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a b s t r a c t

The effect of retort temperature, rotation speed, headspace and radius of rotation on mean convective
heat transfer coefficient during sterilisation of canned evaporated whole milk was studied. The mean
total solids content of evaporated milk obtained in a pilot plant installation was 25.25 g/100 g. Processing
variables used ranged as follows: retort temperature: 117–123 �C; speed of rotation: 10–20 rpm;
headspace: 4–12 mm; radius of rotation: 3.5–16.5 cm. The model developed for heat transfer coefficient
was adequate, showing no significant lack of fit and satisfactory coefficient of determination. Retort
temperature, speed of rotation, headspace and radius of rotation have a significant effect. Dimensional
correlations were developed for convective heat transfer coefficient, in terms of Nusselt number as
a function of Reynolds number, Prandtl number and relative headspace; the best agreement was
obtained using the diameter of rotation as the characteristic dimension.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Autoclave rotation during processing, either axial or end-over-
end, offers significant advantages when compared to still retorts:
less sterilisation time at a constant sterilising value and a higher
quality as a result of the improvement in heat transfer rate
(Deniston, Hassan, & Merson, 1987; Fernández, Rao, Rajavasireddi,
& Sastry, 1988; Lenz & Lund, 1978; Stoforos & Merson, 1990). The
factors expected to influence heat transfer to cans in an agitating
retort include the amount of headspace, viscosity of the product,
the presence of particulate matter, container dimensions and the
initial temperature of the product (Anantheswaran & Rao, 1985;
Rao & Anantheswaran, 1988).

When there are no particles, heat transfer occurs mainly by
forced convection, heat penetration increased, making the
temperature distribution within the can more uniform. In end-
over-end rotation the headspace bubble moves along the length of
the can and brings about agitation of the can’s contents (Anan-
theswaran & Rao, 1985). These authors studied the end-over-end
rotation on heat transfer rate to canned Newtonian liquids over the
range 0–38.6 rpm and radius of rotation 0–149 mm, finding that the
internal heat transfer coefficient was independent of radius of
rotation and the ratio of length to diameter of can; they also

established that headspace between 3 and 9% did not affect the
heat transfer coefficient. They developed a dimensionless correla-
tion to predict the heat transfer coefficient: Nu ¼ 2.9 Re0.436 Pr0.287.
Sablani, Ramaswamy, and Mujumdar (1997) found the following
equation for the overall heat transfer coefficient during the end-
over-end thermal processing of water and oil: Nu ¼ 0.93 Re0.51

Pr0.36 (hs/Hc)
0.21. Naveh and Kopelman (1980) evaluated the heat

transfer coefficients for a 84� Brix glucose syrup within cans and
being rotated by end-over-end method; end-over-end rotation was
found to result in a 2–3 times higher heating rate than with axial
rotation. End-over-end rotation with an off–center axis of rotation
resulted in a higher heat transfer coefficient than end-over-end
agitation with the axis at the center of the can. An increase in
rotacional speed increased the heat transfer coefficient continu-
ously during heating, and it approached an asymptotic value at
about 40 rpm for cooling. The presence of a 2% headspace markedly
increased the heat transfer coefficient vs that with no headspace.
Further increase on headspace volume up to 10%, improved the
heat transfer coefficient only slightly. Garrote, Silva, Roa, and Ber-
tone (2006) developed the following dimensional correlation to
predict the overall heat transfer coefficient during the end-
over-end thermal processing of a solution of 2 g/100 g NaCl
and1.5 g/100 g of sucrose: Nu ¼ 1.866 Re0.379 Pr0.28.

Evaporated milk is a dairy product that may be utilized as an
intermediate material for sweetened condensed and dried milk
production or as final product for the consumer. The evaporation
process causes major physicochemical and structural modifications
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to the milk that are reflected in its flow properties (Vélez Ruiz &
Barbosa Cánovas, 1998). It is well known that the rheological
behaviour of milk products is very complex, depending mainly on
temperature and concentration and physical state of their disperse
phases (Fernández Martı́n, 1972).

The purpose of our work was to determine the convective heat
transfer coefficient during the sterilisation of canned evaporated
whole cow milk, studying the effect of retort temperature, rotation
speed, headspace and radius of rotation, and obtaining appropriate
dimensional correlations.

2. Materials and methods

In order to obtain the sterilised evaporated whole milk the
following steps were performed (see Fig. 1):

2.1. Determination of fresh and evaporated milk composition

Total solids: it was used the reference method of International
Dairy Federation standard, 21B: 1987. Results are expressed as
g/100 g.
Fat content: the gravimetric reference method of International
Dairy Federation standard, 1D: 1996, was used. Results are
expressed as g/100 g.
Protein content: it was followed the reference method of
International Dairy Federation standard, 20B: 1993. Results are
expressed as g/100 g.
Ash content: by incineration of dried matter at 530 �C during
2 h. Results are expressed as g/100 g.
Lactose content: it is obtained by difference; (total solids-fat
content-protein content-ash content).

Density was determined by weighing a known volume of fresh
or evaporated whole milk. Results are expressed as g/ml.

2.2. Determination of heat transfer coefficients

For fluids, the time-temperature profile is derived by solving the
heat balance for a container in which there are no thermal gradi-
ents (Lenz & Lund, 1978).

hAðTa � TÞ ¼ mCpdT=dt (1)

With the boundary condition: at t ¼ 0, T ¼ To; as the heating
medium used in the retort was steam, its thermal resistance could
be considered negligible, and h instead of U was used in Eq. (1).

If the retort exhibits a thermal lag during heat up, the temper-
ature can be described by the Eq. (2),

Ta ¼ Ts � ðTs � TsoÞexpð�sstÞ (2)

where ss is the time constant of the retort, which is obtained by
nonlinear regression knowing the retort temperature evolution
during the come up period.

Under these conditions, Eq. (1) is solved using Laplace transform
to give,

T ¼ To þ ðTs � ToÞ$
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The procedure involved initially comparing the calculated and
measured lethality at the center position in the can based on an
assumed h value, and then subsequently changing h until the
calculated lethality matched the measured one (Sablani & Ram-
aswamy, 1996),

FR ¼
Zt

0

10
T�TR

z dt (4)

Integral in Eq. (4) was numerically solved using Simpson
method, being Dt ¼ 15 s. In Eq. (4), 10(T – T

R
)/z is the lethal rate

function; graphically, the area under the plot of 10(T – T
R
)/z vs. time is

the sterilising value FR.

2.3. Experimental methodology

A screening factorial experimental design, 24 þ 2 replicates of
the central point were chosen. Independent variables with corre-
sponding levels were: retort temperature, 117–123 �C, speed of
rotation of cans, 10–20 rpm headspace of cans, 4–12 mm, radius of
rotation of cans, 3.5–16.5 cm, while the dependent variable was h,
the mean convective heat transfer coefficient.

To determine the heat transfer coefficient, three cans (107 mm
high � 69.8 mm diameter) were placed inside the basket of the
rotary retort, at the corresponding radius of rotation, accordingly to
the experimental design. These cans contained the evaporated milk
and had a thermocouple in their geometric centers. A thermo-
couple was also used to control steam temperature. Cans of the
same dimensions, filled with water, were placed at both sides of the
three cans with the thermocouples. The process steam was quickly
transferred to the process vessel so that a come up time of
approximately 2 min was achieved. All heat penetration studies
were carried out in a pilot plant rotary retort designed by the
working group and locally constructed. Thermocouples Ellab Type
T were used in every case and a Fluke Data Logger, model 2625 A,
was used for the recording of temperature–time relationships.

The program Statgraphic (Statistical Graphic System Plus for
Windows 3.0) was used for data analysis. The significance of the
lack of fit was thus evaluated, and the model competence was
verified by the analysis of variance (ANOVA).

2.4. Dimensional correlations

Data obtained for h were used to calculate the Nusselt number
using the relationship Nu ¼ hDcd/kl , where Dcd and kl are the
characteristic dimension and thermal conductivity of the evapo-
rated milk, respectively. Other dimensionless numbers, like Re, Pr,
hs/Hc were calculated using the physical properties of evaporated
milk (at the average bulk temperature), and system (operating)
parameters (Heldman & Lund, 1992; Sablani et al., 1997). Viscosity
of evaporated milk was obtained using the following correlation
(Fernández Martı́n, 1972):

logm ¼ 0:249� 0:0130*T þ 0:000052*T2

þ
�

0:025490$000098*T þ 0:0000004*T2
�*

c

þ
�

0:000543� 0:0000139*T þ 0:000000177*T2
�*

c2 ð5Þ

where T ¼ temperature, �C and c¼ total solids of evaporated whole
milk, g/100 g; this equation is valid for T ¼ 0–80 �C and c ¼ 0–
30 g/100 g. A nonlinear regression analysis was performed in order
to obtain the values of the constants of the dimensional correlations.

3. Results and discussion

Composition of fresh milk was the following (P < 0.05, n ¼ 11):
total solids ¼ 11.39 � 0.15; fat content ¼ 3.19 � 0.11; protein
content ¼ 3.03 � 0.16; ash content ¼ 0.5 � 0.07, lactose content ¼
4.67, while density of FM was 1.030� 0.007; for evaporated milk the
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