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Abstract

The paper presents the implementation of non-Newtonian fluid properties
for compressible multiphase solver in the open source framework Open-
FOAM. The transport models for Power Law, Cross Power Law, Casson,
Bird-Carreau and Herschel-Bulkley fluids were included in the thermophysi-
cal model library. Appropriate non-Newtonian liquids have been chosen
from literature, and pressure driven test simulations are carried out. There-
fore, the solver compressibleInterFoam is used to compute air-liquid mixture
flows over a backward facing step. A validation of the novel models has been
performed by means of a sample-based comparison of the strain rate viscosity
relation. The theoretical rheological properties of the selected liquids agree
well with the results of the simulated data.
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1. Introduction

Non-Newtonian liquids are part of almost all areas of our daily life, such as
toothpaste, ketchup, concrete, lubrication oils, polymer melts or blood, to name
just a few. In terms of process engineering and transport processes, flows of
non-Newtonian fluids frequently occur in combination with compressible media
(e.g. polyethylene foam and protein foam). Therefore, this field is of great inter-
est for scientific research. For instance, [1] and [2] examine the atomization of
non-Newtonian fluids, while [3] [4] [5] and [6] investigate the flow characteris-
tics of gas bubbles in non-Newtonian liquids under certain conditions.

With the increase in computational power, the use of numerical simulations
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to optimize these complex flow patterns becomes more and more attractive.
Concerning licensing costs and scalability, a computation with open source
software is highly desirable. Thus, different numerical models and techniques for
non-Newtonian multiphase flows were developed and implemented in open
source software already. In this context, Sawko [7] implemented a modified ap-
proach for wall modeling in pipes and channels and Habla et al [8] created a
solver for viscoelastic two-phase flows. Moreover, in [9] the ISPH algorithm was
extended by an enhanced interface treatment procedure, while in [10] a novel
stress formulation was added. Numerical instabilities concerning the high Weis-
senberg number problem or stability issues caused by surface tensions were
some of the objectives of the method proposed in [11].

However, the majority of the published studies focus on incompressible cases
and a lack of open source applications for compressible issues have to be noted.
Even within the widespread computational fluid dynamics framework Open-
FOAM [12], no non-Newtonian models for compressible multiphase flows are
available up to now. Therefore, the purpose of the current study is the imple-
mentation and validation of five common non-Newtonian models for compres-

sible multiphase solver in OpenFOAM 5.x.

2. Methods
2.1. Compressible Multiphase Solver CompressibleInterFoam

The implementation in OpenFOAM is preceded by an extension of the thermo-
physical model library, which is used inter alia by the solver compressiblelnter-
Foam. On this note, a short explanation of the numerical application is given.
CompressibleInterFoam is a solver for two compressible, immiscible,
non-isothermal phases (liquids and/or gases), whereby the interface is captured
by the volume of fluid approach [13]. Consistently the Navier-Stokes equations
(see Equations (6)-(9)) are solved for one fluid, where the considered fluid pa-
rameters are related to the phase distribution within the cell. The volume frac-
tion of the liquid is represented by « , accordingly a =1 corresponds to a cell
completely filled with liquid and a =0 to a cell full of gas. Based on the as-
sumption of a homogeneous mixture, the cell specific density and viscosity p

and p are calculated by
pza.pliquid+(1_a)'pgas’ (1)
H :a.luliquid +(1_a)'/ugus . (2)

To track the interface of the two compressible phases, a transport equation for

the volume fraction related to the fluid velocity vector U is used.

%+V-(Ua)+V-(U -a(l—a))=a-(1—a)-[@—mj-@+avu 3)

rel
p gas p liquid

The third term on the left-hand side of Equation (3) was created to sharpen
the interface and avoid numerical diffusion. Details regarding the relative veloc-

DOI: 10.4236/0jfd.2020.102009

136 Open Journal of Fluid Dynamics


https://doi.org/10.4236/ojfd.2020.102009

S. Westermaier, W. Kowalczyk

ity vector U, and the numerical implementation can be found in [14]. The
right-hand side takes into account the pressure p and its influence on the densi-
ties of both phases in relation to their specific compressibility y [15]. Consi-
dering the fluid temperature 7 and the thermophysical behavior of liquids and
gases [16], the equations of states can be obtained.

—— Pt poliquid (4)

Piiquid = Viiquia * P+ Potiquia = Rigaia ‘T

Poas =Wgas " P = p (5)

Reas T
In terms of comparability, all presented studies have been carried out with
general properties related to air and water. Hence, the gas constant for air
(R, =287 J-kg™-K™ [17]), and common properties for water (R, =3000
J-kg™-K?, Poiiquia =1000 kg - m~3 [18]) have been used.
Based on the calculated mixture viscosity (see Equation (1)), the total mass

continuity equation can be written as
op
—+V.pU=0. 6
a VP (6)

Furthermore, the single momentum equation, including the dynamic viscosity
4t , the unit tensor | and the gravitational acceleration ¢ is defined as stated

in Equation (7).

opU
——+V-(pUU
5 TV (pU)

=—Vp+V-{,u[(VU +(VU)T)—§(V-U)|H—VPQ'X )

+[ o (X)n(x)8(x- % )ds

The surface integral with the constant surface tension o denotes the force
acting at the liquid-gas interface [19], where N determines the unit normal to
the interface and x twice the mean curvature of the interface. The Dirac delta
in three dimensions is expressed by &(X—X ), containing X, a point on the
surface and X, the point where the equation is calculated [20].

Finally, the energy equation applied in compressibleInterFoam [21] is stated
in Equation (8).

a’:%+V~(pUT)—V-(ﬁVT)

:_{C @ +i—“].[agtk1 +V-(pUk1)+V~(Up)J

v, liquid v,gas

(8)

The kinetic energy is expressed by k, = 0.5-|U |2 and the thermal diffusivity
of the mixture by g . The specific isochoric heat capacity of the liquid and the
gas phase is represented by C, g and C, g, respectively, where values of
4182 J-kg™-K™ and 1007 J-kg-K™ [17] have been used for each simulation

shown in this paper.
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2.2. Non-Newtonian Models

Many different strain rate based viscosity models are existing for non-Newtonian
fluids. Therefore, the five most common ones have been implemented within
this work and are presented in the following section, whereas the strain rate y
is calculated in the same way as stated in the strainRateFunction of OpenFOAM
[22].

y =x/§-‘%(VU+(VU)T) ©)

One of the first developed non-Newtonian model is the well-known two pa-
rameter equation called Power Law, published by Reiner in 1926 [23]. Beside the
strain rate, the fluid specific flow consistency index k, and the flow behavior

index n are used to calculate the viscosity field.
p=ky" (10)

In the very same year, Herschel and Bulkley propagated their widely used mi-
nima function model [24], considering a minimal viscosity g, and a threshold

strain stress 7, combined with the Power Law equation.
_ . z.0 - n—1
pu=min| uy,—+kyy (11)
I

However, the model presented by Casson in 1959 [25] consists only of a thre-

shold strain stress and one additional fluid specific parameter m .

,,:U%waf (12)

In contrast, the Cross Power Law model developed in 1965 [26] contains a
minimum and a maximum viscosity 1, and g, , and the two rheological pa-

rameters k; and 7.

Lﬂi (13)
1+(ks7)

The Bird-Carreau equation published in 1972 is also expressed by a minimum

H=p,+

and a maximum value as well as by two parameters k; and n [27].
n-1
.\2
=+ (=) (14 (k7)) 2 (14)

2.3. Implementation in OpenFOAM

The above stated non-Newtonian transport models were implemented in the
thermophysical model library of OpenFOAM 5.x. To this end, the major imple-
mentation steps are briefly explained.

First, the appropriate file and folder structure was created for each model and
the header files are included in psiThermos.C and rhoThermos.C, respectively.
Up to now, only temperature and pressure-based viscosity models were available

in the thermophysical model library of OpenFOAM. Hence, the current velocity
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vector has to be accessed within the viscosity calculation loop according to List-
ing 1. Subsequently, a scalar field for the strain rate can be implemented in both
heRhoThermo.C and hePsiThermo.C and derived in relation to Equation (9) as
written in Listing 2. In order to pass the strain rate to each model specific vis-
cosity calculation function, e.g. CrosspowerlawTransortl. H, the transferred pa-
rameters had to be extended as shown in Listing 3. Furthermore, the specific
viscosity computation is implemented for each model. To avoid calculation er-
rors, a strain rate of 0 s™' is replaced by a value of 1E-10 s™*. Related to Equation
(13), Listing 4 exemplarily shows the implementation of the Cross Power Law
model in OpenFOAM. To ensure a pleasant input option for the characteristic
fluid properties, the standard structure of the software is maintained so that the
model-specific parameters can be entered in the respective file in the constant
folder, e.g. thermophysicalProperties.water. For this purpose, appropriate variables
need to be added to the respective header files and initialized in the c files. List-
ing 5 illustrates the initialization for the four new parameters related to the

const volVectorField& U = ...
this->db().objectRegistry::lookupObject<volVectorField>("U");

Listing 1. OpenFOAM: Accessing the current velocity field.

volScalarField sr_ = sqrt(2)*mag(symm(fvc::grad(U)));

Listing 2. OpenFOAM: Computation of the strain rate field.

scalarField& srCells = sr_.primitiveFieldRef();

muCells[celli] = ...
mixture_.mu(pCells[celli], TCells[celli], srCells[celli]);

volScalarField: :Boundary& srBf =sr_.boundaryFieldRef();
fvPatchScalarField& psr = srBf[patchi];

bmu[facei] = mixture_.mu(pp[facei], pT[facei], psr[facei]);

Listing 3. OpenFOAM: Extension of the passed variables by the strain rate components.

template<class Thermo>
inline Foam::scalar Foam::CrosspowerlawTransport<Thermo>: :mu
(  const scalar p,

const scalar T,

const scalar sr)

const

{
if (sr == @)

{return muInf_ + (mu@_ - muInf_) / ...
(scalar(1.0) + Foam::pow(k_ * mag(scalar(0.0000000001)), n_));}
else

{return muInf_ + (mu@_ - muInf_) / ...
(scalar(1.0) + Foam::pow(k_ * mag(sr), n_));}
}

Listing 4. OpenFOAM: Computation of the Cross Power Law transport model.
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if(mesh.time().outputTime())
{
const volScalarField sr
(
IOobject
(ll "
sr",
mesh.time().timeName(),
mesh,
IOobject: :NO_READ,
IOobject: :NO_WRITE
)
sr_
)
sr.write();
¥

Listing 6. OpenFOAM: Storage of the strain rate field in AeRhoThermo.C.

‘Wall d=10 mm
Inlet 4
| t 10 mm 20 mm Outlet
v
« 100 mm > Wall lg
< 250 mm =

Figure 1. Computational domain: Three-dimentional backward facing step.

Table 1. Rheological flow parameters of water and the examined non-Newtonian liquids.

Transport model Liquid Parameter 1 Parameter 2 Parameter 3 Parameter 4
Pa-
a) Const Water [17] iPass) - - -
1E-3
. (Pa- Pa. -
b) Bird-Carreau Blood [29] s ks o (bass) k (9) 2()
3.45E-3 56E-3 3.313 0.3568
.1% Xanth .. (Pa- Pa- -
o) Cross Power Law 0.1% a‘nt an gum /& (Pa-s) o (Pa-s) ks (s) n(=)
solution [30] 1.08E-3 0.8405 1.768 0.6812
Activated sludge 7 (Pa) m (Pa-s) Himax (Pa-s)  pimin (Pa-s)
d C
) asson [31] 0.164 16E-3 1E6* 8E-3*
Ketchup [32] 7 (Pa) k (Pa-s™) n(-) 1o (Pa-s)
Herschel-Bulkl
€) Herschel-Bulkley (CMC 0.5%) 8.59 18.24 0.258 864.6*
H Power Law Ketchup [32] k> (Pa-s™) n(-) Hmax (Pass)  pimin (Pa-s)
(Guar gum 1%) 24.63 0.206 5.233E6* 1E-3*

*Added auxiliary values to ensure numerical stability, based on [28].

turbulence parameters for the applied & w-SST model developed by Menter [28].
A residual controlled Pimple algorithm with 50 outer and 4 inner corrector
loops has been used. The first time step was determined as 1E-7 s and an auto-
matic modification in relation to a maximum Courant number of 0.2 has been
enabled. The tolerance criteria were given by 1E—6 and the residual control cri-
teria related to the initial value were implemented with 1E-5, both with a rela-
tive tolerance of 0. Furthermore, under relaxation factors for the non-final steps
(0.2, 7, k, and w:0.3; U- 0.7) and 4 alphaSubCycles are defined to improve the
stability of the multiphase computation. For the calculation of the time derivatives,
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template<class Thermo>
Foam: :CrosspowerlawTransport<Thermo>::CrosspowerlawTransport ...
(const dictionary& dict)

Thermo(dict),
mu@_(readScalar(dict.subDict("transport").lookup("mue"))),
muInf_(readScalar(dict.subDict("transport").lookup("muInf"))),
k_(readScalar(dict.subDict("transport™").lookup("k"))),
n_(readScalar(dict.subDict("transport™).lookup("n"))).

template<class Thermo>
void Foam::CrosspowerlawTransport<Thermo>::Crosspowerlaw ...
Transport: :write(Ostream& os) const
{
0s << this->name() << endl;
0s << token::BEGIN_BLOCK << incrIndent << nl;
Thermo: :write(os);
dictionary dict("transport");
// dict.add("mu", mu_);
dict.add("Pr", 1.0/rPr_);
dict.add("mu@", mue_);
dict.add("muInf", muInf_);
dict.add("k", k_);
dict.add("n", n_);

Listing 5. OpenFOAM: Initialization of the new fluid parameters in Crosspowerlaw-
Transport.C.

Cross Power Law. Finally, the storage of all relevant fields in respect to the de-
fined output conditions enables a comprehensive analysis of the simulation re-
sults. As an example, the appropriate source code for the strain rate is provided

in Listing 6.

2.4. Numerical Test Case

To verify the implementations, pressure driven test simulations for each vis-
cosity model have been carried out. The used computational domain is a
three-dimensional horizontal backward facing step as depicted in Figure 1. The
mesh consists of 246,800 hexahedral elements with a maximum edge length of
0.85 mm. In combination with a smooth transition to a minimum grid spacing
of 0.2 mm at all walls and close to the step area with no hanging nodes, an ac-
ceptable numerical accuracy is achieved. Since the focus within this work is on
the validation of the novel implementations, a grid study, as well as further op-
timization of the numerical solution properties has been neglected.

At the initial time ¢ = 0 the whole geometry is filled with the respective liquid,
and air is entering the domain with a constant viscosity of 1.8E—5 Pa-s [17]. The
examined non-Newtonian liquids have been chosen from literature in relation to
the implemented models. Their rheological properties are listed in Table 1. In
the interests of comparability, a simulation with water, using the already imple-
mented const transport model, has also been conducted.

All other properties of the numerical setup remain the same for all simula-

tions. Concerning this, Table 2 shows the boundary conditions including the
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Table 2. Settings of boundary conditions.

Internal Field

Inlet Outlet Walls Sides
(t=05s)
a() Air Zero Zero Zero Liquid
0 Gradient Gradient Gradient 1
. Pressurelnlet . . FixedValue
U(m-s™) . InletOutlet NoSlip Slip
OutletVelocity (000)
(Pa) Ramp FixedValue Zero Zero FixedValue
P Function* Datm Gradient Gradient Datm
T®) FixedValue Zero Zero Zero FixedValue
293.15 Gradient Gradient Gradient 293.15
fa (m?5) Turbulent Zero KqRWall Zero FixedValue
Intensity 5 % Gradient Function Gradient 1E-10
w(s TurbulentMixing Zero OmegaWall Zero FixedValue
LengthFrequencylnlet ~ Gradient Function Gradient 1E-10

*Ramp Function: p(¢=05s) = pum (Pa); p(£= 0.1 s) = 106,325 (Pa); p(t= 0.5 s) = 106,325 (Pa).

a first order accurate implicit Euler scheme was utilized. The convective terms in
the volume fraction equation were processed with a bounded limited linear diffe-
rencing scheme. Also, in view of stability, the convective terms of the turbulence
equations were approximated with a diffusive first-order upwind differencing
scheme. Apart from the terms in the temperature equation (limited linear diffe-
rencing scheme), all other convective terms were discretized with an unbounded
second-order linear upwind differencing scheme.

The simulations have been computed in parallel using 12 processors (Intel
Xeon Platinum 8160 and Intel Xeon E5-2650, respectively). Depending on the
non-Newtonian liquid, the CPU time to reach the instances in time shown in
Figure 2 varied between 30 h and 35 h, worth mentioning that the simulation
with water took just 24 h.

3. Results

As expected, the numerical results of the performed test cases reveal that the
usage of liquids with different viscosity characteristics leads to significant
changes in the behavior of the compressible two-phase flow. Figure 2 illustrates
the cross section distribution of the volume fraction when the inflowing air has
passed the step. Due to the highly varying properties of the examined mixtures, a
very different air penetration of the cavity can be observed. Therefore, two dif-
ferent instances in time (0.15 s and 0.23 s) have been chosen to point out the
specific vortex formation at the step.

The two higher viscous liquids, utilized to verify the Herschel-Bulkley and the
Power Law model, move slower and tend to prevent the formation of vortices right
after the step. These liquids also adhere more strongly to the wall, which is particu-
larly noticeable close to the inlet area at the upper boundary. This results from

the higher inertia of the liquids, which prevent a faster inflow of the compressed
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t=023s

Air Phase distribution (-) Liquid
0 01 02 03 04 05 06 07 08 09 1
- ' ' ' ‘ ‘ |

Figure 2. Phase distribution of the examined mixtures. Transport model of the liquid:
a) Const, b) Bird-Carreau, c) Cross Power Law, d) Casson, e) Herschel-Bulkley, f) Power
Law.

air phase and the development of larger velocity gradients. The corresponding
visualization of the mixture-dependent dynamic viscosity values is depicted in
Figure 3. Different scales have been used to ensure better visibility of the distri-
bution. The results show a physically consistent viscosity variation related to the
local velocity gradient for the non-Newtonian liquids and a constant viscosity
for water. As an example for the temporal development of the investigated in-
flow processes, Figure 4 and Figure 5 show the phase and viscosity distribution
for certain instances in time of the simulation performed with the Cross Power
Law model.

The general objective of the presented work was the implementation and va-
lidation of non-Newtonian models for compressible multiphase solvers. Hence,
a quantitative comparison of the theoretical and the simulated viscosity values
was carried out for each model, based on the time steps depicted in Figure 2. In-
itially after the simulation, the calculated velocity field was used to calculate the
local strain rates with the post-processing utility of OpenFOAM. In general, the
strain rate field computed during the simulation (see Listing 2) could also be
applied. In order to detect possible errors in the recent implementation, the veri-
fication of the models was performed with results determined by the existing
source code of the software. Subsequently, the calculated strain rates and the al-
ready computed viscosity field were extracted. To achieve comparability with the
theoretical values, only cells completely filled with liquid were taken into account.

The extracted cells were sorted according to their viscosity value and twenty
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t=0.15s
a)

b)

<)

d)

Dynamic viscosity (Pa-s)
1E-5 1E-4 1E-3 1E-2 1E-1 1E0
L A L R NTH SRty
t=023s

e)

el

Dynamic viscosity (Pa-s)
1E-5 1E-4 1E-3 1E-2 1E-1 1E0 1E+1 1E+2 1E+3

M 1 A 1 e B AT lllllllllw

Figure 3. Viscosity distribution of the examined mixtures. Transport model of the liquid:
a) Const, b) Bird-Carreau, c) Cross Power Law, d) Casson, e) Herschel-Bulkley, f) Power
Law.

0.03s

0.06 s

0.09s

0.12s

0.15s

Air Phase distribution (-) Liquid
0 01 02 03 04 05 06 07 08 09 1
! ' ' ' U

Figure 4. Phase distribution for certain instances in time. Transport model of the liquid:
Cross Power Law.

samples were selected in such a way, that a wide range of the present viscosity
spectrum is represented. Figure 6 exemplarily shows the chosen cells for the va-

lidation of the Cross Power Law transport model, illustrated by yellow dots. Fi-
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nally, these simulation data sets are plotted against the theoretical quantities of
the rheological fluid properties in respect to the applied strain rate. Figure 7 and
Figure 8 show a perfect fitting for all non-Newtonian models. Thus, the valida-
tion confirms, that the implementation and the workspace management were

successful and no numerical influences interfere with the new transport models.

4. Conclusions and Outlook

The main objective of the presented work was the allocation of non-Newtonian
models for compressible multiphase solver in OpenFOAM. Therefore, the ther-
mophysical model library has been extended by new transport models using the
equations for Power Law, Cross Power Law, Casson, Bird-Carreau and Her-
schel-Bulkley fluids. Considering the structure of the software and the ease of
use, an appropriate input option for the necessary fluid parameters has been rea-
lized.

Pressure driven test simulations have been carried out for each non-Newtonian
model using the solver compressibleInterFoam. Themultiphase flows over a back-
ward facing step reveal a physical flow behavior of the gas liquid mixtures. The
increase of computation time compared to a Newtonian mixture was within rea-
sonable limits (about 25% to 45%). Furthermore, the sample-based comparisons
of the simulated strain rate viscosity relations show an exact match with regard
to the theoretical flow properties of the selected liquids. Thus, the presented results

0.03s

0.06s

0.09 s

0.12s

0.15s

Dynamic viscosity (Pa-s)
1E-5 1E-4 1E-3 1E-2 1E-1 1EO

%l L LLLT I L LLLLH | llllw

Figure 5. Viscosity distribution for certain instances in time. Transport model of the lig-
uid: Cross Power Law.

Dynamic viscosity (Pa‘s)
-5 1E-4 1E-3 1E-2

1E-1 1E
%l L LLLL Ll Lol oL LLLL | IIIIM

Figure 6. Chosen sample points for the validation of the Cross Power Law model.
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1E+6
- — — = Power Law Theoretical [30]
EE O  Power Law Simulation
1E14 S| N e Casson Theoretical [29]
[Sip g + Casson Simulation
. \D\DE] Bird-Carreau Theoretical [27]

> - ~ (e] Bird-Carreau Simulation
< B
& 1E+2 ~
£ o “a
* G
2 +., \&
o 1E+0 e | g
=) ~|
3 ‘us N
£ o0 faVaSiiaY ++"|"+' =

B2 ..H..\..\ ......

eoe0—>
1E4
1E-5 1E-3 1E-1 1E+1 1E+3 1E+5

Strain rate (s!)

Figure 7. Comparison of theoretical and simulated viscosity quantities. Transport mod-
els: Power-Law, Casson, Bird-Carreau.

1E+6
————— Herschel-Bulkley Theoretical [30]
A Herschel-Bulkley Simulation
rE — — Cross Power Law Theoretical [28]
%  Cross Power Law Simulation
----- S

,g 1E+2 & =
S N
= AA\A
Ba
2 1E+0 2
: S S =
2 XHROK e AA
5] K X AA
£ KK 748
a) X o

1E-2 jEK)K % e

My _ 7
1E-4
1E-5 1E-3 1E-1 1E+1 1E+3 1E+5

Strain rate (s)

Figure 8. Comparison of theoretical and simulated viscosity quantities. Transport mod-
els: Herschel-Bulkley, Cross Power Law.

verify the correct implementation of the rheological transport models in the
source code of OpenFOAM 5.x. As part of an open source software without li-
cence costs, these models can be used for large-scale parallel computations of
compressible multiphase flows with non-Newtonian fluids. However, as a limit-
ing factor of this work has to be mentioned that the usage of common turbu-
lence models and wall functions for the computation of non-Newtonian liquids
may lead to accuracy issues. Specific approaches for some applications have al-
ready been developed (e.g. [33] or [34]), but none of them have yet been imple-
mented in OpenFOAM. This should be part of a future work.
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Nomenclature
(=) Phase distribution
(m%s7h) Thermal diffusivity
c, (Jkg K™ Specific isochoric heat capacity
o (=) Dirac delta
g (m-s72) Gravitational acceleration
V (s Strain rate
I (=) Unit tensor
K (=) Mean Curvature
k, 0)] Kinetic energy
k, (Pa-s") Flow consistency index
k, (s) Rheological time constant
k, (m%s7?) Turbulence kinetic energy
m (Pa-s) Rheological viscosity constant
M (Pa-s) Dynamic viscosity

Normal Vector

z
0

n =) Flow behaviour index
P (Pa) Pressure

v (m*s?) Compressibility

R (Jkg K™ Fluid—specific constant
P (kg-m™) Density

q
z
B\

Surface tension

T (K) Temperature
t (s) Time
7, (Pa) Threshold strain stress
U (m-s7!) Velocity
[ (s™ Turbulence specific dissipation rate
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