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Abstract

Ultra High Temperature (UHT) sterilisation is a commonly applied technique to preserve liquid food
products. For many years Stork Food & Dairy Systems has marketed coiled tubular UHT-sterilisers. For
viscous and especially for gelatinising foods (e.g. custard and pudding) spiral sterilisers bring superior
performance. Heat transfer greatly increases and required temperatures are attained faster, thus reducing
processing time. Coiled sterilisers are therefore shorter and more compact, minimising  the loss of quality
factors due to the heat treatment. Finally, gelatinisation occurs rapidly and uniformly, and the reduced
thermo-mechanical shear enable a potentially lower amount of starch needed to obtain a target
consistency.

Figure 0.2 : Illustration fo the Stork Sterideal coiled steriliser.
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It has been known for some decades now that coiled tubes achieve better heat transfer
than straight tubes. Advanced software and powerful computers now make it possible to
carry out detailed simulations of liquid food products in this type of tubular systems.

As a rule, the preservation of liquid food products, such as milk, followed by aseptic filling, is achieved by
the Ultra High Temperature (UHT) process. Here, the product is heated for a short period (2 seconds) to
a high temperature (140 ºC) and then cooled.

Stork Food & Dairy Systems has for some years very successfully manufactured its version of the UHT-
process, and more than 1000 of these installations have been supplied world-wide. This process involves
a tubular heat exchanger where the tube is coiled in a long spiral. The heat exchanger in principle
consists of two or more concentric tubes. In the case of two concentric tubes the product to be treated
flows through the inner tube and the heating or cooling medium through the oucer tube. For larger
capacity Stork uses bundles of pipes in which several tubes (up to a maximum of seven) pass through a
single common enveloping tube. These UHT systems are known as Sterideal (dairy products), Steripudd
(desserts) and Sterijuice (fruit juices).

Stork developed the spiral heat exchanger for a number of reasons. In the first place a continuous tube
without blind angles has a very low probability of fouling; such a system can also be quickly and efficiently
cleaned. The fact that the tubes are coiled helically also has a favourable effect on the longevity of the
heat exchanger as coiled tubes are more resistant to thermal stress. The most
important consideration  for the choice of a spiral coiled heat exchanger was, however, the improved heat
transfer which occurs when the pipe bundle is coiled

Recently developed simulation programmes combined with the calculating capacity of modern computers,
have made it possible to work out very accurately the flow behaviour of complex liquids in spiral heat
exchangers.
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Heat transfer in spirals

The most striking characteristic of the Sterideal is the continuous coil of the pipes. If a product enters a
coiled path, centrifugal forces act upon it. Velocity differences in the tube cross-section cause the
centrifugal forces to vary. This results in vortices in the cross section. In figure 1 these so called “Dean
vortices” are reproduced in the centre.  On the left the resulting axial velocity is given and on the right the
temperature distribution at the cross-section

Figure 1 : Axial velocity (left), Dean vortices (middle) and temperature (right) for curved developed flow
(example)

Dean vortices represent a secondary flow perpendicular plane relative to the forward flow in the tube.
These vortices cause mixing in the cross-section and ensure markedly improved heat transfer, both
during heating and cooling. The extent to which Dean vortices occur is related to the Dean number:

)1(
D
d

ReDe =

Re = Reynolds number
d  = tube diameter
D   = spiral diameter

Increased velocity or greater tube diameter result in a higher Reynolds number and thus also a higher
Dean number. A reduction in the spiral diameter also results in an increase in the Dean number. On the
other hand, a higher viscosity results in a lower Dean number. In particular for viscous products, the
increase in heat transfer (expressed as a dimensionless Nusselt number) at increasing Dean numbers, is
spectacular (figure 2).
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Figure 2 : Heat transfer for straight and curved flows
exp. krom = exp. coiled, num. krom = num. coiled, recht = straight

What causes a marked increase in heat transfer in the case of viscous and therefore laminar liquids is
understandable; alongside conductivity, a much faster convective heat transfer occurs due to Dean
vortices. Increased heat transfer of viscous (and therefore laminair flowing) liquids is understandable.
Because during processing in a tubular heat exchanger, besides conductive heat transfer also a much
faster convective heat heatransfer occur due to Dean vortices.
Although in turbulent flows e.g. in the heating of milk in the UHT process, turbulence already provides
much better heat transfer, even here an improvement of up to 20% can be attained by coiling

Gelatinisation in spiral heaters

The sterilisation process is also used for many desserts to obtain the desired end viscosity. M…… starch
is added to the product. Suspended in a watery liquid such as milk, and heated above the gelatinisation
temperature, starch granules lose their semi-crystalline form and absorb large quantities of water. The
starch granules thereby swell considerably and part of their contents dissolve and form a network
structure. This process is known as gelatinisation. Gelatinisation causes the viscosity of the liquid to
increase enormously. Further heating or long-continued mechanical shear will lower viscosity again by
breaking down the swollen starch granules.

Gelatinisation has a powerful influence on the preparation and sterilisation of complex products of this
type through its effect on viscosity and thereby on the pressure drop and heat transfer. Detailed
calculations of the behaviour of gelatinised liquids in straight and coiled heaters give remarkable results.
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When a product containing starch flows through a heat exchanger it remains thin and liquid until
gelatinisation temperature is reached. However, at the cross-section of a heating tube a temperature
gradient is always present, with the lowest temperature at the centre and the highest at the walls. The
liquid layer at the wall will therefore be the first to reach gelatinisation temperature. The sharply increasing
viscosity at the wall causes the liquid at the centre of the tube to flow much more quickly: what occurs
here is referred to as channelling.

Particularly in the case of heat exchangers with straight pipes this can be very serious (figure 3 Straight),
as the gelatinisation temperature in the core flow will either not be reached or not be reached with
sufficient speed (figure 4, “Straight”). At the same time the gelatinised product at the wall flows through
the steriliser much more slowly, and is thereby submitted to very intensive treatment. This results in a
product which is in part uncooked and in part overcooked.

Figure 3: Axial velocity of a gelatinised product in a straight and curved heater.
(Blue, green, yellow and red indicate increasing velocity). Wall temperature 100 ºC, tube
diameter 25 mm, velocity 1 m/s,. spiral diameter 1 m., z = length of heater, recht = straight,
krom = coiled
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Figure 4 : Temperature of a gelatising product in a straight and curved heater.
(Blue, green, yellow and red indicate rising temperature). Wall temperature 100 ºC, tube
diameter 25 mm, velocity 1 m/s., spiral diameter 1 m., recht = straight, krom = coiled, z =
lenght of heater

This is in contrast to flow through coiled pipes. Here, the overall temperature rises much more rapidly
due to the Dean effect (or the mixing effect of the secondary flow) and the temperature distribution at the
cross-section is also more uniform (figure 4, “Coiled”). This means that the gelatinisation process takes
place more evenly, thus suppressing wide differences in velocity at the cross-section i.e. short-circuit flow
(figure 3, “Coiled”).

In short, detailed calculations show that a heat exchanger with coiled pipes makes a reduction in process
time possible and that the cooking of the product is quicker and the result  more homogenous. The
reduction is process time leads to lower thermal and mechanical shear of the product, which in turn may
lead to a reduction in the amount of starch used to achieve a target consistency.
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Sterilisation and quality with coiled pipes

The destruction of spoilage forming micro-organisms beside maintenance of quality is an important aim of
UHT-sterilisation. The extent to which heat treatment sterilises in shown by the F0 value of the process.
The  F0 depends on the temperature and the period of time over which this temperature is maintained. An
F0 of 1 means that we have a heating system which has a level of micro-organism destruction which
corresonds with maintaining the product at a temperature of 121°C (250 degrees Fahrenheit) for 1
minute. As the rate of destruction increases rapidly with rising temperature, F0 = 1 can also be attained by
heating the product for one second up to 139 °C. For complete sterilisation the F0 value lies between 3
and 8 minutes, which corresponds to a UHT process of 3 to 8 seconds at 139 °C.

Unfortunately the quality of a product also declines with heating. This leads to change of flavour,
discoloration, or loss of vitamins and other valuable elements. Change of the product’s characteristics is
often expressed by the extent of damage of thiamine (vitamin B1), as this substance has a representative
sensitivity to heat.

Fortunately, at higher temperatures microbial destruction  always proceeds faster in relation to thiamine
loss.  It is therefore desirable to apply as high a temperature as possible for the shortest possible time. By
using this sterilisation strategy, both better product quality and improved destruction of micro-organisms
are attainable. It is, of course, essential to this that heating and cooling occur as quickly as possible.

It has been shown that coiled tubes have a very beneficial effect on heat transfer to products requiring
increased viscosity. Figure 5 shows that such products require a much shorter length of tube to reach the
required temperature when the pipes are coiled (De>0).
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Figure 5 : Bulk temperatures in the straight (De = 0) and curved heaters (D 1� 500)
Buislengte = length of tube (in m)

Faster heating and better mixing at the cross-section also mean that the sterilisation process takes place
more rapidly with increased pipe coiling (De>0). Frequently, the F0  of 8 required by Stork for the UHT
process has already been reached before the product has reached the required heat maintenance
section (figure 6).
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Figure 6 : Lethality for straight (De =0)) and curved heaters (De 1�  500)
Buislengte = length of tube

On cooling, the temperature of the product has to decrease as quickly as possible, as loss of quality
decreases at lower temperature. Even with a slightly coiled tube (De=1) it can be seen that thiamine loss
decreases markedly, due once more to more rapid cooling in coiled tubes (figure 7).
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Figure 7 : Thiamine concentration (in 5) for straight (De = 0) and curved coolers
Buislengte = length of tube

To summarise, it may be said that as a consequence of more rapid cooling and heating in coiled tubes,
the best possible use is made of the UHT concept.
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Conclusion

A heat exchanger with coiled tubes has distinct advantages for viscous liquids and in particular for liquids
to be gelatinised. Heat transfer is considerably improved (from10 to 500%, see figure 2). Heating to the
required temperature is accomplished more rapidly, thus reducing process time and can be executed with
shorter tubes (figure 8). In addition, gelatinisation occurs more quickly and is more uniform. Furthermore,
as a consequence of lower product shear, a smaller quantity of starch is, in principle, required to obtain
the desired consistency.
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Figure 8 : Temperature/time profile of the UHT-process in a coiled tube and a straight tube.
Procestijd = process time (in sec)

In the high temperature section also, the required level of bacterial destruction is reached sooner, and the
loss of quality is lower due to the short process time. Time is again saved on cooling and the quality will
also be improved. In this way Stork Sterideal sterilisers make the best possible use of the demonstrated
UHT concept.
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Supporting figures

Figure 0.1 : Corkscrew flow as a consequence of combined primary (mainstream) and secondary flow
(Dean vortices). The mainstream velocity is scaled down( divided by 10) thus making it
easier to visualise
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