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Abstract. The main goal of this study is to simulate the cream injection in skimmilk, which occurs in the process of milk
standardization, visualizing the mass transfer along the process line. The problem was approximated by the finite element
method. To perform some 2D simulation, the velocity field obtained using a commercial code was given as input to the code
developed for this research, to solve the mass fraction field. For a more realistic simulation, a 3D mesh was implemented
using a commercial code. The method employed to reach numerical stabilization was Streamline Upwind/Petrov-Galerkin
(SUPG). The results using SUPG were compared to those using classical Galerkin approximation. The SUPG method shows
a good feature of smoothing numerical instabilities.
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1. Preliminaries

Problems in Food Engineering have been solved much using experimental techniques, due to the food industry has
gtill a strong basis on empiricism and a lack of Engineering research, specially in economically emerging countries.
Even though, Computational Fluid Dynamics (CFD) also finds a great application in this area. It makes possible to
predict the behavior of foods during their process without a great expense of money or raw materias (Kumar &
Swartzel, 1993; Xia& Sun, 2002).

The process of milk standardization consists on the controlled injection of cream with a high percentage of fat in
skimmilk, in order to obtain afinal product with standard fat content. In modern milk processing plants, direct in-line
standardization is commonly used. In dairy industries, this process occurs right after milk centrifugation, where the high
percentage fat part, the milk cream, is separated from the low fat part, the skimmilk. The proportionsto get afinal fat
content are calculated by the control system before the cream is re-injected into the skimmilk. Changes in flow rates
through the centrifugal separator and variations of the incoming whole milk fat content are compensated by an accurate
density control combined with constant pressure control at the skimmilk outlet on the separator, ensuring the necessary
conditions for the remixing (TetraPak, 1995)
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In this paper a mechanical model of the injection of cream in skimmilk is proposed. Some results of solving the
mechanical model are of engineering importance. One is the velocity field along the flow, indicating velocity profiles
that are responsible for the convection of one component into another. Other is the pressure field, giving the pressure
drop, an important Engineering parameter. The mass fraction field calculated along the flow gives a good idea of how
the cream is convected into skimmilk in this process.

The main goal of this paper isto simulate this phenomena using a finite element approximation. In afirst step, a2D
geometry was employed. To solve the velocity field, the equations of mass and momentum balance were solved for a
bulk fluid, with constant properties along the domain. The velocity field was used as an input for the program devel oped
to solve the local mass concentrations, using the species mass balance equation. As the problem is strongly convective,
some numerical instabilities are generated by the classical Galerkin approximation, creating the need for a stabilization
method. The stabilized method used then was the Streamline Upwind/Petrov-Galerkin (SUPG) (Brooks & Hughes,
1982). Some results are given and compared to the classical Galerkin approximation results.

In order to obtain more redlistic results, with industrial interest, simulations employing a 3D geometry were
performed. The analysis consisted in comparing four different diameters for the cream pipe, evaluating the mass
transfer effectivenessin completing the mixture. All 3D simulations were performed using a commercia code.

Figure (1) is arepresentation of the problem statement.

—

—— Skimmilk Standardized
- milk

—

. e

I 1
|Cmam

—

Figure 1:Problem statement
1.1 Mass balance in the control system

In modern milk processing plants, direct in-line standardization is usually combined with separation. Control
valves, flow and density meters and a computerized control 1oop are used to adjust the fat content of milk and cream to
desired values. This system controls the amount of cream injected in the skimmilk, which depends on their fat levels
after separation. This amount is calculated as follows.

Let X, be the desired fat percentage in the standardized milk. Let X. and X be the fat percentage of cream and
skimmilk after separation, and F;, F; and F, the momentaneous flows of each component cream, skimmilk and
standardized milk. A mass balance over the problem’s domain represented in Fig. (1) gives:

FCXC+FSXS :Fme (1)
F+R=F,

As the quantities X, and Xs are measured by an in-line density meter, Egs. (1) give enough information to the
controller to set the amount of cream to be injected.
The Reynolds number is determined based on the mean velocity of the whole mixture, considered the bulk fluid:

(2

inwhich A isthe pipe’s cross section and r and mare the density and the viscosity of the mixture.

The bulk fluid physical properties should be evaluated as a pondered average of the fluids flowing in the considered
region. As the mass fractions are not known before solving the problem, these properties are estimated based on a
pondered average of the desired final concentrations. This is possible also because the two fluids have very similar
properties. It isimportant to have a good estimate of the Reynolds number before performing any numerical or practica
experiment, because if the flow is not laminar (for Re>2000), some different aspects regarding turbulence should be
taken into account.

2. Mechanical modeling

To model the problem, some concepts of Continuum Mechanics (Slattery, 1999) are used. Also, some hypothesis are
taken to simplify the problem to one more adapted to the main goal of this research.

The most common hypothesis applied here are: steady state, incompressible flow, bulk newtonian fluid, 2D domain,
constant physical properties. The bulk fluid hypothesis is the same as to consider the mixture as a dilution of one
component into another, with out changing its properties. This hypothesis is applied to calculate the velocity field
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through the momentum and mass balance equations. The velocity field is imposed to the species mass transfer problem,
uncoupling the problems of velocity-pressure and mass conduction-convection.

2.1. Mass balance

The mass balance for the system is obtained employing Reynolds transport theorem (Truesdell & Toupin, 1960) for
the density of the bulk fluid r . It results on the continuity equation (Slattery, 1999):

Dr i rdivu=o0 ©)
Dt

where u isthe velocity field and the operator D()/Dt denotes the materia derivative (Slattery, 1999).
For incompressible materials, the motion is called isochoric (Slattery, 1999), and the continuity equation is given by
divu=0. Thisisthefirst of a system of equations to solve the velocity field to the injection problem.

2.2. Momentum balance

The momentum balance for abody is given by Euler’s Firs Law (Truesdell & Toupin, 1960), expressed in the form:

% Orudv = dS + ¢y fdv (4)
Vm

Sm vm

where f stands for the mutual forces field (negligible) and externa forces field (gravitational field) for unit mass
(Slattery, 1999), t is the stress per unit area vector, which represents the contact forces.

The stress tensor T is defined as T=T;eiAg;, in the tensorial basis e;Ae;, where each component Tj; is the ith-
component of the stress vector acting upon the positive side of the plane x; = constant (Slattery, 1999). In this way,
Cauchy’s theorem postulates that t = T'n, com T = T'. Substituting in Eq. (4), considering an incompressible fluid,
rearranging and applying Green’s transformation, and applying a localization argument (Gurtin, 1981), the remaining
integrand of this equation equals to zero, resulting in the differential momentum balance, or Cauchy’s First Law
(Slattery, 1999):The momentum balance is then expressed as.

DU GivT et 5)
Dt

To model the tensor T, we consider the motions that cause stresses, that are the components of the symmetric part
of the velocity gradient tensor Nu, called rate of deformation tensor (D). The way that D affects T is the so called
congtitutive equation of the material. For a newtonian incompressible fluid (Truesdell & Noall, 1965), the constitutive
equation is given by

T=-pl+2nD ®)

The differential momentum balance, or Cauchy’s First Law (Eg. (5)), is written as follows, with n standing for the
cinematic viscosity:

%+(Nu) :-$+2nﬂ>o(u)+f ™

2.3. Species mass balance

In a Continuum Mechanics context, a mixture of n species is imagined as a multicomponent body, wich is a sum of
n single-component bodies with a variable density field. Instead of calculating fields such as velocity and pressure for
each component in the mixture, the mechanical postulates are put in a multicomponent form. The equations to solve are
then the same equations as for a single-component system, plus n—1 equations representing the mass balance for each
species. The density and the mass-averaged velocity of a multicomponent system, and the mass fraction of a speciesin
this system are given by:

fo ©)
r

-G _13 . _
r=arg. u= r—a FoUa, Wa =
i=1 i=1
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The differential mass balance for each species is given, according to Slattery (1999), as.

frey
#"’d'v(r(i)“(i))' =0 ©)

where the species velocity g, is defined together with the definition of the bulk velocity field u, to give the mass flux of
species i with respect to the bulk velocity as ji = r (ugy — u). Employing the definitions for j; and wgy in Eq. (9), it
comes that

Dw, . .
t +divjg, - 1, =0 (10)

The equation for the mass transfer rate for a binary mixture, or the Fick’s Law, given by Eq. (10), makes it possible
to formulate a simpler way of Eq. (10), Eq. (12), if it is considered that the density of the mixture is constant:

joy =1 D;Rw, (11)

Drw
@) YIEN —
Tt+d|v(NrDij o) Ty =0 (12)

where Dj; is the coefficient of binary diffusion of speciesi and j, which may vary with temperature and mass fractions,
whiler isawayslocally defined because of the variation of species mass fractions aong the domain.

2.4. System of equations

The balances of the previous section, performed over the problem’s domain Wi R?, give the necessary equations to
solve the velocity and pressure fields, so as the mass fraction field, if initial and boundary conditions (on the usual
frontiers G, and G;), are aso given. The bulk fluid is considered to be newtonian and no mass generation exists. Using
the previous hypothesis, a set of equations given below models the cream injection:

%+(NU*)U*+Np*- 2Re'divD(u’)- f =0 over W

divu” =0 over W (13)
Wi o~ * . ~

iﬂ—ﬂ')+ Nw;, >u- - id|v(NW(i)) =0 over W

S 1t Pe,

where the non-dimensional variables are given by:

. u . . fL . tu
W P P e (14
¥ ¥ ¥

and the non-dimensional parameters that control the dynamic similarity of the flow are the Reynolds, Peclet and
Schmidt numbers:

Re= ¥ L
nO
Pe =ScRe=teke. (15)
D,
sc=lo
D,

The boundary conditions are: no-slippery condition at the walls; prescribed velocity ug and prescribed mass fraction
field wg at the beginning of each pipeline; free-traction Ty, and free mass-flux jgy, at the outlet:
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u =uy on G,
Weiy = Waing on G, (16)
g pl+2nD(U)gn =T, on G,
& DyNw, Bpn = jg, on G,

3. Finite element model

To the finite element modeling the finite subspaces V,, Py, (Franca & Frey, 1992) and W, (Franca et a., 1992) are
employed, defined as:

vV, ={vl HoW)"

Vi T Ry (K)™ KT ¢} (17)
R, ={pT C(WN LE(W)|D\KT R (K), KT C,} (18)

w, ={wl H;(0)

w1 R (K).KT ¢} (19)

where LW) defines the space of square integrable functions over W, Ly*(W) the space of square integrable functions
zero averaged over W, H'(W) the Sobolev space of square integrable functions and first derivatives over W and Hy (W)
the Sobolev space of square integrable functions and first derivatives over Wthat vanish on G,.

The Galerkin approximation for the system gives the scheme:

Find the triple (Un, pn, Way)I Vi, X Py X Wi, such as

B(uh!ph’W(i)h;vvq!W):F(V!q!W)! (Vvq!W)T Vh, Ph,Wh (20)
where

B(Uy, Pys Wy V.0, W) =([Nu]u, v) +(2nD(u), D(v)) - (R, p)- (R>u,q)

+ ([Nwm]u ,W) + (DijNW(i) , NW) (&

and
F(v,0,w) = (F,v) +(T,,V)g, +(Ry, W) + (W, jiy)g, (22)

3.1. Stabilization strategy

The numerical stability of advection-diffusion problems, such as the solution of the mass fraction field, is only
possible when the problems related to the dominance are overcame. According to Hughes [5], the error of Galerkin
approximation may be estimated as:

If - " £CPep h* (23)

where f and f" are the exact and numerical solutions for the scalar f, respectively, h is the estimate of the element’s
ratio, C is amesh independent constant, k is the degree of interpolation and P}, is the grid mass Peclet number, defines
as.

[,

Pe ==L (24)

where [al, isthe p norm (Euclidean for p = 2, infinite norm if p = ¥) of the advective field a.

The grid Peclet is directly related to the approximation error. A high Peclet number, or Pg," >>1, produces
numerical oscillations that must be reduced even by refining the mesh or by the use of a stabilization scheme. The
numerical difficulties associated to advection-diffusion problems have been overcome by different strategies like the

Taylor-Galerkin, Characteristics-Galerkin (Brasil Junior et a., 1997), Streamline Upwind Petrov-Galerkin (Brooks &
Hughes, 1982) and Galerkin Least Square (Hughes et a., 1988) methods.
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In this paper, the stability given by a SUPG scheme is compared with results of classical Galerkin approximation.
The SUPG scheme is based on the addition of artificial diffusion termsin the streamline direction. The weight function
is modified to:

Wy oo =W+a[Nw]a (25)

where a are mesh dependent terms, which are multiplied by the residual of the Euler-Lagrange equations evaluated
eementwise. As these residuas satisfy the exact solution, the Petrov-Galerkin scheme represents a consistent
formulation.

Theforms B(f ,w) and F(w) are written, in the SUPG scheme, as follows:

Bsuee (f, W) = ([NfJa,w) + (D Nf ,Nw)

+& (INfla- D OF,a(Pe})[Rwla), (26)
Faee (W) = (RW)+ (i, W), + & (R,a(Pel)Nwla), 27)

Ki c,

The a parameter is defined as in Franca et a. (1992), including the degree of interpolation in the definition of the
grid Peclet number.

3.2. SUPG formulation

The complete SUPG formulation for the injection problem is then completed:
Find the triple (Un, pn, Wayn)l Vi, X P X W, such as:

B(uh!ph’W(i)h;vvq!W):F(V!q!W)! (Vvq!W)T Vh, Ph,Wh (28)
where

B(Uy ., Py Wy V.0, W) =([Nu]u, v) + (2nD(u), D(v)) - (N, p)- (Rou,q)

+ ([Nw(i)]u ,W) + (DijNW(i) ,NW)
+ & ((NuJu+Np- 2nR>D(u),t (Re )([Nv]v - Na)), (29)

Ki c,

+ é. ([NW(i)]u - DijDN(i)ya(PemK)[NW]u)

- K
Ki c,

and
F(v,q,w) = (F,v) +(T,.V)g, +(Rey» W)+ iy, W,
+& (F.tRe)(NVIv- Rg)), + & (R, .a(Pel)[Rw]u)

Ki c, Ki ¢y

(30)

K

The stability parameter for the velocity-pressure problem t (Rex) depends on the grid Reynolds number Re¢ and is
defined as in Franca and Frey (1992).

4. Numerical results

The numerical simulations for obtaining the velocity field for the 2D model, and both velocity and mass fraction
field for the 3D model were performed at the National Center of Supercomputation (CESUP), using a Silicon Graphics
Octane Workstation dual processor with 128 Mb RAM. The software used was Flotran (ANSY S 5.7, Ansys Inc.). The
simulations of the advection-diffusion problem for the 2D model were performed at the Laboratory of Applied and
Computational Fluid Mechanics (LAMAC), using a Intel Pentium 111 with 1.1 GHz processor and 1 Gb RAM, using a
program devel oped by the research group. The visual post processing was made with use of the software Ensight 7.

4.1. 2D simulations

A 2D geometry, using similar to industrial pipe measures, was used to implement the finite element solution.
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The mesh created for the simulations consisted of 17540 Q; (bilinear quadrilateral) elements. The boundary
conditions of velocity were such as to maintain a laminar regimen. Figure (2) shows the result for the velocity field that

was input in the advection-diffusion program.

2 B2
L3242
rL % 66003

In each simulation, the value for the mass diffusivity was varied. The nodal values for velocity and the mesh were
kept the same during al experiments. So the variation of the grid Peclet nhumber was due to the mass diffusion
coefficient.

The simulations covered the range 10 £ Pe" £ 10°, performed using the classic Galerkin formulation, Eq. (20), and
the SUPG formulation Eq. (28). The results are given as the mass fraction profile along the domain, shown in a detailed
view.

Analyzing the result for Pé"x = 10™(Fig. (3)), it is verified that numerical instabilities are not produced. This is due
to a very high mass diffusivity coefficient, which makes the problem diffusive dominated, and the advective field
negligible. However, this value for the diffusivity is not physicaly redlistic, and it is possible to observe dissolution of
the components in a direction contrary to the flow.

Figure 2: Velocity field

00 025 050 075 100

Figure 3: Result for Pe"c = 10"

For Pe"y £10° instabilities were not verified. Figure 4 illustrates the quasi stable solution using Galerkin
approximation for Pe"x »10",showing light instabilities.

mass_fraction
=u 0,22 049 075 1.01

Figure 4: Result for Pe"c = 10", stable
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For Pe"¢ »10°, instabilities start to appear when Galerkin approximation is employed. Figure 5 shows the
comparing between resuilts for the solutions in the range 10 £ Pe"« £ 10°.

Ll e L i

d 022 049 075 101 AL11 0,18 048 077 1.07
(8) Pe"x »10% Galerkin approximation (b)Pe"k »10%, SUPG approximation

L s, i

=5.16 -3.24 =133 059 2.50 0,19 013 045 077 108
(c) Pe"« »10%, Galerkin approximation (d) Pe"x »10°, SUPG approximation

N ——— = -

-_—
A -423 -1.79 064 307 551 020 012 044 076 109
(€) Pe"« »10*, Galerkin approximation (f) Pe"« »10%, SUPG approximation

Figures 5: Solutions for the Galerkin (a, ¢ and €) and SUPG (b, d and f) schemes

It is observed that the instabilities are created forming a “crocodile pattern”, and that the instabilities get much more
smooth when the SUPG schemeis used.

Within the stabilized results, the mass fraction profile in the y direction was analyzed in a position 3xD (D = larger
tube diameter) from the injection (Fig. (6)). In results for Pe"x »10° and Pe"x »10° light numerical instabilities exist
giving vaues lower than zero and higher than one. The region where most of the mixture occurs is in the range
0.11£y/D£0.26.
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Figure 6: Mass fraction profile for the skimmilk, 3xD from injection
4.2. 3D simulations

In this section, 3D results of mass fraction and velocity field are presented. Four different geometries were
employed with the dimensions based in industrial tubes for milk processing, where the diameter of the cream pipe
varies from %z inch up to 1 inch, as shown in Fig. (7). Each mode has 13056 hexaedric elements. The tubes are rigid
and the species were considered as newtonian incompressible fluids.

© (d)

Figure 7: 3D mesh for simulations. diameter of cream pipe with (@) 1 inch (0.0254 m), (b) ¥ainch (0.01905 m), (c) %2
inch (0.0127 m) and (d) ¥4inch (0.00635 m).

The prescribed milk inlet velocity is calculated in order to obtain a Reynolds number inside the laminar range and a
mixture with 92,5% of ssimmilk and 7,5% of cream in the outlet.
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Figure 8: Velocity fields: diameter of cream pipe with (a) 1 inch, (b) %inch, (c) %2inch and (d) ¥sinch
In Fig. (8), one may see that the cream flux behaves like a restriction to the skimmilk flow, deviating its flow for

the upper pipe section. This effect decreases when the cream tube diameter is reduced. The pressure fields are depicted
inFig. (9).
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Figure 9: Pressure fields. diameter of cream pipe with () 1 inch, (b) %inch, (c) ¥2inch and (d) ¥2inch

As expected, it is possible to see that the pressure drop along the cream pipe increases with the diameter,
demanding more pumping power. Thisis due to the larger friction area and also to the need of higher velocitiesin order
to maintain the same mass flux. In this way, the power requirement becomes a relevant parameter for project design.

Figure (5) shows the mass transfer process for each case, in a pipe longitudinal section. Figure (6) shows this
process in the pipe cross section.
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Figure 10: Smimilk mass fraction: diameter of cream pipe with (a) 1 inch, (b) % inch, (c) “zinch and (d) %2 inch
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Figure 11 Skimmilk mass fraction (at the outlet): diameter of cream pipe with (a) 1 inch, (b) % inch, (c) ¥z inch and (d)
Yainch

It was expected that with higher cream speed through the thinner cream pipe, the mixture at the outlet would be
more homogeneous, increasing the convection importance in the advective-diffusive process. Although, the cross
section of the outlet in Figure (11) shows that the mixture homogenization did not occur in the direction of the sides of
the pipe, the mixture was deviated to the superior pipe region. The results do not show effectiveness of the cream-
skimmilk homogenization.

5. Conclusions

In this paper, some aspects of the mechanical modeling of cream injection in skimmilk were explored. The problem
was modeled as a multicomponent system with constant properties, according to continuum mechanics theory.

Using afinite element model, the velocity field of alaminar flow was calculated for a 2D domain, and it was used
to calculate the mass fraction field. As the Peclet number became too high for redlistic diffusion coefficients, it was
necessary to use a stabilized formulation. The stabilized SUPG simulations were compared to simulations using classic
Galerkin approximations for a Peclet range from 107 to 10°. The results using SUPG showed stabilization characteristics
not found in non-stabilized simulations.

To observe more redlistic results, a 3D mesh was employed. The results for different geometries were observed.
The effectiveness of mixture and pressure drop were compared as important parameters for equipment project and
design.
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