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ABSTRACT

The modeling of dairy processing using a generic
process simulator suffers from shortcomings, given
that many simulators do not contain milk components
in their component libraries. Recently, pseudo-milk
components for a commercial process simulator were
proposed for simulation and the current work extends
this pseudo-milk concept by studying the effect of both
total milk solids and temperature on key physical prop-
erties such as thermal conductivity, density, viscosity,
and heat capacity. This paper also uses expanded fluid
and power law models to predict milk viscosity over
the temperature range from 4 to 75°C and develops a
succinct regressed model for heat capacity as a func-
tion of temperature and fat composition. The pseudo-
milk was validated by comparing the simulated and
actual values of the physical properties of milk. The
milk thermal conductivity, density, viscosity, and heat
capacity showed differences of less than 2, 4, 3, and
1.5%, respectively, between the simulated results and
actual values. This work extends the capabilities of
the previously proposed pseudo-milk and of a process
simulator to model dairy processes, processing different
types of milk (e.g., whole milk, skim milk, and con-
centrated milk) with different intrinsic compositions,
and to predict correct material and energy balances for
dairy processes.
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INTRODUCTION

Modeling and simulation of industrial processes are
useful to predict process behavior and critical for deci-
sion making and optimization without putting the real
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process at risk. Process simulation significantly contrib-
utes to analyzing process operation, performance, and
process or product variable trends with reasonably ac-
ceptable accuracies (Munir et al., 2012b). Commercial
process simulators (such as VMGSim; Virtual Materials
Group Inc., Calgary, AB, Canada) are usually preferred
over self-developed numerical modeling tools because
commercial simulators typically include substantial
component libraries, advanced computational methods,
comprehensive thermodynamic packages, user-friendly
graphical user interfaces (GUT), process flow sheet vi-
sualization, and pre-made major unit operations. The
simulators have also been validated over many years
with large critical user bases (Munir et al., 2013).

Although common in many processing industries, the
simulation of dairy processing using commercial pro-
cess simulators has lagged behind largely because the
historical market for most process simulators is chemi-
cal or petrochemical applications (Arthur et al., 2014).
Other reasons for the slow uptake of process simulation
in the dairy industry include the fact that milk is a com-
plex food structure with complex irreversible property
changes, multiple phases, and, most importantly, the
nonavailability of dairy components in the component
libraries of process simulator (Wang and Hirai, 2011;
Trystram, 2012; Tajammal Munir et al., 2015). This
paper aims to rectify this omission by showing how
milk can be considered a mixture of known compounds
such that the thermodynamic package of the process
simulator can estimate the key physical properties of
milk under a variety of processing conditions.

Dairy processing modeling case studies are rare. To-
masula et al. (2013) used SuperPro Designer (Intelligen
Inc., Scotch Plains, NJ) to develop a simulation tool for
the fluid milk industry, whereas Abakarov and Nunez
(2012) discussed the available food engineering software
without actually considering modern process simulator
capabilities. Bon et al. (2010) presented the use and
capabilities of ProSimPlus (Philadelphia, PA) for milk
pasteurization process modeling, and Madoumier et al.
(2015) proposed a new modeling approach for liquid
foods in a process simulator.
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The key differences between Bon et al. (2010),
Madoumier et al. (2015), and the present study are
outlined in Table 1. In the present study, milk was con-
sidered a “mixture” of water and pseudo-components.
Madoumier et al. (2015) followed a similar approach.
In contrast, Bon et al. (2010) considered milk as a
single pseudo-component but this approach has some
drawbacks. For example, such an approach has limited
applications when the different components of milk are
separated, such as in ultrafiltration, and it is not pos-
sible to vary the total solids (TS) such as in powder
processes. Finally, we cannot model the influence of
different operating conditions on milk mixture com-
ponents; for example, behavior of milk fat is different
from that of milk proteins under the same operating
conditions.

There are 2 major differences between Madoumier
et al. (2015) and the present study, which are shown
in Table 1. The first difference is that milk proteins
were modeled differently in the current study and in
Madoumier et al. (2015). Madoumier et al. (2015) ig-
nored 20% (by weight) of the proteins; namely, whey
proteins, and considered only casein proteins. How-
ever, whey proteins are essential (e.g., for whey milk
or “muscle milk”). The influence of heat treatment on
both types of milk protein is also different because ca-
sein proteins are stable to heat treatment whereas whey
proteins are not. Consequently, milk heat treatment
processes cannot be modeled without modeling both
whey and casein proteins. Furthermore, the denatur-
ation of both proteins is different. The second major
difference is that the viscosity of milk with higher TS
seems to be an unsolved issue due to non-Newtonian
flow behavior in Madoumier et al. (2015). This flow
behavior was modeled in the present study.

Process simulation of dairy processing using commer-
cial process simulators involves several specific steps.
Regardless of the type of problem and the objective of
the simulation, the first basic step is selecting compo-
nents or mixtures that will be involved in the simulation
from the simulator’s component library (Luyben, 2002
Seborg et al., 2004; Munir et al., 2012a). Although milk
is technically a colloidal suspension, process simulators
use the term “mixture” or “pseudo-mixture” in this in-
stance. The main components of milk are water, fats,
proteins, lactose, and minerals, all compounds that are
uncommon or unavailable in most commercial compo-
nent libraries.

Primarily, 2 different modeling approaches for milk
modeling have been attempted. Ribeiro and Andrade
(2003) and Ribeiro and Cano Andrade (2002) used a
unique component approach for milk modeling, whereas
Zhang et al. (2015) and Tomasula et al. (2014) opted
for a pseudo-milk component approach. The unique

Table 1. Key differences between Bon et al. (2010), Madoumier et al. (2015), and the present work

Madoumier et al. (2015) Present study

Bon et al. (2010)

Key difference

Milk was considered as a milk “mixture.”

Milk was considered as a milk “mixture”

Milk was considered as a single pseudo-

component.

Milk as a raw material

following methodology proposed in authors’

previous work (Zhang et al., 2015).

Applicable to most of dairy processes including

heat treatment processes.

Seems applicable to most dairy processes

except milk heat treatment.

Limited to milk pasteurization processes

only.

Applications
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The influence of temperature and different solid
concentrations on the physical properties of milk

was studied.
used to predict non-Newtonian flow behavior of

Different types of milk (e.g., whole, skim, and
Whey proteins were considered to evaluate the
influence of heat treatment on milk proteins.
Expanded fluid and power law models were
concentrated milk viscosity.

An expression for the heat capacity as a
function of temperature and fat content was
postulated to capture the double Gaussian
peaks.

concentrated) were considered.

Whole and skim milks with different dry

The influence of different operating conditions
on the physical properties of milk was studied.
The viscosity of milk with higher total solids
seems an unsolved issue due to non-Newtonian
flow behavior.

concentrations seems an unsolved problem.

matter were considered.
The heat capacity of milk with higher fat

Whey proteins were ignored.

The viscosity of milk with higher total

solids was not considered.
The heat capacity of milk with higher

on the physical properties of milk was
total solids was not studied.

The influence of temperature alone
studied.

Only whole milk was considered.

Whey proteins were ignored.

Influence of operating conditions

Heat capacity

Types of milk
Whey proteins
Viscosity
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component milk modeling approach is simpler because
the milk component properties are specified as constant
or depending only on temperature. Such a modeling ap-
proach can therefore only be used for situations where
composition remains constant or for the simulation of
heating or cooling of milk. On the other hand, in the
pseudo-milk component approach, the milk compo-
nents are divided into several pseudo-components: fat,
proteins, lactose, and minerals. In this approach, the
physical properties of individual pseudo-milk compo-
nents are modeled and added to compute mixture (i.e.,
milk) properties. This modeling approach is preferred
over the unique component approach because it can be
used for unit operations in which composition changes.

The physical properties such as thermal conductivity,
density, viscosity, and heat capacity are necessary to
predict milk behavior. The physical properties of indi-
vidual pseudo-milk components can be modeled either
by utilizing literature models (e.g., Fernandez-Martin,
1972b), or by artificially developing the physical prop-
erties of individual pseudo-components (Cheng and
Friis, 2007), or by assimilating the physical properties
of individual pseudo-components to the properties of a
representative component (Zhang et al., 2003, 2015).
The literature models as a function of operating pa-
rameters (e.g., temperature) are mostly used to give the
physical properties of individual pseudo-components.
In the absence of literature models, the physical proper-
ties of individual pseudo-components are optimized to
match the experimentally measured mixture properties,
perhaps using a simple trial-and-error strategy. As-
similating the physical properties of individual pseudo-
components to the properties of a representative com-
ponent is another way to model the physical properties
of individual pseudo-components. For example, in non-
milk-related work on vegetable oils, Zhang et al. (2003)
represented canola oil by triolein.

In recent work, Zhang et al. (2015) developed a
pseudo-milk compound for use within a commercial
process simulator. Here, the influence of temperature
alone on the physical properties of milk (i.e., thermal
conductivity, density, viscosity, and heat capacity) was
studied. However, the physical properties of milk are
also strongly affected by TS (involving proteins, lac-
tose, fat, and minerals) as well as temperature, and
we aimed to address this addition in the current work.
The prediction of milk viscosity prediction was another
problem in Zhang et al. (2015) that was not addressed.

The amount of milk solids varies along the produc-
tion line of dairy processing. For example, in the milk
powder plant, milk is concentrated from 12 to 13% (wt/
wt) to 48 to 52% (wt/wt) TS under vacuum in the
evaporator. However, the “pseudo-milk” developed in
Zhang et al. (2015) was ineffective at predicting the
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desired physical properties of milk at higher milk TS.
Consequently, in this work, we studied the effect of
changing milk TS (i.e., whole milk, skim milk, and con-
centrated milk) and temperature on key milk physical
properties (i.e., thermal conductivity, density, viscosity,
and heat capacity) simultaneously.

The key differences between Zhang et al. (2015) and
the present study are outlined in Table 2. The prop-
erties of pseudo-components were specified differently
from previous work. For example, milk fat was consid-
ered as a pseudo-component instead of free fatty acids,
significantly different molecular weights of fats and
proteins were used, milk minerals were considered a
pseudo-component, and expanded fluid and power law
models were used for the prediction of milk viscosity.
Casein and whey proteins were also considered in this
study. These alterations were necessary to model the
physico-chemical characteristics of real milk constitu-
ents. Multiple multivariate models were also used in
this study to compare different models.

The creation of an improved pseudo-milk and exten-
sion of the already existing pseudo-components in the
pseudo-milk mixture will expand the application of
process simulators to dairy processes. The creation of
an improved pseudo-milk will enable modeling of unit
operations such as evaporators and spray driers where
milk streams with different TS and temperatures are
involved. This work will also enable prediction of the
correct material and energy balances around dairy pro-
cess unit operations.

MATERIALS AND METHODS

Raw Material (Milk): Composition and Assumptions
for Modeling

Nutritionally, milk is regarded as a complete food
given that it contains water, fats, proteins, lactose (car-
bohydrates), minerals, and vitamins. Normally, milk
is divided into 2 components: the milk solids and the
aqueous phase. The solid components are dispersed in
the aqueous phase. For instance, the gross composition
of whole milk (13% by weight total milk solids) is 87%
water, 4% fats, 3.4% proteins, 4.8% lactose, and 0.8%
various minerals as shown in Table 3. The composi-
tions of other products common in New Zealand (for
example) with different TS [e.g., skim, trim (fat-free),
and concentrated milk| are also shown in Table 3. These
gross compositions are also relevant elsewhere with
minor changes. In this study, whole milk, skim milk,
and concentrated milk were considered. Trim milk was
ignored as major differences in physical properties are
not expected because the milk fat concentration is very
small (0.3% by weight) and it is the main cause of



Milk fat was developed as a pseudo-component. Molecular weight used

was much higher than that used in Zhang et al. (2015).
magnesium, and other important salts were missing in Zhang et al.

Milk minerals were developed as a pseudo-component. Calcium,
(2015).

An average molecular weight of 2.5E8 g/mol was used.

Casein and whey proteins were considered.
Multiple models were used for validation.
Multiple models were used for validation.

Present study

Free fatty acids were used to represent milk fat. Fatty acids are

not true representatives of the milk fat molecule.
Sodium and potassium salts were used to represent milk

An average molecular weight of 23,000 g/mol was used.
minerals.

Only casein was considered.
A single model was used for validation.

A single model was used for validation.

Zhang et al. (2015)

Table 2. Key differences between Zhang et al. (2015) and the present study

Thermal conductivity

Key difference
Density

Milk proteins
Protein types
Milk minerals

Milk fats
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differences. Creams as separate streams were also not
considered explicitly in this study, as extra light (12 to
12.5% fat) and light (15 to 19.1% fat; Morison et al.,
2012) cream streams are already included as concen-
trated milk. Heavy creams, those above 40% fat, were
deliberately excluded from consideration in this study
due to complex rheological behavior.

In this study, the following assumptions were adopted
after the following considerations.

(1) Milk was considered as a homogeneous mixture;
it is, in fact, a colloid of water, fats, proteins, lac-
tose, and minerals. Vitamins were not considered
in this study as they are soluble in fats and their
overall concentration is small.

(2) The chemical formulas of the pseudo-components
were not specified. They were considered as inert,
because mostly, there is no chemical reaction in
milk processing. However, the chemical formulas
of the pseudo-components need to be specified in
the modeling of cheese making process.

(3) Ordinarily, milk proteins consist of 2 major cat-
egories; ~80% casein proteins and ~20% whey
proteins (by weight). The casein proteins mainly
contain phosphorus-containing amino acids. On
the other hand, the whey proteins consist of
B-LG (>50% by wt.), a-LA (>20% by wt.), and
many minor proteins. The whey proteins mainly
contain phosphorus-containing amino acids, and
are soluble in nature, have a more complex struc-
ture, but are a minor component (Bylund, 1995).
Only casein and whey proteins were considered
in this work because other minor categories of
proteins are in smaller quantities.

(4) The aqueous phase of milk was only considered.
Milk properties for other phases might not be
valid.

(5) The heat capacity of milk for the temperature
range 60 to 75°C remains constant as most solid
milk fats become liquid and there is no latent
heat effect (Hu et al., 2009). Heat capacity data
in Ferndndez-Martin (1972a) also validates this
assumption.

(6) The heat capacity of milk for the temperature
range 4 to 75°C was assumed reversible for the
simulation purposes because the reversibility of
the heat capacity of heated milk is largely un-
known. The reversibility can also restore initial
heat capacity values.

viscosity. These models are recommended for non-Newtonian fluids.
A multivariate model was used for the prediction of heat capacity.

Expanded fluid and power law models were used to predict milk

A single variable model was used for the prediction of heat

A simple model was used for viscosity prediction.
capacity.

Process Simulation and Process Simulator Details

One of the original aims of this work was to estab-
lish whether a standard chemical process simulator

Viscosity calculation method
Heat capacity calculation

method

Journal of Dairy Science Vol. 99 No. 5, 2016
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Table 3. Quantitative milk composition (% by weight); data are from Bylund (1995) and Bon et al. (2010)

Component
Product Water Fat Proteins Lactose Minerals TS
Whole milk 87.0 4.0 3.4 4.8 0.8 13.0
Skim milk 89.3 1.7 3.5 4.7 0.8 10.7
Trim (fat-free) milk 90.5 0.3 3.5 4.8 0.9 9.5
Concentrated milk 50.0 16.0 13.0 18.0 3.0 50.0

designed for oil and gas processing was suitable for the
simulation of dairy processes. For this study, VMGSim
v8.0 (Virtual Materials Group Inc., 2014), was used as
the process simulator. As with many similar simula-
tors, except water, all the other components (e.g., fats*,
proteins®, lactose®, and minerals*) were not originally
available in the component library of the process simu-
lator. Consequently, these components were treated
as hypothetical or pseudo-components (denoted by
the asterisk, *) and generated by populating their key
basic properties. The classification of the components
in a milk mixture used in the process simulator is also
shown in Figure 1.

The advanced Peng—Robinson equation of state
(EOS) model was selected as the property package
for the simulation due to the presence of polar (e.g.,
water) and hydrocarbon-based (e.g., proteins and fats)
compounds in milk (Miithlbauer and Raal, 1995; Diaz et
al., 2011; Munir et al., 2012¢). Other EOS and activity
property packages (e.g., the Wilson activity package)
suitable for polar substances were tried but gave poor
results compared with the advanced Peng-Robinson
thermodynamic model.

Pseudo-Milk Components

The hypothetical component manager (hypo man-
ager) tool in VMGSim was used to generate milk
pseudo-components. Key basic properties such as mo-
lecular weight, normal boiling point, and liquid density
of pseudo-components were loaded into this tool. These
properties can also be fine-tuned as these normally have
ranges with minimum and maximum values.

The fine-tuning of the properties can help to best
match simulation results with real or literature data.
A systematic algorithm for the fine-tuning of the basic
properties of the pseudo-components is given in Figure
2. The algorithm started with a manual input of the key
basic properties in the hypo manager tool. The model
was simulated with water and pseudo-components
using these basic properties to predict milk physical
properties. The milk physical properties were then
compared with real or literature data. This fine-tuning
then becomes an optimization problem. The key basic
properties were varied in a systematic manner such
that the norm of the average relative error (ARE) for
the 4 physical properties was minimized. In practice,

Milk ‘mixture’

Pseudo components

Components available
in component library

Figure 1. Classification of components in a milk mixture in the simulator (* = pseudo- or hypothetical components).

Journal of Dairy Science Vol. 99 No. 5, 2016
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we found that the normal boiling point parameter for globules (size range: 0.1-17 pm) are in a partially
milk fat was the most important fitted parameter. stable emulsion of a milk plasma phase. In this
The pseudo-milk components details and their data work, the molecular weight of milk fat was set
are given as follows: to be 1.355E9 g/mol, as estimated in Madoumier
et al. (2015). Milk fat density was set to be 931

e Milk fat*: Milk fat is a complex structure contain- kg/m® as given in Fox (2003). Byluppala (2010)
ing around 350 to 437 different types of fatty acids. also modeled milk fat as a mixture of 12 differ-
Three fatty acids in a fat molecule are attached to ent fatty acids. However, the milk fat modeling

a backbone mostly made of triglycerides. Milk fat strategy presented in Byluppala (2010) and Zhang

Initial values of key basic
properties

>

y

y
Simulation with water and
pseudo components using these
basic properties

y
Calculate milk physical

properties (y; ... y,) e.g. thermal Adjust key basic properties (x; ... x,,)
conductivity in “hypo manager” e.g. molecular Start
weight

y A

Comparison of physical
properties with real data or
literature

Match the estimated results
with actual data to within a tolerance
(relative error <2 %) using ARE
minimization function

NO

where,
ARE = Average relative error

Key basic properties (x; ... x,): molecular weight, density and
normal boiling point

Milk physical properties (y; ... y,): Thermal conductivity,
v density, viscosity and heat capacity.

Report values of key basic
properties T
A RE = @ y iactual y i,estimated

" y i,actual

End

Figure 2. A systematic algorithm for fine-tuning the basic properties of the pseudo-components. Color version available online.
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et al. (2015) was not used in this study because
a mixture of different fatty acids is quite different
from the actual milk fat structure.

e Milk proteins™: Casein proteins are present in
cluster called a casein micelle. In this work, an
average molecular weight of casein micelles was
set to be around 2.5E8 g/mol, as estimated in De-
wan et al. (1974). The density was set to be 1,250
kg/m®, similar to our previous work in Zhang et
al. (2015). The molecular weight of whey proteins
was set to be ~18,400 g/mol, as reported in Kon-
topidis et al. (2004).

e Milk lactose®: Lactose is a milk sugar made up of
saccharide molecules. Milk lactose was hypotheti-
cally generated by setting an average molecular
weight to 342 g/mol, and density around 1,451
kg/m® (Zadow, 1984).

e Milk minerals*: Milk is a source of sodium, cal-
cium, phosphorous, =zinc, iodine, magnesium,
potassium, and other minerals. Milk minerals
were represented as a pseudo-component with an
estimated average molecular weight according to
their weight fractions. In this study, an average
molecular weight of milk minerals was set to be
around 66 g/mol and density around 3,000 kg/m?®
(Jensen, 1995; Gaucheron, 2005).

Milk Viscosity Measurement

The viscosity measurements were obtained using a
rheometer (AR-G2, TA Instruments, Crawley, UK). The
viscosity of the milk was measured using the starch cell
and conical concentric cylinder geometry. The starch
cell held the sample at a specified temperature, and
conical cylinder is the geometry used for low-viscosity
fluids. The viscosity was measured at increasing shear
rates from 1 to 1,000 s !, with 50 data points in be-
tween. These values were chosen to cover a large range
of process conditions that the milk would be exposed
to, while keeping the temperature constant, and then
repeated at different temperatures from 25°C to 70°C
at intervals of 5°C. Each of the tests was carried out 3
times.

RESULTS AND DISCUSSION

The milk product streams with different TS (whole
milk, skim milk, and concentrated milk) were simulated
in the process simulator. Selecting the thermodynamic
model, entering process basic information (temperature,
pressure, and flow), selecting milk mixture components
(i.e., available and pseudo-components), and specifying

Journal of Dairy Science Vol. 99 No. 5, 2016
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their compositions were the main steps involved in this
simulation.

Sensitivity analysis is a technique that can be used to
identify the influence of each physical property model
on the overall process simulation model. Recently,
Madoumier et al. (2015) used this technique to study
the influence of each physical property model on the
process simulation of milk. Madoumier et al. (2015)
concluded that the process simulation model was most
sensitive to any variation in thermal conductivity, fol-
lowed by density, viscosity, and heat capacity. It is in-
teresting to note that heat capacity has the least effect
on the process simulation model. However, in this work,
all 4 of these properties in whole milk, skim milk, and
concentrated milk were modeled.

The simulation results of the milk physical proper-
ties were validated using experimental data or empiri-
cal models available in the literature. Table 4 presents
a literature review of several empirical models of the
milk physical properties reported prominently in the
literature. These models are compared over tempera-
ture ranges common in a dairy plant such as 4 to 75°C
for temperature, and TS contents for whole, skim, and
concentrated milk.

Milk Thermal Conductivity Results and Validation

Milk thermal conductivity is a measure of milk’s abil-
ity to conduct heat. It plays an important role in heat
or energy balance calculations in the process simulator.
For this reason, careful attention to thermal conductiv-
ity modeling is necessary.

The thermal conductivity of different milks with
different TS (whole, skim, and concentrated milk) is
primarily influenced by temperature (Fox, 2003). Fox
(2003) claimed that the thermal conductivity of milk
increases linearly with an increase in temperature and
decreases with an increase in TS. However, the TS
concentration only secondarily affects thermal conduc-
tivity. For example, the thermal conductivity of whole
and skim milk ranges from 0.530 to 0.613 and 0.527 to
0.622 W/(m-K), respectively, over a temperature range
of 0 to 100°C (Lewis, 1993; McCarthy and Singh, 2009).

The empirical models of Minim et al. (2002), More
and Prasad (1988), and Riedel (1949) for thermal con-
ductivity shown in Table 4 were used to validate the
simulated thermal conductivity. The experimental data
of Minim et al. (2002) was also used for validation, as
shown in Figure 3, which shows simulated, empirical
model, and experimental results of the thermal conduc-
tivity. It also compares different empirical models.

Three clear trends are immediately evident in Figure
3. The first is that thermal conductivity increases lin-
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Table 4. Existing physical property regression models for milk

Physical property

Regression model

Reference

Thermal conductivity

™)

Density (p)

Viscosity (u)

Heat capacity (C,)

A= (5.9 x107' +1.2x 10’3T)(1—7.8 X 10’3X), where T = temperature (°C), X = TS percentage , X = thermal
conductivity (W/m-K), also denoted by #.

X\ = (326.58 +1.0412T — 3.37 x 10’3T2) (4.6 X107 + 5.4 % 10’1XWM”>1.73 %1073, where Xy, = water fraction
(and other terms are as previously defined).

A=1.63x10"% +14x 10T +0.2Xy,,,, +4x10 72X},

A=5.28x10"" +2.13%x 10737 — 7.32 x 107072 (1 — X1, 0.843 +1.9 % 10’:‘T), where X, = fat fraction
(and other terms are as previously defined).

p=(1,040.7 — 2,665 x 1077 — 2.3 x 107 - {XM (LO11+9.76 x 1077 — 4.81 x 10’5T2)], where p = density (kg/m®)
(and other terms are as previously defined).
p=1,042.01—0.377 + 3.6 x 10 *7?

p= ﬁ7 where pp,, = 925.56 — 4.1757 X 107" T, pp,oreims = 1,329.9 = 5.1840 x 107" T, pioee = 1,599.1 — 3.1046 x 107" T,

Prtinerals = 2,423.8 — 2.8063 x 10T, where X = component mass fraction, w,i = weight fraction of component % (and
other terms are as previously defined).

o = (0.9565 ~1.3004 x 10T +1.9580 x 10~ 7%) + X, (0.4766 — 1,144 x 10T + 7.2642 x 10" 7%, where 1 =
viscosity (cP)

log = Ay + AT + AT? + (BO + BT + BZT2>S + (C’l, +C\T+ CZTZ)SZ7 where S = total solids content (% in mass),
and A;, B, and C; are dimensionless coefficients (and other terms are as previously defined).

, where A, = 3.46 — 0.025T7 + 1.6 x 10 *T% A, ..
Water
and A

Lactose — 3.35 —2.38 x 1072T +1.25 x 107/1T2_
C, = 3,744.48 + L.1I5T + 3.93 x 10T

AX,
=1, ooouwm,exp[Z i = 15.367 — 0.175T + 0.0017T°,

C, =370, X, where C, ~=1.984+1473x10°T —4.8008x 10 °T*,C,
i, = 1:5488 +1.9625 x 10°T — 59399 x 107°7%, €, =1.0926 +1.8896 x 10 °T — 3.6817 x 10"°T?, and

C, =1.4017 +1.1x 1077 + 118Xy, + 4.33x 102X ,,,, where C, = heat capacity (J/g per K) (and other terms
are as previously defined).

=2.008 +1.2089 x 10737 — 1.3129 x 10772,

More and Prasad
(1988)

Riedel (1949)

Minim et al. (2002)
(using regression
modeling)

Kessler (2002)

Minim et al. (2002)
Choi and Okos (1986)

Kessler (2002)
Ferndndez-Martin (1972b)
Morison et al. (2012)
Minim et al. (2002),

and Hu et al. (2009)
Choi and Okos (1986)
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early with an increase in temperature. This observation
agrees with Fox (2003), as noted above. The second ob-
vious trend is that, for whole and skim milk, simulated
conductivity, empirical models, and experimental data
were mutually consistent (relative error <2%). Howev-
er, the model of Riedel (1949) showed the closest match
to the simulated conductivity (relative error <0.7%).
The third trend was that for concentrated milk, the
models of Minim et al. (2002) and More and Prasad
(1988) appear different (relative errors <14% and
<31%, respectively) from the model of Riedel (1949)
and simulated conductivity. However, the discrepancy

Whole milk
0.7 T T

o
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a
i
\

k, [W/(m.K)]

0.55 Simulated
— — — Minim et al. (2002)
0.5 ' More & Prasad (1988)
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] Expt data (Minim et al. 2002)
Skim milk
0.7 T T :
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.
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Concentrated milk

0.7 . ; .
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g I
s P

05— —— 1
X
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0-4 1 1 1
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Figure 3. Simulation of the thermal conductivity [k, W/(m-K)] of
whole, skim, and concentrated milk over a range of temperatures. Expt
= experimental. Color version available online.
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between simulated thermal conductivity and Minim
et al. (2002) was smaller (relative error <1%). These
discrepancies may be explained by the fact that Minim
et al. (2002) used a higher ratio of fat to other TS (i.e.,
TS other than fat), and More and Prasad (1988) calcu-
lated thermal conductivity for uncommon temperature
(40-90°C) and TS (37-73% wt.) ranges. The model of
Riedel (1949) also showed the closest match (relative
error <0.5%) to the simulated thermal conductivity for
concentrated milk. For this reason, the model of Riedel
(1949) is the best choice for milk thermal conductivity
followed by the model of Minim et al. (2002). However,
valid experimental data for concentrated milk thermal
conductivity was not available to further validate it.

The models of Minim et al. (2002) and Riedel (1949)
for thermal conductivity of most milk streams with
different TS emerged as the most relevant empirical
models. These models for thermal conductivity and
perhaps, more importantly, the reported experimental
data of Minim et al. (2002) validated the simulated
thermal conductivity results. However, for concentrated
milk process simulation, careful attention to the energy
balance calculation might be necessary as the simulated
thermal conductivity results can only be compared with
empirical model results in this case.

Milk Density Results and Validation

The density of milk depends on temperature and
composition (i.e., fat, water, proteins, lactose, and min-
erals densities) and their mass fractions. It is interesting
to note that the fat component of milk (density ~931
kg/m”) with the lowest density among the components
(water ~999 kg/m’, proteins ~1,250 kg/m?® lactose
~1,451 kg/m’, and minerals ~3,000 kg/m®) is mainly
responsible for the complicated influence of tempera-
ture and composition on milk density. This influence
of fat is complicated by the fact that the density of the
milk fat depends on the ratio of liquid fat (with lower
density) to solid fat (with higher density) within the
milk fat melting point range (—35°C to 40°C). Above
40°C, almost all milk fat becomes liquid, with a lower
density (McCarthy and Singh, 2009).

The density of milk can be determined using dif-
ferent methods, such as hydrometry (Bradley, 2010),
hydrostatic balance (Al-Nabulsi et al., 2011), and di-
latometric analysis (Kumar et al., 2010). Furthermore,
the empirical models of Kessler (2002), Minim et al.
(2002), and Choi and Okos (1986) for prediction of milk
density are available in the literature.

In this work, the simulated milk with different TS
(whole, skim, and concentrated) densities were com-
pared with real milk literature data. The empirical
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Fi§ure 4. Simulated, model, and experimental (Expt) density (p,
kg/m”) of whole, skim, and concentrated milk over a range of tempera-
tures. Color version available online.

models of Kessler (2002), Minim et al. (2002), and
Choi and Okos (1986), shown in Table 4, were used in
this work to predict the actual density of whole, skim,
and concentrated milk over the temperature range 4 to
75°C. Similarly, another empirical model of milk den-
sity and experimental data were reported in Fernandez-
Martin (1972b). McCarthy and Singh (2009) discussed
and elaborated upon the advantages of the Fernandez-
Martin (1972b) empirical model over other milk density
empirical models available in the literature. However,
the experimental data of Minim et al. (2002) was used
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for validation, as shown in Figure 4. Fernandez-Martin
(1972b)’s empirical model and experimental data were
not used in this study because it had a similar meth-
odology and same fat-to-nonfat solids ratio to that in
Minim et al. (2002).

The simulated, empirical model, and experimental
results of the whole, skim, and concentrated milk densi-
ties are graphically presented in Figure 4, which shows
that milk density linearly decreases with an increase in
temperature. This trend is in conformity with reports
by Kessler (2002), Minim et al. (2002), Solanki and
Rizvi (2001), Choi and Okos (1986), and Ferndndez-
Martin (1972b). An increase in milk density with an
increase in TS is also evident in Figure 4. Note that
the density of concentrated milk is higher than that of
whole or skim milk.

For the whole and skim milks, the simulated density,
Kessler (2002) and Minim et al. (2002) empirical mod-
els, and experimental data were mutually consistent
(relative error <2%). However, for the concentrated
milk only, Minim et al. (2002)’s empirical model and
experimental data were in relatively good agreement
with simulated density (relative error <4%). Choi and
Okos (1986)’s empirical model does not consider the
effect of T'S on milk density. This seems to be a major
reason for the discrepancy between the simulated and
Choi and Okos (1986) milk densities (relative error
<8%). Furthermore, the empirical model of Kessler
(2002) was quite different for concentrated milk.

Milk Viscosity Results and Validation

Milk viscosity is an important parameter in the
production of milk powder. The viscosity of milk con-
centrate has a considerable effect on the performance
of milk concentrating unit operations, maintenance,
and product quality. The viscosity and flow behavior
of milk also varies with temperature and TS concen-
tration. For these reasons, accurate modeling of milk
viscosity is necessary to model unit operations such as
the evaporator and the drier, where temperature and
TS change during processing.

The viscosities of whole, skim, and concentrated
milk were simulated and compared with the empirical
models of Morison et al. (2012), Kessler (2002), and
Fernédndez-Martin (1972b) for milk viscosity, as shown
in Figure 5. The simulated results were also compared
with experimentally measured viscosities (explained in
the Milk Viscosity Measurement section). In this study,
a rheometer was used for the viscosity measurement
over the temperature range 25 to 70°C. These results
are consistent with those reported by Souza (2011),
with a relative error <0.4% for of milk viscosity.

Journal of Dairy Science Vol. 99 No. 5, 2016
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Four observations in Figure 5 are evident. The first
is that the viscosity of the milk decreases with an
increase in temperature. This is because the ratio of
liquid milk fat to solid milk fat increases with increase
in temperature, causing a decrease in milk viscosity.
The second observation is that a bump in the simulated
viscosity above 40°C is evident. This is because all solid
fat becomes liquid above 40°C (McCarthy and Singh,
2009). The third observation is that the simulated
milk viscosities, empirical model of Fernandez-Martin
(1972b), and experimental data were mutually con-
sistent (relative error <2.5%), especially above 25°C.

Whole milk
S Simulated
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Figure 5. Simulated, model, and experimental (Expt) viscosity (f,
cP) of whole, skim, and concentrated milk over a range of tempera-
tures. Color version available online.
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The fourth observation is that the empirical model of
Kessler (2002) was quite different from the simulated
and experimental viscosities of skim and concentrated
milks (relative error >25%). The empirical model of
Morison et al. (2012) was slightly better as it consid-
ers the non-Newtonian behavior of concentrated milk
(relative error <20%). The non-Newtonian behavior of
concentrated milk has been reported by several other
authors; for example, Vélez-Ruiz and Barbosa-Canovas
(1998) and Wang and Hirai (2011).

The empirical model of Ferndndez-Martin (1972b)
predicted significantly higher viscosity values for con-
centrated milk below 25°C. This discrepancy is because
Ferndndez-Martin (1972b) used a general equation for
10 different types of milk, kinematic viscosity coeffi-
cients were used, and the coefficients were calculated
by the least squares error method. These might explain
the significantly higher predicted viscosity values at
lower temperature. In addition, the viscosity of non-
Newtonian fluids depends on many parameters such as
operating conditions, equipment, and shear rate. These
parameters might also be responsible for significantly
higher predicted viscosity values at lower temperatures
in Fernandez-Martin (1972b). It is evident in Figure
5 that the experimental values of concentrated milk
viscosity are much lower than viscosity values predicted
by the empirical model of Ferndndez-Martin (1972b).

Milk viscosity prediction was an unresolved issue in
Madoumier et al. (2015) and Zhang et al. (2015). This
was due to complex non-Newtonian behavior of milk. In
the current study, we used expanded fluid-based viscos-
ity correlation and power law models to model the non-
Newtonian behavior of the concentrated milk. Recently,
Yarranton and Satyro (2009) used an expanded fluid-
based viscosity correlation to model the non-Newtonian
behavior of heavy hydrocarbons in VMGSim. The same
methodology was used in this work.

Milk Heat Capacity Results and Validation

Heat capacity measures the specific amount of heat
required to raise the temperature of milk and, there-
fore, is key in modeling, for example, the economics of a
dairy plant. The measured heat capacity of the complex
compound milk includes both latent and sensible heats,
and is, therefore, termed “apparent heat capacity.” Fur-
thermore, milk is a mixture of substances with different
melting points, and apparent heat must be added or
removed to bring about changes in temperature during
heating or cooling.

Like thermal conductivity, viscosity, and density, the
heat capacity of milk is a function of temperature and
TS concentration, although, unlike the other physical
properties, it is considerably more complex and non-
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Figure 6. The apparent heat capacity (C,; J/g per K) of milk at different fat contents over the temperature range of 0 to 60°C (data adapted
from Hu et al., 2009). Note that circles show different fat concentrations (e.g., 0.1, 3.5, 15, 25, and 35 wt. %). Color version available online.
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Figure 7. Model comparison of the heat capacity of milk (C;
J/g per K) as a function of temperature (°C) and fat content (% by
weight). See also Figure 8. Color version available online.

monotonic, as shown in Figures 6, 7, and 8. Although
heat capacity is a combination of the individual com-
ponent heat capacities of the constituents, the milk fat
component dominates. The influence of nonfat TS on
milk heat capacity is not significant (Hu et al., 2009).
Milk heat capacity data with different fat concentra-
tions (e.g., 0.1, 3.5, 15, 25, and 35% by weight) are
plotted in Figure 6. Note that the fat concentrations
of whole, skim, and concentrated milk fall within this
range.

Figure 6 shows the apparent heat capacity of milk
for different fat contents over the temperature range
of 0 to 60°C using data (plotted as circles) from Hu et
al. (2009). Above 60°C, the apparent heat capacity of
milk remains the same. At temperatures below 40°C,
the heat capacity of milk fat mainly depends on tem-
perature, and it changes significantly due to the latent
heat effect. Above 40°C, milk heat capacity does not
change significantly because most solid milk fats have
become liquid and there is no latent heat effect. The
apparent heat capacity of milk with fat content less

Journal of Dairy Science Vol. 99 No. 5, 2016
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than 3.5% (i.e., whole or skim milks) does not change
significantly over the temperature range of around 4 to
75°C. However, it varies significantly for milk with fat
content above 3.5% (i.e., concentrated milk or cream)
as shown in Figure 6. In other words, the behavior
of the apparent milk heat capacity is linear at lower
fat concentrations, <3.5% fat milk, and nonlinear at
higher fat concentrations, >3.5% fat milk. The precise
value of milk heat capacity also depends on the milk
fat solid:liquid ratio at a given temperature (Hu et al.,
2009; McCarthy and Singh, 2009).

The simulator-embedded and newly developed
“pseudo” milk databases in Zhang et al. (2015) were
able to predict correct apparent milk heat capacities at
lower fat concentrations. The data gathered in the pres-
ent study suggested that the apparent heat capacity of
milk derived from the simulator showed a close match
with actual milk heat capacity for milk with a lower fat
content (<3.5% fat milk). This is because the behavior
of apparent milk heat capacity is linear at lower fat
concentrations. Prediction of linear behavior of ap-
parent milk heat capacity at lower fat concentration
(e.g., skim or whole milk) is relatively easy for process

Journal of Dairy Science Vol. 99 No. 5, 2016

simulators because milk behaves like a Newtonian fluid
at lower fat concentrations. In contrast, at higher fat
concentrations (>3.5% fat milk), the nonlinear or non-
Newtonian fluid behavior of apparent heat capacity of
milk becomes difficult to model in process simulators.
Consequently, another approach is needed.

To model apparent milk heat capacity (C,) of milk
at both high and low fat concentrations, we used the
experimental data curves in Figure 6. A single model
as a function of temperature and fat content was hy-
pothesized:

g, <T7F) =

—Ps (T *P4)2} + D5 xXp|—pg (T *P7)2}}F +pg I,

[1]

P+ {pg exp

where T is temperature (in °C), F'is fat content (%),
and p are regressed parameters. The regression is valid
from over the ranges 4 to 75°C and 0 to 35% fat con-
tent. These limits are suitable for simulation of a dairy
processing plant.



VIRTUAL MILK FOR MODELING AND SIMULATION

Fat =15 Wt.%

Fat = 25 Wt.%

3393
Fat = 35 Wt.%

4.6 4.6 4.6
o 44 4.4
>
2.4.2 4.2
>
.g 4 4
3 §
S 3.8 3.8
‘g §
< 36 3.6(8
E o
5 3.4 3.4
o
oY
< 3.2 3.2 3.2
3 . - . 3 L . ; 3 L . .
0 20 40 60 0 20 40 60 0 20 40 60

Temperature [°C]

Temperature [°C]

Temperature [°C]

Figure 9. Separate model fit to experimental data of the apparent heat capacity of milk (J/g per K) as a function of fat content (15, 25, and

35% by weight). Color version available online.

This model form captures the double Gaussian peaks
evident in the data, and captures the influence of in-
creasing fat content. The regression of the 8 nonlinear
parameters in Equation [1] was done via the OPTI
optimization toolbox for Matlab (MathWorks, Natick,
MA) from Currie and Wilson (2012).

The comparison with the experimental data adapted
from Hu et al. (2009) is given in Figure 7 and the
values of the parameters p of the regressed model in
Equation [1] are given in Table 5. Note that the Cp of
milk at very low fat concentrations is essentially water
and is therefore practically independent of T (over the
studied range) and fat content F as expected. Figure
8 compares the model with the experimental data on
a 2-dimensional plot. Figure 9 shows separate model
fits to experimental data at higher fat concentrations
(>3.5% fat milk).

The representative Equation [1] was programmed as
an external routine into the process simulator to predict
complex behavior and the correct values of milk heat
capacity. After programming the external routine into
the process simulator, apparent heat capacity values
also showed a close match (relative error <1.5%) with
actual milk heat capacity values for higher fat content
milk.

The available evidence seems to suggest that recent
commercial simulators can simulate all heat capacity

Table 5. Regressed parameters (p) in Equation [1]'

behavior for all fat concentrations over the temperature
range of 4 to 75°C. Heat capacity behavior (mostly
non-Newtonian) can be modeled by writing external
programming routines to be integrated with the process
simulator. Furthermore, the accuracy of heat capacity
prediction may be less important, because milk tem-
perature and milk heat requirements are connected by
feedback process control loops. However, heat capacity
is still important for process design.

CONCLUSIONS

In this work, the validity of the previously developed
“pseudo” milk by Zhang et al. (2015) was extended by
studying the effect of total milk solids and temperature
on several physical properties of milk. Milk was consid-
ered a “mixture” of water and pseudo-components. The
physical properties of this milk mixture were predicted
using a process simulator as a function of the individual
component physical properties. The simulated results
were validated against experimental and literature data.
The simulated results of the milk physical properties
showed a reasonable match [e.g., thermal conductiv-
ity (<2%), density (<4%), viscosity (<3%), and heat
capacity (<1.5%)] with the experimental results. Con-
sequently, modeling with such a process simulator can
predict material and energy balances for dairy process-

Item 21 J2) D3 D4

Ps Ps pr P

Value 4.0283 0.0304 0.0069

19.2424

0.0071 0.0686 34.1363 —0.0182

'R? = 0.9730; R? (adjusted coefficient of determination) = 0.9724.
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es. This work also further enables commercial process
simulators for credible simulation of milk as a collection
of pseudo-components for varying TS, including whole,
skim, and concentrated milks over normal processing
temperature ranges from 4 to 75°C. Complicated milk
viscosity behavior was also modeled in this work. The
complication is due to fact that milk rheological behav-
ior (from Newtonian to non-Newtonian) changes under
the following conditions: temperature <40°C, TS >40%
(by weight), and moderate to high shear rates. Expand-
ed fluid-based viscosity correlation and power-law mod-
els were used to model the non-Newtonian behavior of
the concentrated milk. Finally, an 8-parameter simple
correlation to predict heat capacity as a function of
temperature and fat content was shown to be accurate
over the temperature and fat ranges common in a dairy
plant.
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