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Abstract The rheological behavior of liquid egg products (egg yolk, egg white, and whole
liquid egg) was studied using a concentric cylinder viscometer. Eggs of three poultry speci-
mens were used: hen (Isa Brown), Japanese quail (Coturnix japonica), and goose (Anser anser
f. domestica). Rheological behavior was pseudoplastic and flow curves fitted by the power law
model (Herschel–Bulkley and Ostwald–DeWaele). The meaning of rheological parameters on
friction factors and velocity profiles during flow of liquid egg products in tube has been
shown.

Keywords Pseudoplastic . Power lawmodel . Non-Newtonian fluid . Friction factor

1 Introduction

Knowledge of the rheological properties of food products is essential for the product devel-
opment, quality control, sensory evaluation and design, and evaluation of the process equip-
ment. The flow behavior of a fluid can be varied from Newtonian to time-dependent non-
Newtonian in nature depending on its origin, composition, and structure behavior and previous
history [1]. The knowledge of this behavior is also very important for egg liquids owing to an
increasing demand for processed egg products. The term “egg products” refers to eggs that are
removed from their shells for processing and convenience, for commercial, foodservice, and
home use. These products can be classified as refrigerated liquid, frozen, and dried products.
Traditionally, eggs are marketed as shell eggs, but in recent years, egg consumption in the form
of egg liquid products has increased [2]. Several researchers [3–10] studied the rheological
characteristics of egg yolk, whites, and liquid whole egg and reported Newtonian as well as
time-dependent non-Newtonian flow behavior. These works are summarized in [11]. Most of
these studies have usually been carried out with only egg yolk. There is a lack of information
about the rheological behavior of liquid egg white and liquid whole egg at different
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temperature ranges [12]. Virtually no information is available on the rheological behavior of
liquid products of other eggs, such as Japanese quail eggs, which are increasingly used in the
food industry.

Considering this lack of published information on fluid dynamics of liquid egg products,
the main purpose of this work was to determine rheological properties of these products for
eggs of three domestic fowls: hen (Isa brown), goose (Anser anser f. domestica) and Japanese
quail (Coturnix japonica). The meaning of these data for the calculation of friction factors for
tube flow is discussed in detail.

2 Materials and methods

2.1 Materials

Fresh shell eggs hen (Isa brown), Japanese quails (Coturnix japonica) and goose (Anser anser
f. domestica), no older than 3 days, were purchased from local farms. Egg shells were washed
with deionized water and hand broken properly. Liquid whole egg was prepared by mixing
approximately ten broken eggs in the same container. All liquids were filtered in order to
separate impurities (chalaza, membranes). Samples, with volume 200 ml, for each liquid egg
product were prepared and stored at 4 °C before measurement. From many physical param-
eters which have been measured, only the densities of the tested liquids are presented in
Table 1.

Table 1 Density of liquid egg products

Product Poultry Density ρ (kgm−3)

Egg white Japanese quail 1,020.4

Egg yolk 1,027.6

Whole egg 1,024.3

Egg white Hen 1,134.1

Egg yolk 1,027.0

Whole egg 1,108.0

Egg white Goose 1,035.5

Egg yolk 1,031.9

Whole egg 1,033.8
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Fig. 1 Effect of shear strain rate on shear stress
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2.2 Rheological measurement

Rheological measurements were carried out using an Anton Paar DV3-P rotary viscometer
equipped with a coaxial cylinder sensor system. Rotational speed ranged between 0.3
(0.279 s−1) and 200 rpm (186 s−1). Apparent viscosity, η, is the ratio of shear stress, σ, and
shear strain rate, γ̇. By [13] it has been evaluated as:

η ¼ σ

γ ̇
Pas½ � ð1Þ

All measurements were performed at room temperature (∼20 °C).

3 Results and discussion

In Fig. 1 the flow curves, i.e., shear stress vs. shear strain rate, are shown. These curves can be
fitted using the Herschel–Bulkley model [14]:

σ ¼ σ0 þ Kγ ̇n ð2Þ
In Eq. (2), σ is the shear stress, γ̇ is the shear strain rate, K is the consistency index, n is
the flow behavior index, and σo is the yield stress. For egg yolk of goose eggs, this
model reduces to the Ostwald–De Waele model, given by Eq. (3), also known as the
power-law model [15]:

σ ¼ Kγ ̇n ð3Þ
Equations (2) and (3) can be used for both Newtonian and power law fluids. For Newtonian
fluids, n equals 1, and K equals η or η+σo for Newtonian and power law fluids, respectively.
Equation (2) can be used for the egg white of hen and quail eggs and for liquid whole egg of all
tested eggs. Parameters of Eq. (2) are given in Tables 2, 3 and 4 (R2 is the coefficient of
determination). The apparent viscosity is given using the Eq. (1). The viscosity of tested egg
liquids is shown in Figs. 2, 3, and 4.

Table 2 Parameters of the Herschel–Bulkley model for egg yolk

EGG σo (Pa) K (Pasn) n (1) R2

Hen 0.1466 1.499 0.8951 0.9999

Goose 0 2.678 0.8982 0.9989

Quail 0.4115 0.6533 0.9164 0.9999

Table 3 Parameters of the Herschel–Bulkley model for egg white

EGG σo (Pa) K (Pasn) n (1) R2

Hen 0.2284 0.05769 0.6463 0.9828

Goose 0 0.4381 0.457 0.9415

Quail 0.1904 0.007022 0.09182 0.9923
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The egg liquids exhibit shear thinning behavior. The main differences between liquids of
different eggs can be observed for the egg yolks. The highest values of the apparent
viscosity were achieved for goose eggs, followed by hen eggs, and the minimum values
were exhibited by quail eggs. The differences between egg white of different eggs are not
too significant. The liquid whole eggs have nearly the same value of the apparent viscosity
regardless of the poultry species. The differences in rheological properties of egg liquids are
caused by chemical composition of eggs from hens, geese, and quail (differences in water
and lipid content).

The obtained rheological parameters have great meaning in many problems of industry. For
example, the design of piping and pumping systems requires knowledge of the pressure drop
due to the flow in straight pipe segments and through valves and fittings. Friction losses caused
by the presence of valves and fittings usually result from disturbances of the flow, which is
forced to change direction abruptly to overcome path obstructions and to adapt itself to sudden
or gradual changes in the cross section or shape of the duct. This problem is described for
example in [16]. The pressure drop is calculated using the friction factor, f. The friction factor
is defined as [17]:

f ¼ 2σw

ρv2
ð4Þ

where ρ is fluid density, v is the average flow velocity, and σw is the stress in the wall, given by

σw ¼ DΔP

4L
ð5Þ

In Eq. (5), D is the tube diameter and ΔP is the pressure drop observed in a length L of the
tube. For laminar flow, the friction factor can be obtained from a simple function of the
generalized Reynolds number, which is identical to the dimensionless form of the Hagen–
Poiseuille equation [18]:

Table 4 Parameters of the Herschel–Bulkley model for liquid whole egg

EGG σo (Pa) K (Pasn) n (1) R2

Hen 0.2266 0.01919 0.835 0.9791

Goose 0.01975 0.0141 1.045 0.9944

Quail 0.2201 0.02558 0.8429 0.9988
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Fig. 2 Viscosity of the egg yolk
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f ¼ 16

Reg
ð6Þ

in which

Reg ¼ Dnv2−nρ

8n−1K

4n

1þ 3n

� �n

: ð7Þ

Equations (6) and (7) can be used for both Newtonian and power law fluids. For Newtonian
fluids, n equals 1 and K equals η, so that the generalized Reynolds number (Eq. 7) is reduced
to the well-known number Re=Dvρ/η.

The values of the generalized Reynolds number for egg liquids tested in this article are
given in Table 5. Under turbulent flow conditions, the existing correlations to estimate the
friction factor are semi-empirical. For power law fluids, probably the best-known correlation is
that presented by [19]:

1ffiffiffi
f

p ¼ 4

n0:75
ln Reg f

1−n
2

� �� 0:4

n1:2
: ð8Þ

Let us consider a cylindrical tube of diameter D=0.01 m and an average flow velocity v=
1 m/s. This type of tube is usually used in the pasteurization process of egg products.

The Reynolds number characterizes the transition from laminar to turbulent flow. One can
see that the highest Reg of yolk and white are exhibited by quail eggs and the smallest by goose
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Fig. 3 Viscosity of the egg white
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Fig. 4 Viscosity of the liquid whole egg
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eggs. The behavior of liquid whole eggs is different. The maximum value is exhibited by hen
eggs. It may be a consequence of the different volume of egg liquids (volume proportion of
yolk and white).

Laminar flow of a power law fluid exists in the tube when:

Reg ≤ Reg

� �
critical ð9Þ

The critical value of the power law Reynolds number depends on the value of the flow
behavior index, n, according to [20]:

Reg

� �
critical ¼ 2100þ 875 1� nð Þ ð10Þ

Values of critical Reynolds number vary from 2,888 at n=0.1 to the familiar value 2,100 for
Newton liquids (n=1). In all cases, the flows of liquid egg products are laminar.

The next application of the rheological properties is connected with the continuous thermal
processing system. Such a system generally involves a heat exchanger in the form of a tube. A
length of this tube is known as a “hold tube”, and must be sufficient in order to achieve
sufficient fluid residence time. Because the hold tube is a critical part of the system, under-
standing velocity profiles found in the tube flow is important for the numerical simulation of
the thermal process.

For a power law fluids (under laminar flow) the flow velocity v(x) is a function of the
distance x. This distance is measured from the center of the pipe:

v xð Þ ¼ ΔP

2KL

� �1
n n

nþ 1

� �
R

nþ1
n � x

nþ1
n

� �
: ð11Þ

where ΔP denotes the pressure, L is the tube length, and R is its radius. For the illustration the
values of R=0.05 m, L=1 m, andΔP=300 Pa were chosen. These values are usually used in the
pasteurization process of egg products. Results are shown in Figs. 5, 6, and 7.

Table 5 Reynolds numbers given by Eq. (7)

Poultry Reg (Egg yolk) Reg (Egg white) Reg (Liquid whole egg)

Japanese quail 27 2,460 1,101

Hen 14 1,924 1,671

Goose 7 791 548

Fig. 5 Velocity profiles of egg yolk flow
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The highest values of flow velocities are observed for the flow of egg white. The lowest one
was achieved for the flow of egg yolk. Velocities are different for different eggs. Liquids of the
goose eggs exhibited the lowest values. The highest values of egg white and liquid whole eggs
were observed for the hen eggs and the maximum of the flow velocity of the egg yolk was
observed for the quail eggs.

The flow velocity equation (11) is valid for fully undisturbulent flow in straight horizontal
tubes. Real processing system contain many other elements such as valves, tees, elbows etc.,
which can cause mixing of fluid during flow [21–24]. In addition, pipe vibration caused by
energy inputs from pumps may contribute to mixing. This means that the equation given above
represents only general guidelines in examining velocity profiles during tube flow.

4 Conclusions

Rheological properties of liquid egg products (liquid whole egg, egg white, and egg yolk) were
studied for the eggs of three poultry species: hen (Isa Brown), Japanese quail (Coturnix
japonica) and goose (Anser anser f. domestica). Experimental data were successfully fitted
to a Herschel-Bulkley model. The egg liquids exhibit shear thinning behavior. The main
differences between liquids of different eggs can be observed for the egg yolk. The highest
values of the apparent viscosity were achieved for the goose eggs followed by the hen eggs
and the minimum values were exhibited by quail eggs. The differences in rheological
properties of egg yolk are caused by chemical composition of yolks from hens, geese, and
quail (differences in water and lipid content). In the publication [25] it is shown that goose
eggs (especially yolk) contained the highest contents of saturated and monounsaturated fatty

Fig. 6 Velocity profile of egg white flow

Fig. 7 Velocity profile of liquid whole egg flow
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acids but the lowest content of polyunsaturated fatty acids (PUFA). The ω-3 PUFA content
and the ω-6/ω-3 ratio were higher in the yolks of goose. This can cause the higher values of
apparent viscosity of goose yolk. The differences between egg white of different eggs are not
too significant. The liquid whole eggs have nearly the same values of the apparent viscosity
regardless of the poultry species.

The practical importance of knowledge of rheological parameters was outlined. These
parameters can be used in various software applications dealing with a numerical simulation
of flow problems.
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