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Abstract
Lactose hydrolyzed skim milk powder has the potential to become a staple value-added ingredient in snack and frozen foods 
because 70% of the population suffers from lactose intolerance. However, the flow behavior of lactose hydrolyzed skim 
milk concentrates and their resulting products need to be understood. The aim of this study was to compare two rheologi-
cal modeling methods and determine which method is best for predicting rheological behavior in lactose hydrolyzed and 
unhydrolyzed skim milk concentrates and reconstituted powder samples. The two methods compared are the combined 
temperature-concentration multiple-linear regression model and the shear rate-temperature-concentration superposition 
principle master curve model. Prior to fitting the data to the two models, the effect of temperature was determined via the 
Arrhenius relationship and the effect of concentration was determined via the Exponential relationship. The combined 
temperature-concentration method resulted in a single logarithmic model for each concentrate type which yields the consist-
ency coefficient at any temperature and concentration input. The master curve method resulted in a single Power law type 
model for each concentrate type that describes the overall rheological behavior of the samples. When the predicted consist-
ency coefficients from each method were compared to the raw data, both the master curve (r = 0.973, P < 0.0001) and the 
combined (r = 0.940, P < 0.0001) methods showed a strong correlation to the raw data. When the results were examined by 
concentrate type, the master curve model had a stronger fit (P < 0.01) for the reconstituted samples compared to the combined 
model which did not show a statistically significant correlation to the raw data (P < 0.075). The results of this study indicate 
that the master curve method is superior for predicting the rheological behavior of concentrated milk samples prepared from 
varying methods within our tested ranges.

Keywords Lactose hydrolyzed skim milk · Viscosity · Skim milk concentrate · Reconstituted lactose hydrolyzed skim milk 
concentrate · Power law model · Arrhenius model · Master curve

Introduction

The production of dairy milk in surplus seasons surpasses 
the demand; therefore, several methods have been used to 
store or enhance the shelf life of milk. The most widely used 
method for extending the shelf life of milk is by convert-
ing it into skim milk powder (SMP) which can simply be 
reconstituted to make traditional dairy products to be used 
in soups, sauces, and bakery and frozen products. There 
has been little effort in expanding the utilization of SMP 
in novel value-added products due to the limitation of its 
high lactose content (40% lactose) because 70% of the world 
is lactose intolerant (Ugidos-Rodríguez et al., 2018). As a 
result of this, milk consumption has dropped by 40% since 
1975 (Houssard et al., 2021; Stewart, 2018). This drop in 
consumption indicates that the current methods for handling 

Highlights
• Rheological behaviors of lactose hydrolyzed and unhydrolyzed 

skim milk concentrates.
• Studied concentrations (10–40% solids) and temperatures 

(10–40 °C).
• The combined effect of temperature and concentration on the 

rheological behaviors of LSHM-C, SM-C, LHSM-P, and SM-P 
was determined.

• Master curves of shear stress versus shear rate/temperature shift 
factor/concentration shift factor for LSHM-C, SM-C, LHSM-P, 
and SM-P.

• The superposition modeling method showed stronger correlation 
values to the raw data compared to the combined effect 
modeling.

 * Jessica A. Uhrin 
 jau25@cornell.edu

1 Institute of Food Science, Cornell University, Ithaca, 
NY 14853, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-024-03386-0&domain=pdf


 Food and Bioprocess Technology

surplus SMP are not enough for an economically sustainable 
system. In response to this, lactose hydrolyzed skim milk 
powders are growing in popularity for generating value-
added products outside of just the dairy industry. The lactose 
hydrolyzed and unhydrolyzed skim milk concentrates can 
be used to make products such as protein-rich extrudates, 
ice cream, or other snack products that are nutrient-rich and 
desirable to consumers; thus, the rheological properties of 
these materials need to be understood.

Lactose hydrolyzed and unhydrolyzed skim milk concen-
trates are a great value-added ingredient in products because 
they are rich in highly bioavailable protein as well as vita-
mins and minerals such as vitamin D, vitamin A, B vita-
mins, calcium, and potassium (Foroutan et al., 2019). Skim 
milk concentrate can be made by various methods, including 
evaporation, reconstitution, membrane filtration, and freeze 
concentrating. Evaporation is currently the most widely used 
concentrating method because it yields the highest percent 
solids values at the lowest cost (Sánchez et al., 2011). This 
process can be used to prepare skim milk concentrates (of 
about 40% solids) to be further concentrated into a pow-
der. While skim milk concentrates containing lactose have 
been well studied, and lactose hydrolyzed skim milk powder 
has been briefly looked at, there is a gap in knowledge on 
how lactose hydrolyzed skim milk concentrates rheologi-
cal behavior (Torres et al., 2017; Vélez-Ruiz & Barbosa-
Cánovas, 1998). The flow behavior of skim milk is mainly 
influenced by casein micelles but is also dependent on time, 
temperature, and percent solids concentration in the skim 
milk (da Silva et al. 2017).

Since the flow behavior of milk is strongly influenced 
by the temperature, the Arrhenius relationship is often used 
to describe the consistency coefficient in the shear stress 
vs shear rate model of milk (Abdullah et al., 2018; Deswal 
et al., 2014; Quek et al., 2013; Rao et al., 1981; Simuang 
et  al., 2004; van Gurp & Palmen, 1998; Vélez-Ruiz & 
Barbosa-Cánovas, 1998). This relationship can be used to 
estimate the temperature dependency on the rheological 
behavior of the lactose-hydrolyzed skim milk concentrates 
(LHSM-C) and reconstitutes from powder (LHSM-P) com-
pared to skim milk concentrates (SM-C) and reconstitutes 
from powder (SM-P). Flow behavior is also strongly influ-
enced by the concentration of solids in the system (Rao, 
2007). The effect of concentration on the consistency coef-
ficient of skim milk can be described well by either an Expo-
nential Model or a Power law type model (Abdullah et al., 
2018; Ahmed, 2017; Kobus et al., 2019; Quek et al., 2013; 
Rao et al., 1981; van Gurp & Palmen, 1998). The develop-
ment of a master curve (fitted to a Power law model) can 
allow for the understanding of the overall flow behavior of 
lactose hydrolyzed skim milk concentrates and reconsti-
tutes from powder (Anderson et al., 2002; Dak et al., 2007; 
Harper & Sahrigi, 1965). The master curve is based on the 

principle of determining shift factors which can allow for the 
time–temperature superposition of data (Ahmed, 2017). This 
technique can also be used to model the effect of tempera-
ture and concentration on a variety of liquid concentrates, 
specifically to this study, to compare the rheological data of 
concentrates made from lactose hydrolyzed and unhydro-
lyzed skim milk concentrates and reconstitutes from powers.

The goal of this study was to investigate the influence 
of concentration (total solids) and temperature on the rheo-
logical behaviors of lactose hydrolyzed and skim milk con-
centrates and reconstitutes from powders. Moreover, two 
rheological modeling methods (the combined temperature-
concentration model and the master curve model) were com-
pared to predict the rheological behavior of these lactose 
hydrolyzed and unhydrolyzed skim milk concentrates and 
reconstitutes from powers.

Materials and Methods

Materials

The skim milk (10% solids), lactose-hydrolyzed skim milk 
(10% solids), and skim milk powder were purchased from the 
local market of Ithaca, NY, while the lactose-hydrolyzed skim 
milk powder was obtained from Valio Ltd. (Helsinki, Finland).

Preparation of Milk Concentrates and Reconstitutes

The skim milk concentrate (SM-C) and lactose-hydrolyzed 
skim milk concentrate (LHSM-C) were made by concen-
trating the skim milk and lactose-hydrolyzed skim milk, 
respectively, to 40% total solid using a 50 L Rotary Evapo-
rator (50L BVV™ ECO Rotary Evaporator, Napperville, 
IL). The Rotary Evaporator was used at a pressure of 30 
inHg and temperature of 48 °C to avoid Maillard browning 
in the milk during evaporation. These SM-C and LHSM-C 
concentrates (having 40% solids) were further diluted with 
deionized water to 30% and 20% total solids. Similarly, skim 
milk powder and lactose-hydrolyzed skim milk powders 
were reconstituted with water to make 10, 20, 30, and 40% 
solid concentrations. These reconstituted skim milk concen-
trate (SM-P) and lactose-hydrolyzed skim milk concentrate 
(LHSM-P) were allowed to sit overnight for complete hydra-
tion under refrigeration (4 °C). The total solids contents of 
the above samples were verified by AOAC (2005).

Rheological Measurements

The rheology of LHSM-C, SM-C, LHSM-P, and SM-P 
concentrates was studied by using a rheometer (Rheolyst 
AR 1000-N, TA Instruments, New Castle, DE, USA). The 
rheometer was fitted with a 6-cm, 2° steel cone with a flat 
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Peltier plate base configured with a cone-plate geometry. 
Small portions of samples were placed between the cone and 
plate and the distance between the plate was set to 78 µm. 
Samples were tested under continuous shear rate flow ramps, 
with shear rates between 0 and 1000 1/s at temperatures of 
10, 20, 30, and 40 °C. All tests were done in triplicate.

Effect of Temperature, Concentration, and Combined Effect 
of Temperature and Concentration on Rheological Behavior

The effect of temperature on the consistency coefficient (K) 
was determined by an Arrhenius relationship:

where K is the consistency coefficient, Ko is the pre-expo-
nential factor, Ea (kJ/mol) is the activation energy, R (J/mol) 
is the gas rate constant, and T (°C) is the temperature. The 
linearized form of Eq. 1 (Quek et al., 2013) was plotted to 
determine y-intercept or the pre-exponential factor, Ko (Pa 
 sn). The activation energy, Ea (kJ/mol), was determined by 
multiplying the slope by the gas constant.

The Power law (Eq. 2) and Exponential (Eq. 3) models 
were used to determine the effect of concentration (% solids) 
on the consistency coefficient, K (Pa  sn).

The consistency constants (K1 and K2) and flow behav-
ior constants (n1 and n2) were determined by Eqs. 2 and 3 
(Abdullah et al., 2018; Kobus et al., 2019; Quek et al., 2013) 
at the four tested temperatures and four concentrations.

The combined effect of both temperature and concentra-
tion on the consistency coefficient was determined by com-
bining the Arrhenius and Exponential models into a single 
logarithmic model (Vélez-Ruiz & Barbosa-Cánovas, 1997):

Equation 4 was used to determine the consistency coeffi-
cient, K (Pa  sn), and activation energy, Ea (kJ/mol), from the 
combined effect of temperature, T (°C), and concentration, 
C (% solids). The magnitudes of the coefficients (β1 and 
β2) were estimated by a multiple linear regression analysis 
of the natural logarithm of the consistency coefficient (K), 
percent concentration (C), and absolute temperature (T) data 
(Vélez-Ruiz & Barbosa-Cánovas, 1997) done using JMP Pro 
16 (SAS Institute Inc., Cary, N.C.). β1 represents the tem-
perature dependency of the consistency coefficient and is 
equal to Ea∕R from the Arrhenius model. β2 represents the 

(1)K = Koexp

(
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RT
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concentration dependency of the consistency coefficient and 
is equal to n2 from the Exponential model and β0 represents 
the intercept. Therefore, Eq. 4 can be written as follows:

Modeling Fluid Flow at Different Temperatures 
and Concentrations

A total of 64 flow curves resulted from testing the rheo-
logical behaviors of the four milk concentrates at different 
temperatures (10, 20, 30, and 40 °C) and concentrations 
(10, 20, 30, and 40% solids). These 64 average flow curves 
(16 per sample) were combined by using the superposition 
technique to form a master curve to consolidate all the infor-
mation gathered into a single usable graphic. The superpo-
sition technique requires the data to be shifted towards set 
reference points; for the purpose of this study, a reference 
temperature of 20 °C (close to room temp) and a shear stress 
basis of 1 Pa (a low shear stress) were selected. The other 
three temperatures (10, 30, and 40 °C) at common concen-
tration were shifted horizontally along the shear rate axis to 
the reference temperature of 20 °C to obtain the dimension-
less shear rate-temperature shift factors, aT, defined as the 
ratio of shear rate at other temperature at basis shear stress 
(1 Pa) to the shear rate at the reference temperature (20 °C) 
as shown in Eq. 6.

The first shift reduces the 64 flow curves into 16 master 
curves (4 for each sample/4 master plots) which were plotted 
as shear stress versus shear rate divided by the dimensionless 
shift factor. Power law equation (Eq. 7) was then fitted to 
the four concentration master curves to obtain the expression 
of rheological behavior of different milk concentrates (SM-
C, LHSM-C, SM-P, and LHSM-P) in terms of consistency 
coefficient, K′, and flow behavior index, n′.

The second shifting step is used to determine the con-
centration shift factor. The four concentration master curves 
for each milk concentrates (SM-C, LHSM-C, SM-P, and 
LHSM-P) were shifted to a reference concentration of 30% 
(the concentration of interest for future work) at a shear 
stress basis of 1 Pa to make a single final master curve using 
the concentration shift factor of aC. The final master curve 
for each sample was plotted as shear stress versus shear rate 
divided by the temperature and concentration shift factors to 

(5)K = exp
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estimate the rheological behavior of each concentrated milk 
(SM-C, LHSM-C, SM-P, and LHSM-P) at concentration 
of 10–40% and temperature of 10–40 °C. The final master 
curve expression (Eq. 8) simply and concisely describes the 
rheological behavior of milk concentrates (SM-C, LHSM-C, 
SM-P, and LHSM-P) in terms of consistency coefficient, K 
′′ , and flow behavior index, n ′′.

Statistical Analysis

All experiments were conducted at least three times and their 
results were shown as mean ± standard deviation (SD). Sta-
tistical significance was calculated through a one-way analy-
sis of variance (P-values < 0.05) and post hoc Tukey adjust-
ment using JMP Pro 16 (SAS Institute Inc., Cary, N.C.). 
Figures created in RStudio using ggplot2 (Hadley, 2016).

Results and Discussion

Effect of Temperature on Rheological Behavior

Table 1 shows the effect of temperature (10, 20, 30, and 40 
°C) on rheological behavior of samples (LHSM-C, SM-C, 
SM-P and LHSM-P) at different concentrations of 10, 20, 
30, and 40%. The resulting parameters of the Arrhenius 
relationship (average R2 = 0.96 ± 0.04) between consist-
ency coefficient and temperature showed that the consist-
ency coefficient in all samples decreased with increasing 
temperature. Generally, the reconstitute samples (SM-P 
and LHSM-P) had higher activation energies compared to 
the evaporated samples (SM-C and LHSM-C) shown in 
Table 1. The higher the activation energy, the higher the 
sensitivity of the viscosity to temperature (Kaya & Sozer, 
2005). Results showed that the average activation energy 
of the LHSM-P-40 and SM-P-40 reconstitutes from pow-
der (56.0 ± 15 kJ/mol) was almost two times higher than 
the activation energy for the two concentrates (LHSM-C 
and SM-C) made by evaporation (30.8 ± 2.4 kJ/mol); this 
is likely due to the denaturation of the whey protein and 
β-LG that occurs in the LHSM-P and SM-P during the 
high temperature drying process that is required in order to 
manufacture a milk powder (Anandharamakrishnan et al., 
2007) and increases the LHSM-P/SM-P-40’s resistance 
to flow. Moreover, the activation energies associated with 
temperature dependence of consistency coefficient also 
increased with concentration (% solids) across all sam-
ples. This phenomenon was expected because as the solid 
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)n
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concentration in the milk increases, it becomes less fluid-
like and more solid based and, therefore, more resistant to 
flow (Zhang et al., 2015). This increase in flow resistance 
means that the higher solid concentration milk concen-
trates require a higher initial energy to initiate the particle 
movement and ultimately the flow of liquid.

The activation energies were within the normal ranges of 
what others have reported (Dak et al., 2008). One study on 
concentrated whole milk determined the activation energies 
for the evaporation concentrated milk between concentra-
tions 12.6 and 42.4% solids (Vélez-Ruiz & Barbosa-Cánovas, 
1998). The activation energies this study determined for the 
whole milk concentrate samples follow the same trend as our 
results for the lactose hydrolyzed and unhydrolyzed skim milk 
concentrates, indicating an increase in activation energy with 
an increase in concentration (% solids).

Another study on tomato concentrate from 8.04 to 18% 
solid concentration found that the activation energy ranged 
from 8.6 to 14.08 kJ/mol (Dak et al., 2008) which is fairly 
similar to the activation energies of this study for 10–20% 
solids LHSM-C, SM-C, LHSM-P, and SM-P which ranged 
from 9.90 to 22.1 kJ/mol. For all four milk types, there is a 
trend of increasing activation energy with increasing solid 
concentration; this increase in activation energy with con-
centration was also seen by Solanki and Rizvi (2001); in 
their study of concentrated skim milk, they reported a 130% 
increase in activation energy with a three-fold increase in 
concentration (Solanki & Rizvi, 2001).

Table 1  Effect of temperature on consistency coefficient, Ko (Pa  sn), 
and associated activation energy, Ea (kJ/mol), on lactose hydrolyzed 
(LHSM-C) and unhydrolyzed skim milk concentrates (SM-C) and 
reconstituted powder samples (LHSM-P and SM-P)

Concentrate 
type

Concentration 
(solids %wt)

Ko (Pa sn) Ea (kJ/mol) R2

LHSM-C 10.0 9.00E − 05 9.90 0.934
20.0 1.00E − 05 16.3 0.980
30.0 7.00E − 07 24.0 0.941
40.0 4.00E − 07 29.1 0.960

SM-C 10.0 9.00E − 05 10.2 0.999
20.0 3.00E + 00 20.0 0.980
30.0 3.00E − 06 21.0 0.990
40.0 6.00E − 08 33.0 0.942

LHSM-P 10.0 3.00E − 05 14.0 0.844
20.0 2.00E − 06 22.1 0.997
30.0 1.00E − 11 56.0 0.943
40.0 3.00E − 13 66.2 0.999

SM-P 10.0 3.00E − 05 13.0 0.975
20.0 2.00E − 06 22.0 0.960
30.0 9.00E − 06 21.3 0.950
40.0 9.00E − 10 46.0 0.927
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This increase in flow resistance was observed across all 
the concentrations of LHSM-P, although most dramatically 
in the 30% and 40% solid concentrations; this might be due 
to the low lactose content available during the LHSM-P dry-
ing process (Allison et al., 1999; Baldwin, 2010; Havea, 
2006; Prestrelski et al., 1993; Torres et al., 2017). Lactose 
plays an important role in maintaining protein structure 
during drying. The lactose can hydrogen bond to the pro-
teins in place of the water molecules that are lost along the 
hydrophilic outer layer of the casein micelle as the pow-
der is being dried. The lactose can also act as a mechanical 
spacer to prevent the protein bonding (without this spacer, 
the casein micelles form weak hydrophobic non-covalent 
bonds with each other which decrease their solubility). Also, 
once bound to the amino acid chain, the lactose will act as a 
hydrophilic pathway to transfer moisture to the micelle dur-
ing rehydration. Since the LHSM-P would be lacking this 
protective lactose, therefore, it would have poor rehydration 
characteristics (Allison et al., 1999; Baldwin, 2010; Havea, 
2006; Prestrelski et al., 1993; Torres et al., 2017). It is also 
important to note that this mechanical spacer behavior is not 
seen in glucose and galactose (Allison et al., 1999).

In the SM-P, the increase in flow resistance is most 
noticeable in the 40% solids concentration, while in the 
10–30% solid concentrations, the flow resistance behavior 
of the SM-P is more like the samples made through evapo-
ration (SM-C and LHSM-C). This drastic increase in acti-
vation energy that makes the SM-P-40 more similar to the 
LHSM-P-40 is likely due to the concentration of coagulated 
proteins having exceeded a certain threshold value at which 
the coagulation exponentially increases the resistance to 

flow (Dahbi et al., 2010). The temperature dependence of 
the concentrates and reconstitutes showed increasing resist-
ance to flow with increasing concentration (% solids), as 
would be expected, but the reconstitute samples had an over-
all higher activation energy than the concentrate samples 
suggesting the powder processing results in a reconstitute 
with a higher resistance to flow at the same concentration as 
a concentrate made by evaporation. Moreover, the LHSM-P 
sample had a higher activation energy than the SM-P sample 
indicating that the lactose content, or lack thereof, also plays 
a significant role in the resulting resistance to flow of the 
reconstitutes from powder.

Effect of Concentration on Rheological Behavior

To determine whether the consistency coefficient increased 
logarithmically or exponentially with concentration, the con-
sistency coefficient of the different concentrates was fitted 
to both a Power law model and an Exponential model as a 
function of concentration. The resulting K constants (K1 and 
K2) and n constants (n1 and n2) for all four of the different 
milk concentration types are shown in Table 2. For LHSM-C 
and SM-C, as the temperature increased, K1 increased,  K2 
decreased, and n1 and n2 decreased. For LHSM-P and SM-P, 
as the temperature increased, K1 and K2 increased and n1 
and n2 decreased. While the Power law model was a good 
fit (average R2 = 0.86 ± 0.09) for all the concentrate types, 
the Exponential model exhibited a slightly better fit (aver-
age R2 = 0.92 ± 0.05) indicating the consistency coefficient 
increased exponentially with concentration. The increase 
in total solids could increase the interactions among casein 

Table 2  Effect of concentration 
on consistency coefficient on 
lactose hydrolyzed (LHSM-C) 
and unhydrolyzed skim milk 
concentrates (SM-C) and 
reconstituted powder samples 
(LHSM-P and SM-P) fitted to 
Power law model variables K1 
and n1 and Exponential model 
variables K2 and n2

K1 and K2 are consistency coefficient constants, while n1 and n2 are flow behavior constants

Concentrate type Temperature 
(°C)

K1 n1 R2 K2 n2 R2

LSM-C 10.0 8.00E − 05 1.80 0.820 2.10E − 03 0.088 0.944
20.0 1.00E − 04 1.50 0.780 2.00E − 03 0.074 0.921
30.0 2.00E − 04 1.24 0.717 2.00E − 03 0.063 0.880
40.0 2.00E − 04 1.23 0.740 1.80E − 03 0.062 0.893

SM-C 10.0 3.00E − 04 1.32 0.860 3.70E − 03 0.063 0.944
20.0 3.00E − 04 1.22 0.800 3.00E − 03 0.060 0.921
30.0 5.00E − 04 0.950 0.804 3.10E − 03 0.046 0.920
40.0 7.00E − 04 0.770 0.890 3.10E − 03 0.036 0.950

LHSM-P 10.0 3.00E − 06 3.30 0.790 1.50E − 03 0.151 0.890
20.0 4.00E − 05 2.50 0.940 2.00E − 03 0.111 0.998
30.0 1.00E − 04 2.00 0.960 2.00E − 03 0.094 0.892
40.0 3.00E − 13 1.50 0.964 2.20E − 03 0.070 0.950

SM-P 10.0 9.00E − 06 2.73 0.970 1.50E − 03 0.131 0.998
20.0 3.00E − 05 2.13 0.970 1.90E − 03 0.100 0.900
30.0 4.00E − 05 1.93 0.960 1.70E − 03 0.092 0.900
40.0 4.00E − 04 1.93 0.890 1.50E − 03 0.090 0.780
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micelles, whey proteins, and carbohydrates (either lactose 
or glucose and galactose). This increase in bonding behav-
ior results in an increase in viscosity which is shown by the 
trend of increasing consistency coefficients and decreasing 
flow behavior indices in all the milk concentrates.

Combined Effect of Temperature and Concentration 
on Rheological Behavior

The combined effect of concentration and temperature on the 
consistency coefficient of the samples was examined using 
a single logarithmic model for simulation purposes. Figure 1 
shows the two separate independent variables’ (temperature 
and concentration) influence on the consistency coefficient. 
Table 3 shows the magnitudes of the β coefficients for the 
combined model. The R2 value of the equations for each 
concentrate type suggests good fit to the experimental data 
obtained. The root mean square error (RMSE) values for the models are 0.363 ± 0.11 indicating the models perform rela-

tively well at predicting the data accurately. This combined 
effect model allows for the consistency coefficient of the 
LHSM-C, SM-C, LHSM-P, and SM-P to be determined at 
any temperature or concentration. Figure 1 indicates that the 
consistency coefficient increases with both concentration and 
temperature. Within the combined models, the variable impor-
tance was determined. The resulting total effect of the concen-
tration (% solids) and absolute temperature was 0.833 ± 0.10 
and 0.170 ± 0.10, respectively, for the samples indicating the 
concentration variable has a stronger effect on the resulting 
consistency coefficient. Therefore, in a processing situation 
(e.g., extrusion) where the consistency coefficient of the mate-
rial needs to be controlled within a certain range, the concen-
tration of the lactose hydrolyzed and unhydrolyzed concen-
trates is the most important variable to consider.

Modeling Fluid Flow Using Master Curve

To understand the overall flow characteristics of the differ-
ent milk concentrates, a superposition technique was used 
to generate a master curve of all the samples. In general, 
the shear stress versus shear rate curves of different milk 
concentrate types (LHSM-C, SM-C, LHSM-P, and SM-P) at 
different temperatures (10, 20, 30, and 40 °C) and concentra-
tions (10, 20, 30, and 40%) had a similar pattern (indicated 
in Table 1 and 2); the shear stress curves could be shifted 
horizontally along the shear rates axis to a reference tem-
perature of 20 °C. A shear stress basis of 1 Pa was used 
for obtaining the shift factor to make a master curve. The 
values of shear rate-temperature shift factors (aT = �̇�∕�̇�R) for 
milk concentrates (SM-C, LHSM-C, SM-P, and LHSM-P) 
curves are presented in Table 4. The shift factors at refer-
ence temperature of 20 °C curves are equal to 1. The shifted 
data can be seen in Fig. 2. The parameters of consistency 
coefficient and flow behavior index, obtained by fitting the 

Fig. 1  Effect of a absolute temperature, 1/T (K), and b concentration, 
C (% solids), on consistency coefficient, K (Pa s.n), using the Com-
bined effect model (Eq.  4) for lactose hydrolyzed (LHSM-C) and 
unhydrolyzed skim milk concentrates (SM-C) and reconstituted pow-
der samples (LHSM-P and SM-P)

Table 3  Constant values for the combined effect of temperature and 
concentration on the consistency coefficient of lactose hydrolyzed 
(LHSM-C) and unhydrolyzed skim milk concentrates (SM-C) and 
reconstituted powder samples (LHSM-P and SM-P)

β1 and β2 are coefficients estimated by a multiple linear regression 
analysis of the natural logarithm of the consistency coefficient (K), 
percent concentration (C), and absolute temperature (T) data. β1 rep-
resents the temperature dependency of the consistency coefficient and 
is equal to E

a
∕R from the Arrhenius model. β2 represents the concen-

tration dependency of the consistency coefficient and is equal to n2 
from the Exponential model and β0 represents the intercept

Concentrate type β0 β1 β2 R2 Mean Ea

LHSM-C −14.2 2370 0.071 0.870 20.0
SM-C −14.2 2510 0.051 0.910 21.0
LHSM-P −22.2 4747 0.110 0.902 43.4
SM-P −17.0 3064 0.103 0.934 38.0
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single shifted master curves to a Power law model, are pre-
sented in Table 5 with R2. Overall, the consistency coeffi-
cient increases, and the flow behavior index decreases with 
the increase in concentration indicating the LHSM-C, SM-C, 
LHSM-P, and SM-P concentrates exhibited an increase in 
consistency coefficient and shear thinning with an increase 
in solids concentration.

The three concentration master curves at 10, 20, and 40% 
were then shifted to a reference concentration of 30% at a 
shear stress basis of 1 Pa. Single final master curves describ-
ing the rheological behavior of each milk concentrate types 
(SM-C, LHSM-C, SM-P, and LHSM-P) are shown in Fig. 3 
(shifted raw data shown in Fig. 2). The values of shear rate-
concentration shift factors (aC) as a second reduced shear 
rate (aC = �̇�R∕�̇� �� ) are presented in Table 4. The final master 
curve for each concentrate type was then fitted into a Power 
law equation to determine the relationship between shear 
stress, shear rate, consistency coefficient, and flow behavior 
index and yielded Table 6 (Eqs. 8–11).

This second shift allowed for the formation of a final mas-
ter curve (Fig. 3) for each milk concentrate type which can 
be used to describe the flow behavior and predict how each 
milk concentrate type will behave in different processing 
situations. The superposition method extends the shear rate 
range with respect to shear stress as a function of the temper-
ature and concentration shift factors; therefore, the γ″ (shear 
rate/aT/aC) range is wider than the tested range. The con-
centrated from liquid samples (LHSM-C and SM-C) show 
a more Newtonian behavior with flow behavior index values 
of 0.882 and 0.831 (Eqs. 8 and 9 in Table 6), respectively, 

and straight fit lines in Fig. 3. The reconstituted from powder 
samples (LHSM-P and SM-P) show a non-Newtonian shear 
thinning behavior indicated by flow behavior index values 
of 0.714 and 0.792 (Eqs. 10 and 11 in Table 6), respectively, 
and concave fit lines in Fig. 2.

The max shear stress for each sample occurred at concen-
tration 40% solids, temperature 10 °C, and at a shear rate of 
1000 (1/s). The resulting master curve max shear stress for 
LHSM-P, SM-P, LHSM-C, and SM-C was 92.0, 41.0, 30.1, 
and 17.0, respectively. Figure 3 shows the master curves for 
all the samples up to a temperature and concentration shift 
factor converted shear rate of 3000 (1/s). The max shear 
stress point, shown outside the ranges of Fig. 3 (data can 
be found in supplemental), indicates that the unhydrolyzed 
samples have a lower shear stress with respect to shear rate, 
concentration, and temperature, while the hydrolyzed sam-
ples exhibited higher max shear stress points.

When comparing the master curve equations themselves 
(Eqs. 9–12 in Table 6), the consistency coefficients for the 
reconstituted from powder samples �LHSM−P (K = 0.148) and 
σSM-P (K = 0.0706) were higher than the concentrates from liq-
uid samples �LHSM−C (K = 0.0146) and σSM-C (K = 0.0193). The 
�LHSM−P (K = 0.148) consistency coefficient was about double 
the �SM−P (K = 0.0706) consistency coefficient, indicating that 
the consistency coefficient for the LHSM-P sample is more 
sensitive to changes in concentration and temperature.

This drastic increase in consistency coefficient in the 
reconstitutes might be due to the processing conditions 
for the LHSM-P and to an extent the SM-P which includes 
heating the powder to high temperatures above 80 °C via 

Table 4  Temperature and 
concentration shift factors 
aT and aC used to generate 
the master curves for lactose 
hydrolyzed (LHSM-C) and 
unhydrolyzed skim milk 
concentrates (SM-C) and 
reconstituted powder samples 
(LHSM-P and SM-P)

Concentrate type Concentration 
(solids %wt)

aT aC

Temperature (°C)

10 20 30 40

LHSM-C 10.0 0.984 1.00 1.12 1.20 1.60
20.0 0.684 1.00 1.21 1.30 1.61
30.0 0.581 1.00 1.02 2.30 1.00
40.0 0.490 1.00 1.50 1.83 0.25

SM-C 10.0 0.790 1.00 1.10 1.10 2.12
20.0 0.670 1.00 1.40 1.70 1.10
30.0 0.630 1.00 1.30 1.50 1.00
40.0 0.860 1.00 2.31 3.32 0.31

LHSM-P 10.0 0.920 1.00 1.23 1.24 15.0
20.0 0.672 1.00 1.40 1.60 8.23
30.0 0.210 1.00 2.90 5.74 1.00
40.0 0.102 1.00 4.90 13.0 0.42

SM-P 10.0 1.040 1.00 0.85 0.98 10.1
20.0 0.660 1.00 1.20 2.00 4.80
30.0 0.260 1.00 1.33 1.40 1.00
40.0 0.150 1.00 1.64 2.40 0.80
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spray drying, which could denature the whey proteins 
causing the product to thicken at higher concentrations 
(around 40% solids). During spray drying (80–120 °C) or 
heating the milk above 65 °C, the globular proteins unfold 
and reassociate to form aggregates; the whey proteins 
α-lactalbumin (α-LA) and β-lactoglobulin (β-LG) are the 
specific globular proteins that experience this unfolding 
and formation of protein aggregates with casein (Zhao 
et al., 2020). Of these whey proteins, β-LG has a more 
significant impact on the flow behaviors of the reconsti-
tuted milk (Anandharamakrishnan et al., 2008). The β-LG 
has two disulfide bonds and one free thiol group which 
are responsible for the aggregation and gelling properties 
of the β-LG (Joyce et al., 2017). When heated, k-casein 
(k-CN) dissociates from the casein micelle and forms a 
complex with the β-LG; further heating causes a decrease 
in pH (Zhao et al., 2020). These chemical changes were 
most pronounced in the reconstitutes as they had the high-
est amount of heat treatment, through both pasteurization 
and spray drying. Even though there were differences in 
the flow behaviors at the higher percent solids concentra-
tions, the different concentrate types (LHSM-C, SM-C, 
LHSM-P, SM-P) still showed a similar consistency coef-
ficient dependence on temperature.

Alternatively, the increased consistency coefficient of 
the LHSM-P samples—especially when compared to the 
SM-P samples—might be due to the increased wetting time 
of the LHSM-P powder. Decreased wettability or dissolv-
ability of milk powders leads to an increased consistency 
coefficient. In high concentrations of milk powders (recon-
stituted into concentrates), the protein and lactose content 
become very important variables to determine the solubility 
and consistency coefficient of the milk powders (Warncke 
& Kulozik, 2020). Casein is the least dissolvable protein in 
milk powders; lactose helps improve the dissolvability of 
the milk powder by preventing protein–protein interactions 
which usually result in protein aggregates. Lactose prevents 
this by hydrogen bonding to the amino acid chain and acts 
as a steric spacer (Warncke & Kulozik, 2020). Since the 
LHSM-P analyzed in this study is first lactose filtered and 

Fig. 2  Shear rate values for lactose hydrolyzed (LHSM-C) and unhy-
drolyzed skim milk concentrates (SM-C) and reconstituted powder 
samples (LHSM-P and SM-P) were shifted first by temperature, °C 
(shift one), then by concentration, % solids (shift two)

◂

Table 5  Parameters of Power law fitting to shear rate/temperature 
master curve data of lactose hydrolyzed (LHSM-C) and unhydrolyzed 
skim milk concentrates (SM-C) and reconstituted powder samples 
(LHSM-P and SM-P)

Concentrate 
type

Concentration 
(solids %wt)

Consistency 
coefficient, 
K′

Flow 
behavior 
index, n′

R2

LHSM-C 10.0
20.0
30.0
40.0

0.010
0.022
0.012
0.051

0.990
0.731
0.923
0.880

0.998
0.980
0.981
0.990

SM-C 10.0
20.0
30.0
40.0

0.010
0.020
0.020
0.080

0.880
0.822
0.872
0.720

0.992
0.992
0.994
0.983

LHSM-P 10.0
20.0
30.0
40.0

0.024
0.031
0.120
0.320

0.700
0.731
0.802
0.644

0.970
0.983
0.960
0.952

SM-P 10.0
20.0
30.0
40.0

0.010
0.080
0.030
0.130

0.902
0.770
0.750
0.690

0.990
0.921
0.984
0.953

Fig. 3  Master curves of shear stress versus converted shear rate/
temperature/concentration shift factors axis of lactose hydrolyzed 
(LHSM-C) and unhydrolyzed skim milk concentrates (SM-C) and 
reconstituted powder samples (LHSM-P and SM-P)

Table 6  Final master curve equation for each concentrate type of lac-
tose hydrolyzed (LHSM-C) and unhydrolyzed skim milk concentrates 
(SM-C) and reconstituted powder samples (LHSM-P and SM-P)

� denotes shear stress, �̇�

aT×aC
 denotes the shear rate shifted by the 

dimensionless temperature (aT) and concentration (aC) shift factors

Concentrate type Master curve equation

LHSM-C
𝜎
LHSM−C = 0.0146

(

γ̇

aT×aC

)0.8819 R2 = 0.980 (9)

SM-C
𝜎
SM−C = 0.0193

(

γ̇

aT×aC

)0.8305 R2 = 0.983 (10)

LHSM-P
𝜎
LHSM−P = 0.1489

(

γ̇

aT×aC

)0.7142 R2 = 0.830 (11)

SM-P
𝜎
SM−P = 0.0706

(

γ̇

aT×aC

)0.7921 R2 = 0.870 (12)
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then hydrolyzed, so there is very little to no lactose available 
to prevent this aggregation of caseins; therefore, have higher 
protein content in the LHSM-P than the LHSM-C—accord-
ing to the manufacturer specifications. Both variables, the 
processing conditions and lactose content, together resulted 
in the LHSM-P having a higher consistency coefficient than 
its LHSM-C, SM-C, and SM-P counterparts.

The difference in consistency coefficient demonstrated 
by the master curve equations supports the hypothesis that 
lactose is an important component during the drying pro-
cess to maintain protein solubility. The �SM−P has a slightly 
higher consistency coefficient compared to the samples 
made via evaporation because the SM-P still goes through 
spray drying; it just has the high lactose content (SM-P is 
about 50% lactose) as a protective measure against most of 
the decreased solubility, and therefore increased consistency 
coefficient, that is seen in the LHSM-P. The �LHSM−C and 
�SM−C behave similar because these concentrate types have 
not undergone the spray drying step that the reconstitutes 
have and therefore have almost identical consistency coef-
ficients and flow behavior indices.

These master curves are also useful in comparing the data 
of flow behavior from different milk concentrate types dur-
ing varied application and processing conditions. Rao (2007) 
described the different shear rates that materials undergo 
during typical processing conditions such as mixing, pipe 
flow, spraying, and extrusion. The shear rates given for 
these processing measures were shear rates between 1 and 
100,000 (Rao, 2007), a large portion of which can be seen 
on the final master curves for each milk concentrate. The 
shown portion of the master curve model in Fig. 2 shows 
the shear rate region which extrusion would fall into. Having 
this tool as a predictive model for the behavior of lactose-
free concentrates made via evaporation and reconstitution 
is a valuable resource for the industry especially since the 
market for lactose-free products is projected to grow to USD 
17.1 billion by 2026 (Market Data Forcast, 2022) indicating 
large opportunity for novel products (e.g., extruded snacks).

Comparing Master Curve Modeling Method 
to Combined Modeling Method

The combined and master curve models were validated 
against the raw data for the consistency coefficient, K (Pa 
 sn). The models were validated at a constant temperature of 
30 °C with varying concentrations within the tested range 
of 10–40 °C with in-between values shown as well to show 
the strength of each model’s estimation capabilities. Table 7 
shows the results of testing the models against the raw data 
for consistency coefficient.

The correlation value (r) for each model to the raw data, 
shown in Table 7, was determined by fitting the models’ 
predicted coefficient values as a function of the raw data 
values. Both the combined model and the master curve 
model fit the raw data consistency coefficient values well 
with correlation values of r = 0.940, P < 0.0001 (com-
bined) and r = 0.973, P < 0.0001 (master curve). The mas-
ter curve model was a slightly better fit with both LHSM-
C (r = 0.990, P < 0.010) and SM-C (r = 0.998, P < 0.003) 
samples. The master curve correlations for LHSM-P 
(r = 0.993, P < 0.008) and SM-P (r = 0.999, P < 0.002) 
were significantly better than the combined model corre-
lations (r = 0.934, P < 0.08 and r = 943, P < 0.07), respec-
tively. The master curve model has predicted values within 
the tested range for all sample types that are strongly cor-
related to the raw data values (P < 0.01) making it the bet-
ter model for testing the milk concentrates made either 
from reconstitution or evaporation.

Conclusion

Aqueous dispersions of 10–40% solids of lactose hydrolyzed 
and unhydrolyzed skim milk concentrates and reconstitutes 
were prepared by vacuum evaporation and reconstituted 
from powder. The effects of temperature and concentration 
were then combined to create a model that allows for the 

Table 7  Testing master curve 
(Eqs. 9, 10, 11, 12) and 
combined effect prediction 
models (Eq. 4) of lactose 
hydrolyzed (LHSM-C) and 
unhydrolyzed skim milk 
concentrates (SM-C) and 
reconstituted powder samples 
(LHSM-P and SM-P) within the 
tested ranges

P values less than 0.05 were given an asterisk

Concentrate type Method Pearson’s correlation value to experimental 
consistency coefficient (Pa  sn)

P-value

LHSM-C Combined 0.950 0.054*
Master curve 0.990 0.010*

SM-C Combined 0.962 0.040*
Master curve 0.998 0.003*

LHSM-P Combined 0.934 0.070
Master curve 0.993 0.0071*

SM-P Combined 0.943 0.060
Master curve 0.999 0.0011*

Overall Combined 0.940  < 0.0001*
Master curve 0.973  < 0.0001*
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determination of the consistency coefficient of all the sample 
types at any concentration and temperature. The combined 
temperature-concentration dependence model indicated that 
concentration had the larger effect on the consistency coef-
ficient, and therefore, it is the most important variable to 
consider for these samples resulting flow behavior.

The shear rate-temperature-concentration superposition 
principle was utilized to make a single master curve for 
each sample type that models the flow behavior of lactose 
hydrolyzed and unhydrolyzed skim milk concentrates and 
reconstituted powers within our tested ranges. While the 
results of this study suggest that either method could be 
used for determining the consistency coefficients of lactose 
hydrolyzed and unhydrolyzed skim milk concentrates, the 
master curve model yields consistency coefficient values 
that have a stronger correlation to the experimentally deter-
mined consistency coefficient indicating the superposition 
principle is the superior methodology when predicting 
flow behaviors of LHSM-C, SM-C, LHSM-P, and SM-P. 
The results of this study are useful for the utilization of 
hydrolyzed and unhydrolyzed skim milk in a variety of 
products ranging from bakery and snack products to ice 
cream and frozen desserts.
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