useful in enabling

0009-2509/00/$ - see front matter ( 2000 Elsevier Science Ltd. All rights reserved.
PII: S 0 0 0 9 - 2 5 0 9 ( 0 0 ) 0 0 1 7 8 - 0



one to detect hazards during product handling and stor-
age, is not able to provide accurate information on the
changes in microbial #ora in food products.

Mathematical modelling of bacterial growth has been
extended to enable prediction of the increase in bacterial
numbers when they are exposed to #uctuating temper-
atures. This typically involves the use of some temper-
ature function that describes bacterial growth rate (and
sometimes lag time as well) in terms of temperature.
Di!erential expressions for bacterial growth as a function
of time and temperature can be numerically integrated
over the course of an experiment using the temperature
function to vary growth parameters. In spite of the
fact that the models available in the literature for integ-
rating bacterial growth vary greatly in their degree of
complexity, there are several reports of such modelling
showing good agreement with experimental data
(Mitchell, Brocklehurst, Parker & Smith, 1994;
Zwietering, de Wit, Cuppers & van't Riet, 1994; Baranyi,
Robinson, Kaloti & Mackey, 1995). Instances where
experimental data did not agree with modelling were
when temperature #uctuations were either too rapid or
too great in magnitude for bacteria to be able to adapt
physiologically. Such techniques have also been demon-
strated to be e!ective in modelling bacterial growth dur-
ing the chilling of lean beef (Dickson, Siragusa & Wray,
1992), storage of dairy products (Fu, Taoukis & Labuza,
1991) and industrial chilling of meat carcasses (Gill,
1996).

In spite of all the advances made in modelling microbi-
al growth, there are relatively few studies that combine
these developments with heat transfer modelling to de-
scribe the varying temperature pro"le throughout food
products as they are heated or cooled. Some packaged
food products, such as boxed sausages, will have bacteria
growing within the food product, as opposed to freshly
slaughtered meat carcasses where growth is restricted to
the surface (Gill, Friske, Tong & McGinnis, 1994).
Almonacid-Merino and Torres (1993) combined numeric
modelling of the heat transfer equations with a microbial
growth model to predict the shelf-life of refrigerated solid
foods undergoing temperature abuse. However, that
study was limited to purely mathematical modelling. In
an engineering sense, it is critical to combine prediction
of the growth of bacteria within foods with the prediction
of temperature in the process. It is not clear however if
the variation in temperature seen during processing is
su$ciently rapid to invalidate the models. Predictive
microbial equations are essentially correlations, a con-
cept familiar to chemical engineers. A soundly based
correlation (for example, the van der Waals equation)
enables experimental data to be modelled using the
smallest number of parameters. Predictive microbiology
seeks similar approaches: a model which represents real-
ity in as simple a way as possible, using as few adjustable
parameters as possible.

The purpose of this study is to determine whether
predictive microbiology can be combined with heat
transfer modelling. E.coli W3110 has been used as
a model bacterium. This is an important food poisoning
organism; the strain used here is non-pathogenic, but is
physiologically similar to the pathogenic strains. Experi-
ments used agar inoculated with bacteria within a glass
vessel, which was then cooled by conduction in a water
bath. Experimental results for bacterial growth have been
compared to mathematical models of that growth.

2. Mathematical modelling

2.1. Modelling microbial growth

Traditionally, in food microbiological studies, bacter-
ial growth is represented by a plot of the logarithm of cell
numbers against time and "tted using a sigmoidal func-
tion such as Gompertz or logistic (Gibson, Bratchell
& Roberts, 1988; Zwietering, Jongenburger, Rombouts
& van't Riet, 1990). This study used the model of Baranyi
et al. (1995) to "t experimental data for the growth of
E.coli when grown at a constant temperature. This model
uses a more mechanistic basis for the description of
bacterial growth and has been shown to provide a su-
perior "t to experimental data for bacterial growth when
compared to the commonly used sigmoidal functions
(Baranyi, Roberts & McClure, 1993; Baranyi et al., 1995).
In this model, it is assumed that the speci"c growth rate
during the lag phase is controlled by the per cell quantity
of a substance, P(t). After inoculation, a constant speci"c
growth rate (v) is assumed for the growth of this sub-
stance:

d

dt
P"vP. (1)

Furthermore, it is assumed that P(t) controls growth rate
according to Michaelis}Menten-type kinetics (see
Eq. (2)). During exponential growth, the quantity of this
critical substance will have increased to a point where it
is no longer limiting. To describe the transition from
exponential to stationary phase, a logistic-type limiting
function (1!OD/OD

MAX
) is applied to reduce growth

rate. These factors can be assembled into a single equa-
tion to describe the increase in bacterial optical density:

d

dt
OD"k(¹)

P

K
P
#P A1!

OD

OD
MAX
BOD, (2)

where OD is the optical density at time t, OD
MAX

is the
maximum optical density attained in the stationary
phase, k is the maximum exponential growth rate and
K

P
is a Michaelis}Menten-type constant. As an initial

condition, OD
0

is the optical density before growth
starts; this refers to bacterial amount, as the background
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has been subtracted. The parameter q(t) is used to charac-
terise the physiological state of the culture:

q(t)"
P(t)

K
P

. (3)

Eqs. (1) and (2) can hence be rewritten as follows:

d

dt
q"vq, (4)

d

dt
OD"k(¹)

q

1#q A1!
OD

OD
MAX
BOD. (5)

The parameter v a!ects the curvature from lag to mid-
exponential phase. It is assumed that the critical
substance will grow at the same rate as cells in the
exponential phase, i.e. v"k. The solution of the above
system of equations is as follows (see Baranyi et al., 1993):

y(t)!y
0
"kA(t)!lnA1#

ekA(t)!1

eyMAX~y0 B, (6)

where y(t)"lnOD, y
0
"lnOD

0
, y

MAX
"ln OD

MAX
. The

variable A(t) is

A(t)"t#
1

k
ln(e~kt#e~h0!e~kt~h0 ). (7)

The parameter h
0

is the product of k and the lag time.
These two parameters can be "tted to experimental data
for bacterial growth. Experiments can be performed at
di!erent temperatures under otherwise identical condi-
tions, and for each temperature, a best "t value for h

0
and

k found. In the experiments described here, a mean value
of h

0
was taken because h

0
, unlike k, was not found to

vary much with temperature, and a new best "t value for
k determined using this h

0
value at each temperature.

The model, as originally presented in the literature
(Baranyi et al., 1995), was intended to model the increase
in bacterial numbers rather than suspension optical den-
sity. For Eq. (6) to continue to be able to provide a good
description of bacterial growth, the relationship between
optical density and bacterial cell numbers should be
approximately linear; something which has been demon-
strated to be true for optical densities of around 1.0 or
less (Begot, Desnier, Daudin, Labadie & Lebert, 1996)
which is the case here.

2.2. Predicting growth at changing temperatures

Using the data obtained for k from static temperature
experiments, it is necessary to "t them to an equation
describing k as a function of temperature. Traditionally,
many studies have used a simple Arrhenius-based model
(or some modi"cation of it), where growth rate increases
exponentially with temperature (Skinner et al., 1994).

Daughtry, Davey and King (1994) demonstrated that it
was possible to modify this model such that it gives an
extremely good "t to experimental data. Ratkowsky,
Olley, McMeekin and Ball (1982) proposed a linear rela-
tionship between the square root of the growth rate and
temperature (¹) of the following form:

Jk"b(¹!¹
0
), (8)

where b is the regression coe$cient and ¹
0

is the temper-
ature value which is an intrinsic property of the bacteria
being tested and is "tted to experimental data. This
relationship was found to apply to 43 strains of bacteria
up to their optimal growth temperatures. A number of
other studies have since demonstrated that Eq. (8) pro-
vides an excellent "t to experimental data (Adams, Little
& Easter, 1991; Baranyi et al., 1995; Li & Torres, 1993).
There are also more complicated functions available in
the literature which give an accurate description of bac-
terial growth at temperatures both above and below the
optimum (Baranyi et al., 1996; Ratkowsky, Lowry,
McMeekin, Stokes & Chandler, 1983; Zwietering, de
Koos, Hasenack, de Wit & van't Riet, 1991). However,
the relatively simple approach outlined here may be
adequate for the description of growth as bacteria are
exposed to a range of di!erent changing temperatures.
Beyond the optimal growth temperature, growth rate
decreases slowly for a few degrees Celsius and then rap-
idly declines. Hence, in the following study, Eq. (8) will be
used to describe bacterial growth up to a certain temper-
ature (¹

L
) after which the following relationship will be

used:

k"constant, ¹'¹
L.

. (9)

Beyond ¹
L

(which is found by experiment) the growth
rate will rapidly drop to zero. However, such high tem-
peratures were not used here.

To predict bacterial growth under conditions of
changing temperatures using the model of Baranyi et al.
(1995) requires the numerical computation of Eqs. (4) and
(5) with the following initial values:

OD(t"0)"OD
0
, (10)

q(t"0)"
1

eh0!1
. (11)

The above initial value problem (Eqs. (4), (5), (10) and
(11)) can be integrated with respect to time using Eqs. (8)
and (9) to give a value for k(¹) as ¹ varies as a function of
time.

2.3. Modelling temperature change in the vessel

The temperature pro"le in the vessel of Fig. 1 can be
predicted from the unsteady-state heat conduction equa-
tion. For a cylinder, the change in temperature in the
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Fig. 1. Schematic outline of the vessel "lled with agar as used in the
vessel cooling experiments.

vessel over time can be described using (Coulson
& Richardson, 1990)

L¹
Lt

"a C
1

r

L
LrAr

L¹
Lr B#

L2¹
Lz2 D, (12)

where a is the thermal di!usivity, and r and z are the
radial and axial co-ordinates, respectively. Appropriate
boundary conditions and physical properties are needed.
In the experimental work, described in the next section,
the sides and base (z"0) of the vessel are exposed to
water. The top of the vessel was covered with a glass lid,
however, with some air being trapped between the lid
and agar surface. As the agar used is more than 95%
water, a value for a the same as that for water
(1.45]10~7 m2 s~1) will be used (Bellara et al., 1999).
The borosilicate glass that the vessel was made from has
a value of a of 6.3]10~7 m2 s~1 (Perry & Green, 1984).
Eq. (12) was solved using a "nite di!erence scheme using
the boundary conditions described below. For heat
transfer within a cylindrical object, the following bound-
ary conditions are commonly used:

at r"0,
L¹
Lr

"0 (13)

and

at r"R
T
, z"0, q

H
"h(¹

-*26*$
!¹

463&!#%
), (14)

where Eq. (14) describes the interfacial heat transfer be-
tween the surface and surroundings. In this equation,
q
H

is the heat #ux between the surface of the vessel
(at temperature ¹

463&!#%
) and liquid temperature (at

temperature ¹
-*26*$

), h is the local heat transfer coe$cient
and R

T
is the external radius of the vessel. In the present

study, cooling is provided by water undergoing forced
circulation, so that the cooling rate is controlled by
internal conduction and does not depend on the heat

transfer coe$cient (i.e. the value of h is high). There-
fore, the following approximation was used, which has
been proven to be valid in another study (Bellara et al.,
1999):

at r"R, z"0, ¹
-*26*$

"¹
463&!#%

. (15)

The agar surface is exposed to entrapped air, and as the
heat capacity of air is small relative to that of water, it can
be assumed that no heat transfer occurs this boundary.
Hence, the following boundary condition was used at this
point (where H is the height of the agar in the vessel):

at z"H,
L¹
Lz

"0. (16)

3. Materials and methods

3.1. Organism and growth conditions

Escherichia coli W3110 was maintained at !803C on
synthetic medium supplemented with 20% v/v glycerol.
Cultures of E.coli for growth experiments were prepared
as follows: 10 ml of all purpose tryptone (APT) broth
(Becton Dickinson and Company, Franklin Lakes, New
Jersey, USA) was inoculated with a single loopful of
bacterial culture taken from an APT agar (Becton
Dickinson and Company) slope and incubated for 6 h at
373C. One ml of this culture was then used to inoculate
100 ml of fresh APT broth and incubated for a further
22 h on a shaking platform at 373C.

3.2. Static temperature experiments

Growth experiments at static temperatures were per-
formed both in APT broth and APT agar. In both
instances, bacterial culture was diluted 1 : 50, either in
broth which was pre-chilled/heated to the experimental
temperature or in molten APT agar at 413C. In the
instance of the liquid culture experiments, bacterial cul-
tures were placed on a shaking platform (either in an
incubator or water bath) and samples were removed
periodically and measured for optical density at 600 nm
using a spectrophotometer (Cecil Instruments, Cam-
bridge, UK). If suspension optical density was greater
than 1.0, it was diluted to a value less than that. Optical
density values (for liquid culture work) are presented as
the product of the measured optical density and dilution
factor. Experiments with agar were performed by adding
3 ml of the bacterial culture that had been diluted into
APT agar into glass cuvettes (3.5 ml working volume,
light path of 10 mm) and subsequently allowing the agar
to solidify. The cuvettes were then incubated at the test
temperature and periodically removed so as to measure
optical density (at 600 nm).
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Fig. 2. Temperature change in a glass vessel at r/R"0.5 when cooling
at 53C.

3.3. Vessel cooling experiments

Cooling experiments were performed using a 9 l vol-
ume glass cylindrical vessel, with a wall thickness of
3.0 mm and internal diameter of 0.229 m. A diagram of
the vessel is shown in Fig. 1. The vessel was "lled with
4.5 l molten agar (1.2 wt% solution) and left overnight to
solidify. Glass cuvettes (3.5 ml working volume, light
path of 10 mm) were placed on top of the solidi"ed agar
at "ve di!erent radial points from the centre of the vessel.
More molten agar was then poured into the vessel
(around the cuvettes) until it almost reached the brim of
the cuvettes and was subsequently allowed to solidify.
The cuvettes were thus embedded into a solidi"ed agar
cylinder. The vessel was then left overnight in a water
bath to allow the temperature of the agar to reach a uni-
form value of 413C. The part of the cuvette through
which the spectrophotometric beam would pass through
(when analysed later on) was positioned in the vessel such
that it is at a height of z"0.625H, where H is the total
height of the agar in the vessel (0.20 m). Bacterial culture
was diluted 1 : 50 into 2.4 l molten APT agar (temper-
ature in the range 41}423C) and poured into the vessel
over the pre-solidi"ed agar ("lling the cuvettes in the
process). The vessel was then immediately placed in a cir-
culated cooling water bath and covered with a glass lid
for 12 h. Initially, the bacteria-inoculated APT agar is in
a liquid state. Ordinarily, when cooling or heating
liquids, di!erences in temperatures within a #uid give rise
to density di!erences and hence convection forces which
serve to enhance heat transfer throughout the #uid me-
dium (Raithby & Hollands, 1998). In this study, model-
ling convection e!ects was not necessary as the
temperature of the molten agar was just above the tem-
perature at which it solidi"es. Hence, as the agar cools it
solidi"es, and a more turbid (solid) ring or agar could be
observed moving inwards towards the centre of the
vessel. After cooling, the cuvettes were removed and their
optical density measured. All experiments were per-
formed in duplicate and the results proved to be repro-
ducible.

3.4. Heat transfer model and validation

Heat transfer in the vessel of Fig. 1 was modelled using
a "nite di!erence solution of Eq. (12) with the physical
property data noted above and the boundary conditions
of Eqs. (13), (15) and (16). The temperature pro"le thus
predicted was then used to calculate the microbial
growth rates at the radii and height of each of the sample
cuvettes.

To demonstrate that heat transfer from the vessel is
accurately described by the use of this model, an agar-
"lled vessel was made as described above (but unin-
oculated with bacteria). A type K thermocouple (RS
Components Ltd.) was placed in the centre of a cuvette at

a radial distance of r/R"0.5 from the centre. Temper-
ature change was monitored as the vessel was cooled at
53C and the results compared to mathematical modelling.

4. Results and discussion

4.1. Validation of heat transfer modelling

Heat transfer from the vessel was modelled using
Eq. (12). Experimental validation of this model can be
seen in Fig. 2 for the temperature pro"le at a distance
r/R"0.5. It can be seen that good agreement between
theoretical and experimental results was obtained, with
experimental values di!ering from the model by less than
$13C in all instances. This demonstrates that the pres-
ent heat transfer model, in which the external heat trans-
fer is assumed to be non-controlling and a for agar to be
the same as that for water, is suitable for describing
temperature change in the vessel.

4.2. Growth at static temperatures

Experiments were conducted at constant temperatures
in both liquid broth and solid agar. Typical results for
bacterial growth can be seen in Fig. 3 at a "xed temper-
ature of 303C. In both cases, the expected sigmoidal
growth pro"les were observed. Curves were "tted using
the model described in Eqs. (6) and (7). An approximately
three-fold higher OD

MAX
was observed for growth in

liquid culture. This was believed to be because fermenta-
tion with agar will, at some stage, switch from aerobic to
anaerobic as oxygen becomes depleted within the im-
mediate vicinity of bacterial colonies. This will result in
the production of organic acids due to anaerobic fermen-
tation of glucose which will consequently inhibit bacter-
ial growth (Robinson, Wimpenny & Earshaw, 1991;
Wimpenny et al., 1995).
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Fig. 3. Growth of E.coli at a static temperature of 303C: (a) in liquid
broth and (b) in agar.

Fig. 4. Maximum exponential growth rates of E.coli as a function of
temperature, both in agar and liquid broth. Values extracted from
experimental data using the model described by Eqs. (6) and (7).

Static temperature data from liquid broth and agar
experiments were "tted to the model of Baranyi et al.
(1995) and the maximum exponential growth rates (k)
evaluated. Cells in large bacterial colonies embedded in
agar will not have the same light scatter properties as
freely dispersed cells in liquid culture. However, it has
been demonstrated that, for the former, OD is propor-
tional to cell biomass (within limits), for mixtures of both
single cells and bacterial chains (Rattanasomboon et al.,
1999). Hence over the "rst two or three cell divisions,
which are the most important in the instance of growth in
agar, OD increases can be assumed to be proportional to
cell biomass. Maximum exponential growth rates were
extracted from a regression "t of the model of Baranyi et
al. (1995) (see Eqs. (6) and (7)). These can be seen in
Fig. 4 for both types of growth medium. Values of h

0
of

0.9 and 1.4 were used for liquid- and agar-immobilised
cultures, respectively. These data show no signi"cant
di!erence in the values calculated for di!erent media
(P(0.05). Using data from agar medium, values of ¹

0
of

6.7 and b of 0.044 were used in Eq. (8), up to a temper-
ature of 353C. At 35 and 403C, values of k of 1.4 and
1.2 h~1 were calculated, respectively. Hence, for temper-
ature above 353C, a mean value of 1.3 h~1 was used.
Consistent with other "ndings in the literature (Krist,
Ross & McMeekin, 1998), the OD

MAX
value was found to

be relatively insensitive to temperature and was "xed at
a value of 0.9.

The similarity between k values observed for growth
on liquid and solid medium is not surprising. A number
of studies have compared the generation times observed
for several di!erent food-borne bacteria, including Bro-
chothrix thermosphacta (McClure, Baranyi, Boogard,
Kelly & Roberts, 1993), Yersina enterocolitica (Suther-
land & Bayliss, 1994), Staphylococcus aureus (Sutherland,
Bayliss & Roberts, 1994) and Listeria monocytogenes
(Fernandez, George, Sills & Peck, 1997), in real foods and
liquid media, "nding reasonably good agreement. Instan-
ces where generation times found for certain food prod-
ucts have not agreed well with liquid culture data, such as
eggs or vegetables, can be attributed to the presence of
naturally occurring antimicrobial components in the
food (Jay, 1996; te Gi!el & Zwietering, 1999). The present
study provides additional con"rmation that bacteria can
grow on solid media at as fast a rate as in liquid media.
The maximum cell density reached might be less in solid
media, but in examining bacterial spoilage, the maximum
cell density is not a very important parameter as food is
unacceptable at levels well below this.

4.3. Model simulations

Using the model, some simulations were performed to
describe the growth of E.coli in the vessel when cooled as
described in the experimental section. Data for r/R are
presented at a height of z"0.625H. Fig. 5 shows the
change in temperature and increase in bacterial numbers
(represented by OD/OD

0
) after di!erent cooling times

at 53C. Fig. 5(a) shows that only the region of the
vessel closest to the exterior is chilled relatively quickly.
The e!ect that this has on bacterial growth is shown
in Fig. 5(b). In the outer regions of this vessel, the
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Fig. 5. Model simulation showing (a) temperature and (b) E.coli
growth, in a glass vessel as it is externally cooled at 53C for di!ering
time periods.

Fig. 6. Model simulations showing the e!ect of vessel radius on the
growth of E.coli in a glass vessel after being externally cooled at 53C for
6 h.

Fig. 7. Growth of E.coli in a glass vessel after cooling at 123C for 12 h.

temperatures are such that little growth occurs. However,
after 1 h of cooling, the bacteria are in the exponential
phase of growth across most of the vessel interior. This
length of time is clearly important in the cooling of large
food products. Over the next 3 h, almost an order of
magnitude increase in cell density occurs for parts of the
vessel closest to the interior. Hence, for r/R'0.9, cell
numbers have not even doubled over the cooling process,
whereas for r/R(0.4 cells are very close to maximum
growth rate. Beyond 6 h of cooling there was little (if
any) change in the calculated OD/OD

0
as a function of

r/R; the whole of the material has cooled below the
temperature where growth is signi"cant.

Fig. 6 shows the e!ect of reducing vessel radius on
bacterial growth after 6 h of cooling, keeping all other
dimensions constant. As expected, decreasing vessel size
decreases growth as a consequence of much more rapid
cooling. After 2 h of cooling, the centre of the vessel cools
by 303C for R"0.05 m, whereas for R"0.1145 m, the
centre cools only by 43C. The results show that bacterial
growth is extremely sensitive to vessel radius, the e!ect of
which could (with the appropriate modelling techniques)
play an important part in the design of food packaging
when considering temperature abuse, cooling or other

processes in which microbes might "nd opportunity to
grow.

4.4. Bacterial growth in the vessel when cooled

Model simulations of bacterial growth in vessels were
experimentally validated using E.coli. The vessel was
subjected to three di!erent types of cooling regimes, and
in each case, experimental OD values were compared to
those predicted by model simulations. The results can be
seen in Figs. 7}9 for two di!erent external cooling tem-
peratures (5 and 123C) and one experiment where the
vessel was cooled at 163C for the "rst 3 h, followed by
cooling at 53C. For each graph, there appears to be three
distinct regions: the centre of the vessel, where OD is not
a strong function of cooling temperature, the outside,
where cooling is swift and growth minimal, and the
region of r/R+0.7, where the material spends longer in
the critical growth region for the higher cooling temper-
ature. In all three graphs, excellent agreement can be seen
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Fig. 8. Growth of E.coli in a glass vessel after cooling at 53C for 12 h.

Fig. 9. Growth of E.coli in a glass vessel after cooling at 163C for
3 h followed by cooling at 53C for 9 h.

between experimental and modelling work. The mean
deviation of experimental data from that predicted by
model simulations is only 4%.

Cooling the vessel at 123C results in noticeably greater
bacterial growth than cooling at 53C, particularly at an
r/R value of 0.74. At this point, experimental results show
an OD value of 0.25 when cooling at 53C and 0.50 when
cooling at 123C. The growth of bacteria is highly sensitive
to temperature as demonstrated by Eq. (8), hence it
does not come as any surprise to see this di!erence in
Figs. 7 and 8. It has already been demonstrated by
Almonacid-Merino and Torres (1993), using simulations,
that the shelf-life of foods is highly sensitive to the envir-
onmental temperatures to which they are exposed. The
authors of that study considered that such numeric mod-
elling may be used in industry to decide whether or not to
change conditions such as storage temperatures in distri-
bution facilities.

This study has demonstrated that it is possible to
model the growth of E.coli when the temperature to
which these bacteria are exposed is varied dynamically.
This observation is consistent with others reported in the

literature. Ng, Ingraham and Marr (1962) noticed that
when the environmental temperature to which exponen-
tially growing E.coli were exposed was suddenly
changed, it immediately took on the growth rate asso-
ciated with the new temperature provided temperature
#uctuations were not too great. Gill, Greer and Dilts
(1998) inoculated pork meat with E.coli and exposed it to
#uctuating temperatures. It was found that the growth of
E.coli could be modelled provided temperatures did
not go below 73C. However, this is the "rst study to
experimentally validate bacterial growth modelling in
combination with a heat transfer model of temperature
#uctuations within a solid object.

The results from this study suggest that the combina-
tion of microbiological and heat transfer modelling can
be used to describe bacterial growth in food systems.
However, the application of such modelling to systems as
complex as food products is far from trivial. For example,
the thermal properties of foodstu!s can vary extensively,
both between foods and, due to biological variation be-
tween di!erent samples of the same foods. This can have
a pronounced e!ect on temperature pro"les within foods
(Nicolai & de Baerdemaeker, 1993). However, in spite of
the di$culties, a number of studies have demonstrated
good agreement between modelled and experimental
temperatures during processing of foods. Examples in-
clude the sterilisation of canned "sh meat (Banga,
Alonso, Gallardo & Perez-Martin, 1993; Hanzawa,
Wang, Suzuki & Sakai, 1998) and the freezing of meat
products (de Reinick, 1996; Sanz, de Elvira, Martino,
Zaritzky, Otero & Carrasco, 1999). Also, there are
a number of di!erent applications in the food industry
where such modelling techniques are potentially useful,
even if thermal data are not fully accurate. Cordoba,
Cordoba and Jordano (1999) performed detailed micro-
biological analyses on the commercial processing of
chicken croquettes and found increases in the levels of
microorganisms after extrusion of the bechamel paste. To
ameliorate this problem, rapid cooling of the bechamel
paste was recommended; this type of hazard could be
identi"ed with the aid of numeric modelling techniques.
Guul-Simonsen et al., (1996) performed full-scale experi-
ments on the cooling of raw milk and evaluated bacterial
numbers attained from di!erent cooling processes. The
use of numerical modelling techniques might, under such
circumstances, be able to evaluate which process out of
a number of di!erent options is the most e$cient, reduc-
ing the number of microbiological experiments that have
to be conducted.

The above result suggests that it is possible to predict
temperature pro"les in real foods. However, the math-
ematical models for microbial growth will have to be
validated in real systems. The approach used here re-
quires transparent media to allow optical density to
be measured. In real foods another measurement
method will be needed. A number of microbial analysis
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techniques now exist in which #uorescence is used as
a marker; this technique would be the best way of
measuring growth in foods. These techniques will need to
be developed to make them fully quantitative. In real
foods, mixed bacterial systems are often found; the ap-
proach of the food industry is usually to identify the most
dangerous organism and to de"ne the processing re-
quired on the basis of killing that organism to the re-
quired level. More work is needed to develop analytical
techniques and to identify the variability of the kinetic
models under those circumstances.

5. Conclusions

Numerous studies on food products have demon-
strated that the generation times of food-borne bacteria
can be described as a function of their environmental
variables, principally temperature, pH and water activity.
When comparing the growth of E.coli in solid agar (to
simulate food) and liquid broth, similar values were
found for maximum exponential growth rates, although
the maximum OD reached in the case of the former was
much less. Using data from E.coli growth in agar, a rela-
tively simple model was set up describing bacterial
growth as a function of temperature. This was then used
in conjunction with a "nite di!erence heat transfer model
describing temperature change in a cylinder, such that
the growth of bacteria could be calculated in a vessel as it
was being cooled. Model simulations were compared to
experimental data and excellent agreement was found
between the two. It is felt that such modelling has poten-
tial applications in the food industry, where it could help
reduce the number of microbiological experiments re-
quired in assessing process safety.

Notation

A(t) variable de"ned by Eq. (7), s
b regression coe$cients, C~1

h
0

product of k and the lag time, dimensionless
h heat transfer coe$cient, W m~2 C~1

H height, m
K

P
Michaelis}Menten-type constant, mol cell~1

OD optical density, dimensionless
OD

0
optical density before growth starts, dimen-
sionless

OD
MAX

maximum optical density attained in the sta-
tionary phase, dimensionless

P(t) per cell quantity of a substance, mol/cell
q
H

heat #ux, W m~2

q(t) used to characterise the physiological state of
the culture, dimensionless

r radial co-ordinate, m
R

T
external radius of vessel, m

¹ temperature, 3C
¹

0
temperature value speci"c to bacteria (Eq.
(8)), 3C

¹
L

limiting temperature for applicability of Eqs.
(8) and (9), 3C

v constant speci"c growth rate, s~1

y ln OD, dimensionless
z axial co-ordinate, m
a thermal di!usivity, m2 s~1

k maximum exponential growth rate, s~1
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