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ABSTRACT

High pressure in combination with heat is effective for
microbial spore inactivation. It has the potential to deliver
novel shelf stable food products with superior sensory
properties, particularly compared to retorted products. The
combined process enables sterilisation at reduced
temperatures and/or shorter processing times compared to
heat alone. A major challenge is to achieve temperature
uniformity inside the vessel as the fast temperature rise
upon pressurisation can be partially lost to the cooler
vessel walls, resulting in an ineffective non-uniform
process. CFD modelling can provide a representation of
flow and temperature profiles during the HPT process,
which is important for evaluating process performance
and effective optimisation. However, it is essential that the
CFD models are validated and predictions agree very well
with temperatures measured in actual processes.

The objective of this research was to study the impact of
variations in simulated process conditions and
compression fluid properties, such as compression heating
coefficients, on the prediction accuracy of a CFD model
for a Stansted 3.6L Isolab HPTS system. Model
development and simulations were performed using
COMSOL Multiphysics™.

Good agreement was found between simulated and
measured temperature distributions when actual pressure
profiles (impacting not only on pressure evolution, but
also on fluid inlet velocity and time-temperature profile),
and accurate properties for the compressed material were
used. Inaccurate approximations of these conditions and
values resulted in much less useful models.

NOMENCLATURE

Cp Specific heat capacity J/(kgK)
Cy Constant m*/kg’

g Gravity constant 9.81 m/s’
k Turbulent kinetic energy kg /K’

k; Thermal conductivity W/(m-K)
kr Turbulent thermal conductivity W/(m-K)
P Pressure Pa, MPa
0 Volumetric compression heating rate wWim?
r Horizontal position (radial direction) m

T Temperature °CorK

t Time s

v Velocity vector m/s
Greek symbols

ap Thermal expansion coefficient K!
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& Dissipation rate of turbulence energy m?/K?
nr Turbulent viscosity kg/(m'K)
n Dynamic viscosity Pa-s
p Density kg/m?

Abbreviations

CFD Computational Fluid Dynamics
FEM  Finite Element Method

HP High Pressure

HPT  High Pressure Thermal

PG Propylene-Glycol

Operator
d Differential
0 Partial differential

\Y Nabla operator (vector differential operator)

INTRODUCTION

High pressure thermal (HPT) processing is an investigated
and proposed technology for high-temperature short-time
commercial sterilisation of chill- and ambient stable low-
acid food products. Commencing with moderate initial
product and pressure chamber temperatures of 60 to 90°C,
HPT processing currently employs pressures of up to 700
MPa to increase the temperature of the preheated food to
inactivate bacterial spores (Margosch et al., 2004; Bull et
al., 2009). Temperature increase during pressurisation is
induced by compressive work against intermolecular
forces and assuming that there are no thermal losses, the
temperature reached during pressurisation can be readily
derived (Knoerzer et al., 2010; Knoerzer et al., 2007;
Juliano et al., 2009):

ar___a,(PT)
dP p(P,T)on(P,T)
Where T denotes the absolute temperature in K, P the
pressure in Pa, ap the thermal expansion coefficient in

K, p the density in kg/m’ and Cp the specific heat
capacity in J/kgK.

()

Product and compression fluid temperatures may rise up
to 40°C during high-pressure treatment, depending on the
initial temperature, target pressure, and compression
heating properties of the compressed material.

The pressure profile, as well as the compression heating
properties used in the modelled scenario, impact hereby
directly and potentially significantly on the prediction
outcomes.



The objective of this work was to quantify this impact and
compare predictions of models with accurate conditions
and material properties with modelled scenarios where
simplified processing conditions and estimated material
properties were used.

MODEL DESCRIPTION

The HPT model was designed to be a good approximation
of a Stansted 1ISO-LAB FPG11501 HPP 3.6 L (see figure
1).

Compression fluid

Steel
walls

Insulating carrier

Fluid inlet

Figure 1:  Configuration ~ of  model  geometry
comprising the steel components of the vessel, the
insulated carrier (Polypropylene), the compression
medium domain and the fluid inlet.

An axis-symmetric model was developed, as the actual
system comprises mainly axis-symmetric features.

The modelling was performed in COMSOL
Multiphysics™, using two application modes: (i) the k-¢
Turbulence model, applied to the compression medium
domain only (inactive at the solid regions occupied by the
carrier), and (ii) the general heat transfer model, applied
in both liquid and solid regions.

Governing equations:

The thermo- and fluid-dynamic behaviour of the pressure
medium is described by conservation equations of mass
(Equation 2), momentum and energy (Chen, 2006).

Lv-(pv)-0 @

Where p is the density as function of pressure and
temperature and V is the velocity vector.

The inflowing pressurisation medium enters through the
high pressure system inlet at a high velocity, creating
turbulent flow in the bottom region. Turbulence was
solved by applying the k-¢ model that included an
additional “turbulence viscosity” and “turbulent thermal
conductivity” in the equations for conservation of
momentum and energy, respectively, to take the
contributions of turbulent eddies into account (Nicolai et
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al., 2007; COMSOL Multiphysics, 2006). The turbulent
viscosity #r is given by:

n=rc, S ®
&

where C, =0.09 (Launder and Spalding, 1974), & is the
turbulent Kinetic energy and ¢ the dissipation rate of
turbulence. Here, the momentum equation (extended
according to COMSOL Multiphysics (2006)) gives the
following expression:

4)

p{%+(ﬁ.v)5}=—VP+V~((f7+77r)~V;)+Pg (

Where Vv denotes the average velocity, P is the pressure,
n represents the dynamic viscosity of the compressed
fluid, and g represents the gravity constant. In addition to
the continuity equation, the k-¢ closure includes two extra
transport equations solved for both & and ¢ using empirical
model constants (COMSOL Multiphysics, 2006).

The k-¢ closure equations were coupled with the energy
conservation equation for heat transfer through convection
and conduction, assuming non-isothermal flow. This
equation was modified (from Kowalczyk et al. (2004) and
extended according to COMSOL Multiphysics (2006)) by
including the turbulent thermal conductivity k; (with
kr = Cpny/Pry):

o, (L7 9T |- 04V (4 ke W) O

where k; is the thermal conductivity, and C, is the specific
heat capacity. Pr; is the turbulent Prandtl number. The
source term Q arises from compression, by rewriting
equation 1:

dpP
O=Ta, ”

Process conditions:

Two pressure profiles were studied (see figure 2). Firstly,
a simple pressure profile, derived from the pressure come-
up, holding and decompression times from the measured
pressure profile and a target pressure of 600 MPa, was
used. The compression and decompression was hereby
approximated linearly. Subsequently, a real and accurate,
but more complicated pressure profile from an actual high
pressure experiment was selected.
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Figure 2: Pressure profiles used in the simulated high
pressure scenarios.



Based on the two pressure profiles, the velocity at the inlet
was estimated based on the density change during the
pressure cycles.

Boundary conditions:

Fluid-solid boundaries had to be defined for the k-
Turbulence mode on the liquid domain, whereas thermal
boundaries were defined for the general heat transfer
mode for all domains. Symmetry boundary conditions on
the axis (r = 0) were assumed.

An inflow (and outflow) velocity boundary condition was
defined for the inlet/outlet tube based on the pressure
profiles used in the respective scenarios. l.e. the changes
in pressure lead to changes in density which in turn dictate
fluid motion following equation 2.

A logarithmic wall function condition as described by
(Knoerzer et al., 2007; Knoerzer et al., 2009a) was
assumed at the interior vessel and carrier walls.

The inlet boundary was set to a constant temperature
throughout the process and was estimated to be at 80°C.
Upon pressure release, the tube becomes an outlet with a
convective flux boundary condition.

Continuity of heat flux is assumed at all fluid-solid and
solid-solid boundaries. Whereas the heat flux from the
steel to the surrounding air is dictated by free convection
with a heat transfer coefficient of 5 W/m?*K and an
external temperature of 30°C.

More information on the boundary conditions used can be
found in Knoerzer et al. (2009a), where a pilot-scale high
pressure system was modelled.

Material Properties:

Physical properties, including expansion coefficient,
density, specific heat capacity, thermal conductivity and
viscosity of the compression medium and their variation
with pressure and temperature were used in the liquid
domain of the model. Two scenarios were investigated: (i)
Scenario 1 used the compression heating properties of
pure water, (ii) Scenario 2 was based on the compression
heating properties of the actual medium, a 40% propylene-
glycol/water mixture, used in the experiments. The
propylene-glycol/water properties were obtained from
separate investigations (Knoerzer et al., 2009)

Properties for Polypropylene and steel were taken as
constants from the COMSOL database, independent of
temperature and pressure variations. The expansion
coefficients, and therefore compression heating, of the
steel were assumed to be zero. The compression heating
properties of the polypropylene as determined in a
separate study (Knoerzer et al., 2009b), were included in
the model.

Computational Methods:

The partial differential equations describing the model
were solved with the finite element method (FEM). A
commercial software package, COMSOL Multiphysics™
(COMSOL AB, Stockholm, Sweden) was used,
incorporating toolboxes for simultaneously solving
multiphysics problems. The axis-symmetric geometry was
discretised by triangular mesh elements. The mesh
consisted of  approximately 10,000  elements.
Computations were carried out on a workstation running
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the 64bit OS Windows 2003 server. Two dual-core
processors (each 2.33 GHz) and 20 GB RAM allowed for
solving the models within approximately 45 minutes of
computation time.

RESULTS

The CFD model predicts the transient temperature and
flow distributions throughout the simulated geometry.
Figure 3 shows the temperature distribution in an axis-
symmetric plane at the end of pressure hold time for the
model, based on the measured pressure profile and the
material properties of the propylene-glycol/water mixture.
Also indicated is the flow profile at this stage of the
process (arrows).
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Figure 3:  Flow and temperature distribution inside the
Stansted 3.6 L HPT unit at the end of pressure hold time.

The predicted transient temperature evolution in the
system, based on the different scenarios, was compared to
thermocouple measurements.

Impact of process conditions (pressure profiles)

Figure 4 shows the predicted temperature profiles in a
discrete location (highlighted in figure 4a) inside the
insulating carrier; the compression fluid in these scenarios
was the propyleneglycol/water mixture. Predictions based
on the pressure profile from the actual experiment show
pronounced differences to the predictions based on the
initially used simplified pressure profile (figure 4b). A
good agreement with measurements was found when
actual process conditions were used (figure 4c, parity plot,
R? = 0.99), whereas relatively poor agreement was found
for the simulations with the simplified pressure profile (R?
=0.88).
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Figure 4: (a) Insulating carrier; location for comparison
highlighted (red circle)

(b) Predictions based on the two modelled scenarios
(c) Parity plot for comparison with measured data

Impact of material properties (compression heating
coefficients)

Figure 5 shows the predicted (using water properties and
properties of the actual mixture) and measured
temperature profiles in the same location in the insulating
carrier (figure 4a). As can be seen, a good agreement with
measurements was found when the compression heating
properties of the actual glycol/water mixture were used
(figure 5 a and b, R? = 0.98, during holding time). Using
the compression heating properties of pure water however,
gives only poor agreement with the measurements
(R? = 0.03, during pressure holding).
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Figure 5: (b) Measured and predicted (based on the two
modelled scenarios, i.e. water properties and glycol/water
properties) temperature profiles/

(c) Parity plot (of data during hold time) for comparison
with measured data

CONCLUSION

A CFD model of a HPT process was presented and the
critical importance of accurate processing conditions and
material properties for realistic results was shown. For
successful modelling of HPT processing, material
properties with their functional dependence with pressure
and temperature must be implemented in the model for the
fluid used in the actual process in order to achieve good
agreement with actual measurements. Unfortunately,
thermophysical properties as functions of pressure and
temperature for most food products, carrier materials and
compression liquids are unknown and need to be
determined as well. Furthermore, also the processing
conditions, here the pressure profile, has to be as close to
the real pressure profiles as possible to get meaningful and
accurate results. The CFD model, comprising actual
material properties and pressure profiles, was validated
based on thermocouple measurements. A very good
agreement was found for the predicted temperature
profiles in an axis-symmetric plane inside the insulating
product carrier.

With CFD models like this, it is possible to develop and
optimise equipment, e.g. for the product carrier, its
geometry and material, as well as the processing
conditions. Such specifically designed and optimised
systems then provide uniform treatment, essential for
using the technology to deliver shelf stable low acid food
products without food safety risks or significant over
processing. A further enhancement of the model allows
for coupling the predicted temperature distributions with
bacterial spore inactivation kinetics, yielding inactivation
distributions for specific target organisms.
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