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Abstract

Salting is one of the basic procedures in the food processing. The NaCl concentration influences
water holding properties, viscosity, texture, emulsification. It is important to study and model mixing
process by mathematical methods to predict properties of the matrix and the food quality. The objective of
this study was to develop a mathematical model of the mixing of salt and meat in a bowl cutter and verify
this with experimental data. The bowl cutter is described as a continuous stirred tank reactor, combined
with a plug flow reactor in a repetitive series-model. The theoretical model shows that 30 rounds are
sufficient to get a salt concentration in the whole bulk of meat with a deviation between maximum and
minimum values of about 5%. The comparison of the theoretically predicted salt gradient and the
experimental results showed that the current mathematical equation is appropriate for description of the
process.
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Introduction

Salting is one of the oldest and the cheapest methods of food preservation; is used to prolong the shelf

life of the product by reducing its water activity (Albarracin 2011). Salt is a source of mineral ions — Na (39%)
and CI (61%), which are important for vital body functions (Lang 1971; Parker and Parker 2004). However a too
high sodium intake has negative health effects (Datta 2007), such as osteoporosis, asthma, kidney disease and is
closely related to cancer of the stomach. Dietary advice is to reduce the amount of consumed sodium (Skurihin
1991; Bona 2007; Albarracin 2011) and develop products with reduced salt content (Ruusunen 2005). The
sodium chloride concentration influences the properties of food systems, such as the physiochemical properties
(water holding properties, viscosity, texture, emulsification etc.) by influencing the properties of the proteins
(Costa-Corredor, Mucoz et al. 2010; Nguyen, Arason et al. 2010). From this point of view it is important to
study and model mixing of NaCl not only to understand the mixing process, but also to predict changes in
concentrations during the process and their influence on the matrix by mathematical methods.
Cutting is one of the basic procedures in making minced meat products. Within this complex process the particle
size of the raw material is reduced, the proteins are hydrated, the fat emulsified and other ingredients are mixed
to give a homogenous mixture. This process leads to binding of the necessary amount of water, influencing the
taste (flavor) and juiciness of the products. The bowl cutter is the most used equipment for industrial mincing
and mixing of meat and fish products. Cutting using a bowl cutter allows a higher end product yield due to
reduced cooking loss and shrinkage (Dolata 1977). More knowledge on the mincing process will thus enable
development of products with reduced salt content and with a high and stable quality. To reach an even
distribution of salt in the products are important and might reduce the limit of salt into the recipe.

The process of mixing multi-phase mediums and pastes are widely used in chemical and food industry
(Seborg 2004). Effective mixing is one of the important stages of processing which defines the success of the
whole process. The aims of the mixing process are: to obtain homogeneous systems with equal properties in all
points of the system; efficient mass-transfer processes in homogeneous and heterogeneous systems; and high
rates of chemical reactions (Aynstein 2006).

Many scientific studies, both theoretical and experimental have been devoted to mathematical description of
processes in food systems. All interactions taking place during food processing can be presented as dynamic
models. The models can be used to improve understanding of the process dynamics and to develop a control
strategy for a new process (Datta 2007).

Models can be classified as:

(a) Theoretical models developed using the principles of chemistry, physics, and biology;

(b) Empirical models obtained by fitting experimental data;

(c) Semi-empirical models that are a combination of the models in category (a) and (b); where the numerical
values of one or more of the parameters in a theoretical model are calculated from experimental data.

It is not easy to describe real processes by theoretical models only as a full understanding of all aspects of
complex food systems is not available. Empirical models only describe systems at specific conditions and
therefore, semi-empirical models are widely used in the industry. However, a process model is only a
mathematical abstraction of a real process. The model equations are at best an approximation to the real process
and cannot incorporate all macroscopic and microscopic features of the real process (Brauer 1994).

To study complicated and complex processes such as mixing, is necessary to take into account
parameters of equipment and quality of raw materials as well as interactions in the matrix. The number and
shape of knives and the speed of the cutter bowl influence the mechanical stress of the medium and therefore
affect the softness of sausages (Brauer 1994). The shape and speed of knives, the cutting time, and the
temperature in the medium, the chemical composition and structure of the meat influence the mixing process,
and thus affect the quality of the end product (Micklisch 2004; Kosoy 2006). The quality of the mixing process
depends on the properties in the bulk of material. More studies are needed on the influence of different
parameters on the mixing process.

A bowl cutter can be described with a theoretical model consisting of a continuous stirred tank reactor
(CSTR) and a plug flow reactor (PFR) in repetitive series. The CSTR part is the mixing part where the knives
operate and the PFR is the revolving bowl. A better description will be a CSTR with recycling of the outlet,
because we do not expect any mixing to take place during the transport of material outside the CSTR in the bowl
(Felder 1986).

Mixing of salt in the meat was described by the following equation, where the steady state gain, Kb, - is
defined as the magnitude of the change in output at steady state divided by the magnitude of the change in the
input into the CSTR. This gives a useful, general form [1]:

(1]
where Ci — is concentration of a salt in the meat entering the mixing zone (0 — in the beginning, i — in the i-th
period of time);

T - time;




Kp- steady state gain, — change in output / change in input.

The mathematical model developed for describing mixing of salt and meat, was based on equations
describing unit operation in the chemical process industry (Hangos and Cameron 2001). Equations describing
the steady state value can be used to identify the model of an unknown process from raw process data. The
mixing process can be described as steps, which are repeated in “fixed” points of bulk meat after each round,
Figure 1:

Figure 1.

In discrete form the following transformation occur in the mixing zone [2]:
(2]
Where V — volume of meat in the mixing zone, cm®;
AC; — the change of salt concentration, g/cm®;
F — flow through the mixing zone, dependent on the speed of the rotating device w, in rpm;
At — change in time

The first time the meat goes through the mixer, the concentration can be described as [3]:

(3]
Where C,— concentration of salt before mixing, in the beginning of the process at time t = 0,
C4(t) - concentration of salt at time t;

o(t) - is a unit impulse function;
T= L/Wl - the time needed to make a complete rotation; (L — medium circumference of the tube, w; is rotation
speed in rpm.)
7=V /| F -the ratio between the flow through the mixing zone and the volume of feed in the mixing zone.
The concentration at each point of bulk meat in the bowl can be represented as:

[concentration] = [in] — [out] + [accumulated]

When the meat enters the mixer for the second time the salt concentration is a function of the salt concentration
profile from the previous run. Thus, the equation for this process will be as follows [4]:

 [4]
The differential equations can be solved as follows [5]:

 [5]
The concentration of salt on the nth stage can be found by the following equation [6]:

 [6]

with abbreviation as defined in equations 1-3.

The objective of this study was to develop a mathematical model of the mixing of salt and meat in a
bowl cutter and verify this with experimental data. The salt spreads in the bulk of meat during the complex
process: cutting and rotation of knives, rotation of the bowl itself and interaction between the compounds in the
minced meat (Acton 1982).

2. Materials and methods

2.1 Materials

Frozen bovine and pork hearts were used as material for the experiment. The hearts were stored at -
18°C. Before use, the meat was defrosted for 24 hours at + 4°C. Directly before cutting, the temperature of meat
was — 4 — 6°C. For each experiment, 10 kg batches of meat and 0.3 kg of ordinary table salt (sodium chloride)
were used.

2.2 Equipment

A Talsa bowl cutter with 50 acity, bowl diameter — 76 cm and bowl depth 14.5 cm, was used. The
length of the cutting zone was 4.8 cm, contained six knives with a working length of 14.0 cm. With 10 kg of
meat in the bowl cutter, the volume of the cutting/mixing zone was 338 cm®. A schematic picture of a bowl
cutter is shown in Figure 2.
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Figure 2.@
2.3 Methods

The sodium chloride content was determined by the VVolhard method (AOAC. 1990).
The mathematical modeling was developed using Matlab 7.4.0 (R2007a).

2.4 Experimental description

The defrosted meat was cut in the bowl cutter to a homogenous mince (2-3 min at high speed, 18.28
rpm). The whole amount of salt was added at once, in a line perpendicular to the rotation of the bowl cutter.
During the experiment, the rotation speed was set at a low level, (rotation speed 9.15 rpm).

Sampling has been done along the outer diameter of the bowl, from the line of addition of salt,
following the direction of rotation of the cutter-bowl.

Three experiments were carried out to verify the model. To check the effect of the orientation of the
knives influenced the mixing, the position was changed between the first and the second experiment. The
position of the knives for the two experiments is shown in Figure 3:

Figure 3.

The first experiment was carried out using the standard-set position of knives; the cutting/mixing zone
had the knives positioned with equal distance between each knife-pair, as shown in the figure. In the second
experiment, the position of knives was changed; two pairs of the knives were close together with the third a little
further apart.

To check for radial mixing, sampling was done along the radius. Samples were taken in 3 positions, The
first was taken in a point close to the bowl wall, near the outer perimeter; the second in the middle of the bowl
and the third close to the inner bowl wall. Results of the experiment were calculated based on the arithmetical
mean of all three positions for each sampling point.

Sampling was done by sampling at regular intervals (10 cm) around the bowl by taking advantage of the
predicted values for NaCl concentration by the model.

The whole length of circuit of the bowl (along the outer diameter) was divided into fifteen parts with
equal steps of ten centimeters between the first four points and twenty centimeters between the rest. After the
first round, four samples were taken from point number one to four (addition of salt), after the second — five
samples in the same way. After the third round, six samples were taken, but after the fourth round — six samples
were taken from the second point (excluding the number one point). The seven samples after the fifth round were
taken in the first, third and the following points, missing the second one. Samples from the last rounds were
taken close to the end of circuit in the last seven points. Each position of sampling was numbered from the line
of salt addition along the direction of movement of the bowl, according to the experimental set-up, as shown in
Figure 4:

Figure 4.
One example is shown in the table below:

Table 1.

In the third reported experiment — the position of knives were as in the first experiment, samples were taken after
1,2,3,4,5, 10, 15, 20, 30 rounds.

The results from the first two experiments showed that there was no significant difference between the
salt concentration in the second and third positions of the sampling point, probably due to the practical spread of
the added salt line. It was therefore decided to take samples only in two positions, — in a point close to the inner
bowl wall, and in the middle of the bowl along the diameter. Sampling was done at fixed points around the
bowl, from the line of salt addition. The distance between sampling points were equal, determined by dividing
the whole outer perimeter into eight parts giving a distance of about 30 cm. Samples were taken in all points
after each round. Results of the experiment where calculated based on the arithmetical mean of both positions for
each sampling point.

To compare the theoretical equation and the experimental data, the initial concentration of salt was
defined based on the parameters for the real system. C, — ratio of the whole amount of added salt to mass of meat
in the mixing zone, calculated based on real equipment size. The minced meat relocates by the cutting knives, by
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movement of the bowl and, partially, by its own flow movement. The size of the cutting zone was 5 cm
(according to the length (I = 4.8 cm) of zone occupied by knives), the size of the practical mixing zone was
found to be 15 cm. This practical mixing zone is thought to be the distance the meat is thrown up streams by the
knives during the cutting process.

3. Results and discussion

3.1 Mathematical modelling of salt mixing process

The theoretically predicted change in salt concentration in the bulk of material is a function of mixing
time. This can be symbolized as a distance, on which salt was distributed from the point of its addition. If the
initial concentration of salt is set to Cy = 1, the mathematical model gives curves as shown in Figure 5:

Figure 5.

According to the model, the salt concentration profile changes in the following way: in the beginning, the first
round shows a standard wash out curve from a CSTR. In the first five rounds, the salt concentration is high in the
first points of the curve and no salt is found in the last sampling points. In the next 10-120 rounds salt spreads
along the whole length of the cutter and concentration gradually becomes equal in the whole bulk of meat. The
last curves show that the level of salt concentration goes from zero to between 0.05 and 0.1 g/cm®. This means
that salt content in the bulk of mince spreads gradually, in direct ratio to distance or depending on the time of
treatment. The difference between the maximum and minimum salt concentration decreases significantly and
after approximately 120 rounds the difference is less than 5 %, and the mixing is assumed to be complete.

The experimental data showed that the distribution of NaCl changes in the direction of the bowl, opposite to
direction of the meat flow. This main finding may be explained by the interaction between the cutting of knives,
the movement of the bowl, and the movement of the mass of mince related to this. The direction of mass relative
to the knife is shown schematically in Figure 6:

Figure 6.

A good cutting action was obtained. When meat passes through the mixing zone, it is cut several times.
Within the real size of equipment and real salt concentration in the beginning of the whole process — Cy, changes
in theoretical formula have been set. For comparison of the theoretical and experimental data, the result of the
first two experiments is shown in Figure 7. The real size values of the equipment and the real amount of salt was
fed into the theoretical model and Figure 7 shows the association of the resulting curves with the experimentally
determined values. Predicted theoretical curves from the first to the twentieth rounds and experimental data from
the same rounds are shown in the same graph:

Figure 7.

The theoretical curves are presented with unbroken lines; experimental data are presented with broken lines with
differently shaped markers. The curves in the plot demonstrate concentration value of salt in each point after the
given number of rotations. Distance in centimeters along the outer circumference, measured up stream of the
material flow.

As shown in Figure 7, the range of salt concentration within the mixing process does not leave the range
of predicted values; but at the same time, theoretical and experimental values for corresponding sample-points
do not coincide closely. However, the results from the last rounds fit well with the predicted values. This is
shown in more detail in Figure 8:

Figure 8.

Both the first and the second experiments are described by curves that do not coincide closely to the curves from
the theoretical model. Results from the first experiment, with the normal position of knives (a), fit better with the
theoretical values than results for the second experiment.

The change of position of knives influenced the mixing pattern, these results were in consistence with
other studies (Micklisch 2004). Based on this, the sampling of the third experiment was planned. In the third




experiment, the standard-set position of knives was used as in the first experiment, samples were taken after 1, 2,
3, 4, 5, 10, 15, 20, 30 rounds, at each point along the diameter of the bowl, with 30 centimeters between each
sampling point, (Figure 9):

Figure 9.

The third experiment was carried out to check the reproducibility of the process. More sampling points were
taken as described in the experimental setup. In total 30 rounds were run, with 8 sampling points along the bowl,
this gave sufficient amount of results to compare experimental data with the model.

The concentration of salt changes during the process. When 300 g of salt is added to 10 kg of meat, the
final concentration of sodium chloride should be 0.03 g/cm® in the whole mince. As shown in Figure 10, the
theoretical curves tend to level off at a salt concentration of 0.01 g/cm®. The experimental graphs have a
tendency to level off at close to 0.04 g/cm®. The NaCl concentration in the fresh meat is 0 — 0.4 % CI" -ions.

This was the expected final concentration according to the amount of sodium chloride added. While running of
experiment has been respected original size of bowl-cutter, amount of materials according to recipe. The initial
concentration of NaCl, Cq= 5.0, according to mass of material in assumed mixing zone.
The following plots present the correspondence of the experimentally obtained data of the third experiment to
theoretical model: the separate illustration of shapes of the graphs is shown in Figure 10:

Where the unbroken line is the theoretical curve and the interrupted line is the experimental data. (X-axis -
Distance in the cutter along the diameter, cm; Y -axis — Concentration NaCl, g/cm?®)

Figure 10.

Comparison of the shape of the curves shows unexpected good fit between the theoretical and the experimental
curves in the last rounds. In the first rounds, — from the first till the tenth, the beginning of experimental data
curves is in the range, corresponding to the level of real salt concentration — 0.04 g/cm® NaCl, while the
correspondent theoretical curves begin from zero (from second till tenth rounds except for the first). Thus
requires further refinement of equation.

4. Conclusions
Mixing of salt and meat in a bowl cutter was modeled as a continuous stirred tank reactor, the flow and
the process of salt mixing have been described by equation for a continuous process [6]:

, [6]
where C, is salt concentration. The current model describes the process of mixing, spreading of sodium chloride
as expected. The change of position of knives influenced the mixing pattern. The experimental result shows that
approximately 30 rounds, instead of theoretical predicted 120, are sufficient to get a homogenous salt
distribution with a deviation of 5% in the whole bulk of meat. The experimental curves for the spread of salt fit
reasonably well with the theoretical model. The salt concentration profile movement is in the same direction as
the movement to the meat flow. The developed model can, with some adjustments and taking the variable
conditions of real systems into account, be used to model mixing of salt in a bowl cutter.
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HIGHLIGHTS

Mixing of salt and meat in a bowl cutter was modeled as a continuous stirred tank reactor;

The change of position of knives influenced the mixing pattern;
The experimental result shows that approximately 30 rounds, instead of theoretical predicted 120, are sufficient

to get a homogenous salt distribution with a deviation of 5% in the whole bulk of meat;
The developed model can be used to model mixing of salt in a bowl cutter.
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Where Force 1 — throws meat in a direction opposite of movement of meat; Force 2 — cutting action of knife

Figure 7. The concentration of salt in the meat after mixing by bowl cutter. Model and experimental data

Figure 8. The concentration of salt in the meat after mixing by bowl cutter. Comparison of the results of first
two experiments
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data.
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Figure 1. Steps of mixing.
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Figure Captions

Figure 2. a. - The knives; b. — The scheme of a bowl cutter
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Figure 3. Scheme of position of knives : a. — first; b. — second experiment.



Figure

ey
=
3
w




Figure Captions

Figure 4. Scheme of sampling in a bowl cutter for the first and the second experiments.
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Figure Captions

Figure 5. Theoretically predicted concentration curves, according to the mathematical model.
The 1 round — interrupted line, 2 — interrupted with dots, 3 — line with star-markers, 4 — thin line with dot-
markers, 5 round — dots-line, 10 — line with o-markers, 20 — line, 30 — line with *-markers, 40 — thick line with
dot-markers, 50 — line with xx-markers.
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Figure Captions

Figure 6. The scheme of the direction of movement of the bulk of mince, related to rotation in the bowl cutter.
Where Force 1 — throws meat in a direction opposite of movement of meat; Force 2 — cutting action of knife
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Figure 7. The concentration of salt in the meat after mixing by bowl cutter. Model and experimental data
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Figure Captions

Figure 8. The concentration of salt in the meat after mixing by bowl cutter. Comparison of the results of first
two experiments
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Figure Captions

Figure 9. The concentration of salt in the meat after mixing by bow! cutter. The third experiment. Experimental
data.



Figure

0.35

0.3

o
o =
~ 3

Concentration, g/cm3)

— 1 round,theory

—— 2 round,theory
3 round,theory
— 4 round,theory
— 5 round,theory
——10 round,theory
— 15 round,theory
20 round theory
— 30 round,theory
-=-{] round,experiment
-0 t2 round,experiment
t3 round,experiment
- t4 round,experiment
8- 15 round experiment
-+ 10 round,experiment
415 round experiment
t20 round,experiment

0 50 100

150 200

Distance in the cutter along the circumference, in the direction of meat flow, cm

%130 round,experiment




Figure

T T T T
| | | |
| | | |
| | | | -
L Ll _L _ i
| | | | i
| | | | i
| | | | L4
| | | | H
| | | | H
L L _____ R
| | | | H
| | | | i
| | | | H
| | | | ¢
| | | | i
N _ i
| | | | 1
| | | |
| | | |
| | | |
| | | | /o
N 7|
| | | |
| | | |
| | | |
| | | |
| | | |
o + + + <
= = ScwybTuonentaovo
I I I I I I
| | | | | |
| | | | | |
| | | | | |
F—md——mlm—— 4+ ——H - — == — — + — —
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
s et il it el Rl M
| | | | | |
| | | | | |
| | | | | |
| | | | | |
| | | | | |
\\\\\\\ [ et Bt e M
| |
| |
| |
| |
| |
|
|
|

m

n

bl

Second round

First round

, , , , , ,
I I I I I I
I I I I I I
I I I I I I
Lo i __1__a1_ 37T
| | I | | [
I I I I I I '
I I I I I I *
I I I I I I !
| | | | | | !
et e el bl e Mt it B
| | | | | | !
| | | | | | !
| | | | | | d
I I I I I I
O H Y SR N R N P
| | | | | | F
I I I I I A
| | | | | (7
I I I I I |
I I I I I I
i Bt ettt Tl et it "l Miin o
| | | | [
I I I I I !
| | | | [
| | | | r
| u 4 14

| |
B = Fwobi=uonedaoued =

| | |

| | |

| | |

| | |

| | |

| | | |

| | | |

| | | |

| | | |

| | | |

| I T |

| | | |

| | | |

| | | |

| | | |
-4 == - ==

| | | | |

| | | | 4‘. |

| | | | —., |

| | | | v

L L L L 3 L

= SpuwoiFvonendaouoy B

Fourth round

Third round

Tenth round

Fifth round

|
|
|
|
I R
= ,rwsu;#:ozm:uumu:c

Twentieth round

Fifteenth round



Thirtieth round



Figure Captions

Figure 10. The spread of salt in the meat after mixing by bowl cutter. The third experiment. The comparison of
curve shapes. Where the unbroken line is the theoretical curve and the interrupted line is the experimental data.
(X-axis - Distance in the cutter along the diameter, cm; Y-axis — Concentration NaCl, g/cm®)
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Figure

[accumulation] =[in]-[out]; AC,-V =(F-C,-F-C)At ,[2]
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Figure

Cl(t):&e‘”’, t=0.T and Cz(t):C—gte‘”’+Cl(T)e‘”T, t=0..T ,[5]
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