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ABSTRACT 
Direct steam injection (DSI) is a sterilization technique 
which is often used for high viscosity fluid food when 
the preservation of the quality characteristics and 
energy efficiency are the priority. 

In this work an apparatus for the sterilization of 
tomato concentrate has been analyzed by means of 
multidimensional CFD (Computational Fluid 
Dynamics) models, in order to optimize the quality and 
safety of the treated food. 

A multidimensional two-phase model of steam 
injection inside a non-newtonian pseudoplastic fluid 
was adopted to evaluate the thermal history of the 
product and the steam consumption during the target 
process. 

Subsequently CFD analysis has been extended to 
examine the effects of the different process parameters 
(sterilization temperature, steam flow rate, radial and 
axial temperature profiles, nozzle geometry) on the 
resulting product.  

Result obtained are in agreement with available 
data acquired in industrial plant. 

 
Keywords: Steam injection, non-Newtonian flow, CFD, 
Multiphase flow, Design optimization 
 
1. INTRODUCTION 
Fluid food products in the agri-food industry are 
commonly subjected to thermal treatments to ensure 
safety and improve quality. Process parameters need to 
be accurately selected and monitored in order to 
effectively sterilize the product while at the same time 
avoiding over-processing, which would negatively 
affect product quality (Abdul Ghani et al 2001). A 
compromise is therefore required between safety, taste 
preservation and energy efficiency. 

Among the different thermal treatments available, 
continuous direct steam injection is widely used to 
quickly raise the temperature of a process media, either 
for pure heating or for sterilization of the product. The 

basic idea is to heat the liquid flow by injection of 
superheated steam from several nozzles, in order to 
reach homogeneous heating. The main benefit of the 
direct contact condensation process is the high heat 
transfer rates and the low product fouling compared 
with other methods such as heat exchangers. For these 
reasons, steam injection is used in various applications 
across in the food industry, such as the sterilization of 
milk, fruit juices and puree.  

In this work, an apparatus for the sterilization of 
the tomato concentrate has been analyzed by means of 
multidimensional CFD (Computational Fluid 
Dynamics) models. CFD has been applied in recent 
years to model the sterilization problem in order to gain 
a better understanding of the process and optimize 
quality while at the same time guaranteeing the safety 
of the product (Debonis and Ruocco 2009; Marsh 
2006).  

While the overall energy balance for the process 
can be easily calculated from the process parameters 
(steam properties and product flow rate), a numerical 
model is required for the evaluation of temperature 
history and distribution Moreover, the available 
literature on direct steam injection is mostly limited to 
the case of steam injection in a stagnant liquid, typically 
water (Sagar 2006; Sachin 2010). 

Modeling and simulation of fluid process allow: 
(a) the optimization of heat transfer in terms of energy 
efficiency, equipment design, product safety and quality 
retention; (b) better understanding of the heat transfer 
process, which helps to control the process and manage 
deviations, thus reducing production costs and 
improving quality and safety of the product (Norton 
2006). 

The rheological behavior of tomato concentrate is 
non-Newtonian. Due to the high viscosity of the 
product, enhanced heat transfer surface such as 
embossed or corrugated pipes are usually employed to 
ensure a good overall heat transfer coefficient; in this 

Proceedings of the International Conference on Modeling and Applied Simulation, 2012
978-88-97999-10-2; Affenzeller, Bruzzone, De Felice, Del Rio, Frydman, Massei, Merkuryev, Eds. 229



μ

R

case CFD s
effects of pipe
 
2. MODEL
 

2.1. Geom
A 3D CAD m
geometry con
equally-space
section (injec
(mixing sectio
whose functi
effect and the
stratification. 
 

Figu
 

The inne
length of the e
 

2.2. Rheol
Tomato conc
flow behavior
2007): 
 

μ=Kγn-1, 

where  is 
consistency, 

Flow of 
generalized R
 

Re'=
ρW2-nDn

K'8n-1

where 
 ′ = 	

Note tha
number. Re’ t

An expo
assumed for 
temperature r
Trifirò (2001)
 = ⋅ ⋅

imulations m
e shape on tem

L SET-UP 

metrical mode
model of the

nsisted of a ho
ed radially inj
ction section
on) presents s
ion is suppo
e heat transfe
 

ure 1: Pipe and

er diameter of
exchanger is 2

logical Model
entrate has a 
r that follows

the dynamic
 the shear str

pseudoplastic
Reynolds numb

n

 

. 

at Re’ is a ge
tends to Re wh
onential depe
K, while for

reciprocal has
), as follows: ⋅ 1000⁄1000  

may help to 
mperature dist

l 
 exchanger w

orizontal pipe 
ectors placed 

n). The secon
several hemis
sed to impro

er coefficient 

d injectors geo

f the pipe is 5
2.1 m. 

l 
pseudoplastic
 the power-la

c viscosity, 
rain rate and n
c fluids is char
ber 

eneralization o
hen n is close 

endence on te
r n a linear 
s been adopte

understand t
tribution. 

was defined: t
with a series 
in the first h

nd half secti
spherical boss
ove the mixi
and avoid flo

ometry 

51 mm; the to

c non-newtoni
w model (Roz

(

 the viscos
n the flow inde
racterized by t

(2

(3

of the Reynol
to 1.  

emperature w
dependence 

ed, according 

(4

the 

the 
of 

half 
ion 
ses, 
ing 
ow 

 

otal 

ian 
zzi 

 

1) 

sity 
ex. 
the 

 

2) 

 

3) 

lds 

was 
on 
to 

4) 

 
w
pr
an

re
ty
 
T

 

pa
de
w
 

Fi
pa
 

ar
te
 

A
w
st
be
w
Eu
co
is 
co

ph
ra
m
lo
re
pa
be

= + ⋅ 1
where n0 and 

roduct, while 
nd the flow ind

The value
eported in Ta
ypical Hot-bre

able 1: Rheol
K
K
n
n

In Figure
arameters wit
escribes a sig

with temperatur

igure 2: Temp
arameter for to

Rheologic
re assumed 
mperature and

2.3. Numeri
An Eulerian-Eu
was used to des

eam entering 
een modeled 

water vapor wa
ulerian multip
ontinuous con

present in 
onnected.  

 The Euler
hase is treated
ange of volum

move at differ
ocal equilibriu
esulting in a
article model 
etween the tw

1000⁄ ,

nT are para
k0 and n0 are

dex at the refe
s used for the
able 1; they 
ak tomato con

ogical constan
K0 
KT 
n0 
nT 

e 2 the var
h temperature

gnificant decr
re. 

perature variat
omato concen

al and physica
from tabulat
d pressure.  

ical model 
ulerian homo
scribe the flow
the exchange
as a continuo

as modeled a
phase model th
nnected region

discrete reg

rian-Eulerian 
d separately an

me fractions (F
rent velocitie
um over sh

strong coup
was chosen 

wo phases; th

ameters depe
re the viscosit
erence temper
e rheological 
have been o

ncentrate. 

nt of Hot-Brea
0.3314 
7.8814 
1.114 

-0.3152 

riation of th
e is reported;
rease of dyna

tion of rheolog
ntrate 

al properties o
ted values d

ogeneous two
w of tomato co
er. Tomato co

uous phase, w
as a dispersed
he continuous
n, while the d
gions which 

model was c
and it is applic
Frank 2007). T
s, but the m

hort spatial l
upling betwee

to describe t
he dispersed p

(5)

nding on the
ty consistency
rature. 
parameter are

obtained from

ak concentrate

he rheologica
; Equation (1
amic viscosity

gical 

of water steam
depending on

o-phase mode
oncentrate and
oncentrate ha

while saturated
d phase. In the
s fluid forms a
dispersed fluid

can be no

hosen as each
cable for wide

The phases can
model assume
length scales
en phases. A
the interaction
phase droplet

) 

e 
y 

e 
m 

e 

al 
) 
y 

 

m 
n 

el 
d 

as 
d 
e 
a 
d 

ot 

h 
e 
n 
s 
s, 
A 
n 
ts 

Proceedings of the International Conference on Modeling and Applied Simulation, 2012
978-88-97999-10-2; Affenzeller, Bruzzone, De Felice, Del Rio, Frydman, Massei, Merkuryev, Eds. 230



are assumed to be spherical. All phases are assumed 
incompressible, accordingly with low kinetic energy; 
physical properties of all phases are assumed to be 
temperature dependent. 

The flow of tomato concentrate, due to its high 
viscosity, is laminar; generalized Reynolds number Re’ 
is always lower than 20. 

The phases are not generally in thermal 
equilibrium, due to temperature differences across 
phase boundaries, therefore heat is transferred across 
phase interfaces via interphase transfer terms (Brennen, 
2005). Heat transfer across a phase boundary is 
described in terms of a heat transfer coefficient. Only 
heat transfer between phases is taken into account, walls 
are assumed adiabatic. Two resistance heat transfer 
model was used to describe combined heat and mass 
transfer due to steam condensation. Ranz-Marshall 
correlation was used to evaluate the heat transfer 
coefficient of the continuous phase (Pechenko 2010); 
Nusselt number is evaluated through the following 
equation: 
 = 2 + 0.6 . .  (6) 
 

Inter-phase mass transfer has been tracked by 
using the thermal-phase change model. Latent heat is 
not directly specified, but is obtained indirectly as the 
difference between the enthalpies of the two phases. 

The governing equations are the unsteady Navier-
Stokes equations in their conservation form. For a 
multicomponent fluid, scalar transport equations are 
solved with respect to velocity, pressure, temperature 
and other quantities of the fluid. An additional equation 
must be solved to determine how the components of the 
fluids are transported within the fluid. Each component 
has its own equation for mass conservation: 

 + ∇ ∙ = Γ , (7) 

 
which is solved for each phase i; Uij is the mass-
averaged velocity of fluid component i: 
 = 1

 (8) 

 
and 
 = ∑ , (9) 
 
where αi is the volume fraction of phase i. The term Γi 
in Equation (7) represent the mass source per unit 
volume into phase i due to interphase mass transfer.  

The following general form is used to model 
interphase drag force acting on phase i due to phase j: 

 = − , (10) 
 
where cij is the drag coefficient. For the particle model 
(spherical particle), the drag coefficient can be obtained 

in terms of dimensionless drag coefficient CD as 
follows: 
 = − . (11) 

 
Energy equation is also modified adding the 

contribution SE due to steam condensation inside the 
continuous phase, depending on Γi in Eq. (7) 
 = Δℎ (12) 

  
2.4. Initial and boundary conditions 

Temperature and flow rate have been set for tomato 
concentrate at the exchanger inlet. A constant 
temperature of 75°C was set for tomato concentrate at 
the inlet of all simulations.  

During normal operation the exchanger is under a 
constant head of 5 bar. The absolute level of pressure at 
the exchanger outlet was assumed to be 5 bar. Steam 
pressure and temperature have been fixed at the 
injectors inlet accordingly to normal operation settings 
of the exchanger. All walls are assumed adiabatic, with 
imposed no slip condition.   
 

2.5. Simulation Details 
An unstructured tetrahedral grid of 1.3x106 nodes was 
employed; meshes were created with ICEM CFD 
Software. Grid density has been increased near walls 
and at injector-pipe junctions. To improve stability and 
reduce the overall number of elements the hexa-core 
option was activated. 

The commercial code Ansys CFX© was employed 
for all simulations. A coupled solver was used to solve 
governing equations. A high resolution discretization 
scheme was used for the continuity, energy and 
momentum equations, while the upwind discretization 
scheme was employed for the volume fraction 
equations. Tolerance was set for all variables at 1x10-3. 
 
3. RESULTS AND DISCUSSION 
 

3.1. Injector detail simulations 
A first set of simulations were carried out to estimate 
the flow characteristic of the injectors using a simplified 
computational domain. As shown in Figure 3, the 
computational domain consist of a 200 mm pipe section 
with a single radial injector. The junction between the 
main pipe and the injector is obtained with six radial 
slots, through which steam enters in the exchanger. 

Different simulations were carried out with 
imposed tomato flow rates ranging from 1500 l/h to 
20000 l/h; all simulations were performed with vapor 
mass flow from 0.002 kg/s to 0.04 kg/s.  
Vapor penetration inside tomato concentrate is heavily 
dependent on both tomato and vapor flow rate (Figures 
4 and 5). 
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