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Non-Newtonian fluid properties can change the flow behaviour and the resulting flow topology
significantly, even for low Reynolds number laminar flows. The prediction of the flow field is
even more difficult when thermal effects come into play. In particular, when high shear rates
occur and different temperatures act on the fluid changing its viscosity significantly, symmetry
breaking is an often observed flow phenomenon. A well known flow case, which is the focal
point of this study, is the laminar orifice jet flow of a thermo-viscous shear thinning fluid through
a straight duct. Isothermal flows of Newtonian fluids reveal a straight jet flow leaving the orifice,
in contrast to isothermal non-Newtonian fluid flows, which show a deflection of the orifice jet
and complicated flow separation and attachment structures within the duct. In the present CFD
study wall temperature dependent flow structures are investigated for the flow of a Carreau fluid
through a duct with an orifice. The temperature dependence of the fluid viscosity is modelled by
applying the standard Williams-Landel-Ferry (WLF) equation. It is shown that thermal viscous
shear-thinning due to high shear rates and increased wall temperatures at the duct walls lead to
a significant decrease of viscosity of three orders of magnitude in the near-field of the orifice.
Locally reduced viscosity can be used to control the jet flow behaviour. In the present simulation
campaign thermal boundary conditions are varied over a wide range in order to derive relations
between heat transfer, non-Newtonian fluid properties and the behaviour of the orifice jet flow.

1 Introduction

Non-Newtonian fluids reveal a wide variety of properties due to their non-linear behaviour of
viscosity in shearing flows. Since these types of fluids are widely used in technical, industrial
and medical applications and also occur in biological flows, the knowledge about their complex
properties and flow behaviour is necessary for the design of novel devices. The complex flow
behaviour is caused by their molecular composition. Long entangled molecular chains lead to
higher viscosities. High shear flow rates can tighten and align the molecular chains which leads
to a decrease of the shear viscosity. This effect is called shear-thinning. The resulting flow phe-
nomena of these processes are not easily to predict, in particular in complex flow applications
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[5], [7]. The flow prediction is even more difficult when additional thermal loads are playing
a significant role, since middle and high-molecular-dense fluids are sensitive to temperature in-
fluences on the viscosity [38]. Thus, heat transfer at walls, its effect on the nonlinear viscosity
and the resulting flow phenomena are a main focal point in the research field of non-Newtonian
fluids [6], [32], [19]. In particular, heat exchanger, lubrication systems or oil cooler are techni-
cal application in which the properties of non-Newtonian fluids are essential for the design and
layout. Numerical simulations, conducted during the design process of such applications, are
based on very accurately described fluid models [28]. Therefore, experimental and numerical
studies are necessary to capture all phenomena which are related to thermal viscosity properties
of non-Newtonian fluids, in particular when contraction and expansion flows are investigated.
Both flow categories are combined in orifice flows.

A classical validation test case for Newtonian and non-Newtonian fluids is the contraction flow:
suddenly the channel height or pipe diameter is significantly reduced. Owens [28] elaborately
referred about a manifold of numerical and experimental work addressing different types of
non-Newtonian fluids and configurations. Rodd [29] classified the observed flow phenomena
with regard to separation, vortices and instabilities. The spatial extension of corner vortices,
the location of separation and attachment points are investigated in dependence on fluid type,
Reynolds number and geometrical aspect ratios of the flow configurations. In many investiga-
tions the contraction ratio of 4 : 1 is chosen, [37], [26]. Focal point of latest research work are
flow effects which can be observed for Boger and visco-elastic fluids[17], [1]. However, shear-
thinning and shear-thickening pseudo-plastic fluids are investigated as well. For this study, in
particular the research work of Cogswell [12] [13] is of interest, since low and middle density
polymers are considered, a fluid category, which reveals shear-thinning viscosity properties.
There are a lot of investigations covering expansion flows of both Newtonian and non-Newtonian
fluids. Interestingly validation test cases concentrate on the 1:3 expansion ratio, which was ex-
perimentally investigated by Durst [15], who could observe asymmetric flow behaviour for
symmetric duct configurations for Newtonian fluids and certain flow conditions. Based on ex-
perimental and numerical results a bifurcation diagram was derived: a lower Reynolds number
limit exists, under which two symmetric corner vortices occur. But if a certain higher Reynolds
number is exceeded, a symmetry breaking of the jet like flow can be observed, whilst one vortex
is growing, the other is shrinking. The onset of this asymmetric flow is called pitchfork bifurca-
tion. Also a second bifurcation occurs: with a further increase of the Reynolds number beyond
the next critical limit a third vortex arises. Although Cherdron [11] conducted a series of exper-
iments varying the expansion ratio and, of course, the Reynolds number, again for Newtonian
fluids, but still, it is controversial at which Reynolds numbers theses bifurcations occur. Fearn
[18] could prove the first bifurcation at a Reynolds number of 40, 5 and 1:3 expansion, whereas
Durst reported a bifurcation Reynolds number of 112 [15]. In order to clarify that Drikakis [14]
conducted numerical simulation and extensive parameter studies for a planar configuration,
found bifurcation Reynolds number in the same range. However, to experimentally determine
the bifurcation Reynolds numbers accurately is challenging: to realise pure two-dimensional
flows is quite difficult due to the need of limiting boundaries. Further uncertainty stems from
the initial inflow, small disturbances are able to cause asymmetrical flows. Battaglia et al. [4]
conducted experiments with quasi-two-dimensional rectangular channel configurations, bifur-
cation was observed for Reynolds numbers in the range of 150 to 600.

Neofytou [25] investigated the sudden expansion flow for different non-Newtonian fluids, the
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flow of Power-Law, Casson and the Quemada fluids were simulated, concentrating on the pitch-
fork bifurcation effect. Ternik [33] numerically scrutinised the planar 1:3 expansion flow with
special attention to shear-thinning effects of generalised Newtonian fluids. In comparison to
Newtonian fluids shear-thinning exhibits a substantial impact on the bifurcation Reynolds num-
bers [33]. In particular, the size of the corner vortices are significantly different in comparison
to Newtonian fluids [34]. Even the flow regime might change: in case of Newtonian fluids the
flow seems to remain steady, though this is a point of discussion, shear-thinning non-Newtonian
fluid flows appear to faster develop transient behaviour.

The orifice flow is a combination of both contraction and expansion flows, with the orifice plate
as linking element. Special attention is paid to orifice flows since this type of flow occurs in
a lot of technical applications such as valves, orifices or even orifice flow meter. Greenspan
was one of the first, who numerically investigated orifice flows [20]. Over time this flow type
has become a validation case for numerical simulation tools, see [26]. Of particular interest
is the orifice flow meter. In case of Newtonian fluids quite simple relationships exist between
flow rates and pressure losses [21], [2]. Guidelines for engineers have been derived, see for
instance [16]. More complicated are the non-Newtonian flow cases [31]. Those relationships
are still topic of investigations: Valle et al. [35] numerically simulated the flows of purely vis-
cous Power-Law fluids for a wide range of the associated power-law index. It was found found
that a unique master curve can be obtained by plotting the Euler number versus the generalised
Reynolds number. Rothstein et al. [30] investigated the extensional flow of a polystyrene Boger
fluid through an orifice of a 4:1:4 axisymmetric contraction/expansion configuration, observing
viscoelastic flow properties. Most of those studies, however, concentrated on flow topology
alternation, flow regime change or some other transient effects. The impact of heat transfer
is not well investigated so far, therefore, the focal point of this study is the orifice flow of a
thermo-viscous shear-thinning Carreau fluid under specific thermal boundary conditions.

2 The Non-Newtonian Fluid and the Simulation Setup

In contrast to Newtonian fluids, the properties of non-Newtonian fluids play a significantly
more important role in shearing flows due to their ability to change their viscosity over orders of
magnitude in dependence of local shear rates. If thermal loads also play a role, then heat transfer
can enforce the viscosity change of those fluids even more. Thus, the accurate modelling of
the non-Newtonian fluid properties of the considered thermo-viscous shear-thinning fluid is
crucial for the description of such type of flow problems, which is demonstrated in the present
simulation campaign. Fluid viscosity modelling together with a suitable CFD grid and a strict
numerical simulation strategy is a precondition for reliable simulation results.

2.1 Properties of the Non-Newtonian Carreau Fluid

Although the flow case of a Newtonian fluid with a constant viscosity of u© = 100Pas is
also considered in order to have a reference case, we concentrate on a specific class of non-
Newtonian fluids: the thermo-viscous shear-thinning fluids without any yield stress or temporal
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relaxation properties. Both the temperature 7' and the shear rate, ¥ = ,/% [D : D], have an

impact on the viscosity of the these non-Newtonian fluids. The simplest type of the consid-
ered shear-thinning fluid is the Ostwald - de Waele fluid [27], whose viscosity is modelled by a
power law, therefore, it is also called Power-Law fluid. However, flow models purely based on
the power law have the model limitation that they do not possess any lower and upper viscosity
restrictions. This leads to fluid modelling errors at very low and very high shear rates, where the
shear dependent viscosity reaches unrealistic values. Moreover, numerical simulations reveal
that Power-Law fluids show worse convergence rates, in particular in flow regions, in which the
second invariant /5 of the strain tensors D = % (gmdz—)’ + gradv” ) is small, as, for example, in
nearly uniform flows.

An alternative to a Power-Law fluid is the Carreau fluid model [8], which has the advantage to
have both a constant zero viscosity and a constant infinite viscosity. These model limitations
reflect the properties of real fluids very well [5]. The flow curve of a Carreau fluid is calculated
by using (1),

n—1

0= 1o+ (10 = 1) {1+ (M)} 7, (1)
in which 7 is the flow index, 7, the lower limit or zero viscosity, 7)., the upper limit or infinite
viscosity and  the generalised shear rate. The parameter A controls the transition from the New-
tonian to the non-Newtonian behaviour. This parameter can be determined by the characteristic
stress 7., at which the deformation behaviour of the fluid changes: A = /7. In principle
this time constant is the reciprocal value of the critical shear rate ., at which exceeding shear
rates start to reduce the viscosity of the fluid. In this simulation study we used the following
fluid parameters, n = 0.2, A = 0.5s, 9 = 100Pas, N, = 0.001 Pas, which are describing the
fluid properties valid for a reference temperature 7.y = 403.15K. The associated flow curve
is depicted in Fig. 1. The small values of the time constant and the flow index are consciously
chosen in order to achieve a high sensitivity of the fluid viscosity in particular to lower shear
rates, so that the viscosity can drop orders of magnitudes over the full range of the expected
flow shear rates. This is not non-physical, since low-density polymers, carbon and silicone oils
or especially synthesised engine oils just reveal such fluid properties.

Modelling thermal-viscosity is a research field of its own: as many non-Newtonian fluid mod-
els as many temperature dependent viscosity models exist. However, there is an experimental
observation that for a certain group of non-Newtonian fluids, low and high density polymers
or certain silicone oils, a change of the global temperature level only leads to a shift of the
flow curve, whereas the principle shape of the known flow curve at a certain temperature is
barely changed. This observation has led to a certain modelling concept: a so called master
Sflow curve is measured for a reference temperature, thereafter, this master flow curve is adapted
to the new temperature level by a viscosity-temperature shift factor a,. This shift factor is
called time-temperature superposition parameter, following the notation of [38], sometimes it is
also called Andrade factor [3]. Now modelling the temperature influence on the viscosity is re-
duced to determine this factor. Different equations can be applied to this problem. In this work
the so-called William-Landel-Ferry equation, in short WLF-equation is used to determine the
viscosity-temperature shift factor, now called WLF shift factor [38], [19]. The WLF-equation

reads as follows: )
n(4,T) > _ —Gi(T=T)
77(77 Tref) C2 + (T - Tref)

log (ar) = log < (2)
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Figure 1: Fluid curves for a Carreau fluid model, n = 0.20,A = 0.5s, n9 = 100Pas, s = 0.002Pas, at the
reference temperature, and for temperatures leading to viscosity-temperature shift factors of 0.6 and 0.6.

In this equation, 7, is the reference temperature, for which, in this study, a value of 403.15K is
assumed. The fluid parameters C'; and C5 have to be determined experimentally for each non-
Newtonian fluid, however, for polymers the commonly used and experimentally determined
values are C'; = 8.86 and C; = 101.6/K". These values are also used in the present simulation
campaign. Eventually, the thermal-viscosity model has to be combined with the Carreau fluid
model equation, which finally leads to:

. a — Moo
0 (3 T) = agne + —20 1) 3)

(1 + (CZTA"}/)Q) 2

Equation (3) was implemented in the DLR THETA code for the performed simulation cam-
paign.

2.2 The Channel - Orifice Flow Configuration, the CFD Grid and Simulation Setup

The considered flow channel with its integrated orifice plate is a very simple configuration: It
consists of an inflow and outflow channel separated only by an orifice plate of a thickness of
D. Since the orifice has a height of 2D, the orifice/pipe ratio, /3, is 0.5, the aspect ratio of the
orifice, v, is also 0.5. The orifice is symmetrically placed on the channel longitudinal axis. The
inflow channel has a length of 17.5D, the outflow channel is 24.5D long. Both channels have a
height of 8D = 0.02m. A sketch of the configuration is depicted in Fig. 2.

For the present numerical simulation study a suitable flow domain has to be generated address-
ing different categories of flow types. At the walls the developing thermal and momentum
boundary layer flows have to be well resolved. However, more essential for the simulation of
such flows is to pay special attention to the corners. Here a very fine spatial grid resolution has
to be realised in order to capture all flow phenomena of the corner and vortical flows. At the
channel corners vortices are expected and jet like flows within and behind the orifice. The latter
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shall be affected by flow separation at the orifice corners. Thus, very smooth grid cell topologies
and slow growing grid element aspect ratios are basic prerequisite for the used CFD grids. For
the generation of the CFD grid the commercial mesher “Centaur” from the company Centaur-
Soft [10] has been applied. It has to be remarked that the used flow solver can only to run on
three dimensional grids, for two dimensional cases a so called quasi-two-dimensional approach
is implemented, which means that a two dimensional CFD grid has to be extended in such a way
in the third direction that a one-cell layer is build. In the present case the a one-cell thickness is
0.25D. Even though the memory requirement is slightly higher, there is no special 2D CFD grid
treatment necessary, which substantially simplifies the programming and handling of the used
CFD code. After an extended grid study the CFD simulation campaign has been conducted on a
quasi-two-dimensional hybrid grid consisting of hexahedral and prismatic volume elements and
associated surface triangles and quadrilaterals at the boundaries. The grid consists of 330530
grid points, 189552 prisms, 69156 hexahedrons, 379104 triangles and 140976 quadrilateral grid
cells. The hexahedrons are building the structured grid closed to the wall, which consists of 32
layers. This high layer number is necessary for resolving both, the momentum driven boundary
layer flow and also the thermal boundary layer. In order to capture the velocity profile slopes
accurately the first wall normal cell height is in average 0.02D, the associated growth rate in
wall normal direction is 1.12. The overall height of the hexahedral stacks are varying since the
grid has to be locally adapted i.e. to be able to resolve vortical flow structures in corner regions,
the so-called Moffatt vortices [24]. In Fig. 2 details of the grid cell topology are illustrated. It is
obvious that no use is made of intrinsic symmetry features of the flow configuration: The grid
is consciously not symmetrically built, instead the present hybrid structured - unstructured grid
approach is chosen to intend to trigger small disturbances by grid asymmetry.

The setup of the flow simulation starts with the boundary conditions: At the inflow boundary
of the channel a plug flow with a constant velocity of 3.2m /s has been predefined, the inflow-
ing fluid has the reference temperature of 403.15K. Consequently, the fluid density is 1000%
and the zero viscosity 100Pas. In this study the channel height of 0.02m is taken as reference
length. Using these parameters leads to the initial channel Reynolds number of Re. = 0.64 at
the inflow boundary. For a constant viscosity the orifice Reynolds number is Re, = 0.16. At
such a low Reynolds number flow condition it is not expected that the creeping Newtonian fluid
flow shows asymmetries when flowing through the orifice plate. At the channel outlet simple
outflow boundary condition has been set. All other parts have been modelled as no-slip viscous
walls. During the present simulation campaign both the thermal boundary conditions at the
upper and lower channel walls behind the orifice plate have been varied in order to show the
impact of a changed heat transfer on the flow behaviour of the thermo-viscous shear-thinning
fluid. The simulation results for the isothermal and thermo-viscous shear thinning Carreau fluid
flow are compared with those of the pure Newtonian fluid.

The numerical simulations have been performed on a desktop computer using the DLR THETA
code [22] for solving the incompressible Navier-Stokes equations. This finite volume code is a
variation of the DLR standard flow solver TAU. A dual grid approach is applied to unstructured
hybrid grids, all flow variables are stored at the same location, the so-called collocated respec-
tively non-staggered grid approach. An efficient coupling of the velocity and the pressure fields
is ensured by using the Chorin projection method or the SIMPLE algorithm, see [36]. For spa-
tial discretisation different variations of 1st or 2nd order upwind methods as well as 2nd order
central schemes can be used. Here a mixed 2nd order scheme has been chosen combined with
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3 Analysis of the Channel Orifice Jet Flows

The analysis of the simulation results starts with the investigation of the isothermal orifice jet
flow within the channel. At first the case of the shear independent Newtonian fluid flow is
considered. The flow topology is compared with the flow simulation results of the Carreau
fluid. In the second part of the analysis, the temperature dependency of the viscosity is taken into
account, and the flow topologies of the Newtonian and non-Newtonian fluid are investigated.
The last part concentrates on the possibility to control the flow behaviour by changing the
viscous properties of the Carreau fluid. The analysis of the flow simulation results is based on
contour plot of colour-coded quantities of interest and the so called line integration convolution
technique (LIC) [9], which is used to visualise flow structures by a kind of areal streamline line
technique.

3.1 The Isothermal Orifice Jet Flows

The isothermal Newtonian and Carreau fluid flow cases are considered as reference. It is as-
sumed that not only the walls and the incoming fluid have the same temperature, but also that
the viscosity is temperature independent, that means, that even the locally generated heat, which
is a product of dissipation due to high shearing rates, is not taken into account for changing the
viscosity. At first the orifice flow of the Newtonian fluid is considered, illustrated in figure 3.

velocity magnitude (m/s)
P LI 7 10 14 17

Figure 3: Orifice flow of the Newtonian fluid, flow field visualised using LIC applied to the velocity field, contour
plot of the colour-coded velocity magnitude
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Figure 4: Orifice flow of the shear-thinning Carreau fluid, flow field visualised using LIC applied to the velocity
field, contour plot of the colour-coded velocity magnitude

The depicted line integration convolution of the velocity field shows a flow topology, which is
nearly symmetrical to the longitudinal axis of the channel, as is typical for Newtonian fluids
at that low Reynolds number. In relation to the middle cross section of the orifice plate the
symmetry is broken: The separated, vortical flow structures upstream of the orifice are smaller
than the depicted Moffatt corner vortices behind the orifice. This is a result of momentum and
shear effects, and, of course, of the small Reynolds number. The latter is not zero, thus shearing
effects at this high viscosity level can accumulate which eventually leads to the observed flow
topology symmetry changes. Besides that, the resulting flow show a further typical sign for
Newtonian flows: the Moffatt corner vortices reveal quite straight outer vortex border, which
is often reported for such a low Reynolds number. Outward curved vortex borders are not ex-
pected until the Reynolds number exceeds certain values, depending on the orifice aspect ratio
3, in this case for 5 = 0.5 and v = 0.5 the limit is round about Re, = 12, see [26] and [34].
Now, the Carreau fluid flow case is considered. Details of the flow topology can be observed
in figure 4, again the velocity field is illustrated by the LIC algorithm, additionally the velocity
magnitude is colour coded in order to highlight the jet flow region. In contrast to the Newtonian
flow case the flow simulation result for the Carreau fluid reveal a strong and dominant asymmet-
ric orifice jet flow along the longitudinal axes. This jet flow is slightly constricted and does not
spread as fast as in the Newtonian flow case. As a result the Moffatt corner vortices respectively
the vortical separation bubbles behind the orifice are differently elongated, of course due to the
deflection of the jet. Besides the deflected orifice jet flow and its impact on the Moffatt vortices
behind the orifice, another essential flow feature caused by the shear-thinning fluid properties
of the Carreau fluid is visible: it is the complete absence of the Moffatt corner vortices in front
of the orifice. This flow behaviour is typical for the chosen Carreau fluid parameter set and it is
well described by Niedziella [26].

As mentioned above this flow phenomenon, reflected by the present flow simulation, is well
known from studies of expansion flows. In the present case the unstructured - structured hybrid
grid approach is able to enforce relevant asymmetries in the flow so that this symmetry breaking
occurs without the usage of any additionally superposed disturbances, as are often necessary,
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in particular, in case of highly symmetric structured grids. The latter is an essential reason why
often three-dimensional unstructured grid approaches are chosen. In fact, 3D unstructured grids
seem to damp disturbances more efficient in comparison to 2D grids, but not so strong that
relevant disturbances, leading to symmetry breaking of the flow topology, are prevented from
growing. In fact, it has been observed that in case of unstructured 3D grids it is not necessary
to provoke a breaking of the flow topology symmetry, in contrast 2D grid approaches need a lot
more iterations to reveal such kind of flow phenomena observed in experiments. In this study it
cannot be clarified finally, what the best grid strategy for such flows might be. This, of course,
depends also on the chosen flow solver and order parameters of the flow problem itself, hence,
more studies have to be done in future to address that point. This uncertainty, however, enforces
the researcher to validate the numerical simulation results with experimental data.

In figure 4 the LIC visualisation also reveals that the associated vortex centres are shifted to-

shear rate (1/s)

4 0 250 500 750 1000

B 2 ﬂ“ﬂ. | Hllj'l“

Figure 5: Orifice flow of the shear-thinning Carreau fluid, flow field visualisation using LIC applied to the velocity
field, contour plot of the colour-coded shear rate

wards the dominant jet flow. Shear-thinning is the reason for that, which can be proven when
observing the the effective, local shear rate shown in figure 5. The resulting local viscosity is
illustrated in 6 as colour plot, the LIC visualisation facilitates the flow structure assignment. In
the inflow region, where the flow profile has a plateau like shape, and in the corner regions,
where the flow is nearly fading out, a local viscosity close to the zero-viscosity is found. In the
wall near regions of pure shear flow and flow regions with high accelerations, in particular at
the vortical flow regions closer to the walls the strong shear-thinning effects can be observed.
Between these high shear regions the viscosity nearly reaches the zero-viscosity level. That
symmetry breaking can occur for such a low initial reference Reynolds number seems to be
astonishing at the first glance, however, looking at the local Reynolds numbers, which is calcu-
lated with the constant channel height but with the varying local dynamic viscosity, can help to
explain the observed flow phenomenon, see figure 7. The initial Reynolds number is far away
from any values at which asymmetries could be triggered by some disturbances, they would be
damped out as it is the case for the Newtonian fluid where the Reynolds number is constant
and low. In contrast, the shear-thinning property of the Carreau fluid leads to an increase of
the local Reynolds number of orders of magnitude, in particular at the orifice and the jet flow

10
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local viscosity (Pa s)
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Figure 6: Orifice flow of the shear-thinning Carreau fluid, flow field visualisation using LIC applied to the velocity
field, contour plot of the colour-coded local viscosity

local Reynolds number
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Figure 7: Orifice flow of the shear-thinning Carreau fluid, flow field visualisation using LIC applied to the velocity
field, contour plot of the colour-coded local Reynolds number
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behind, thus, disturbances can now be enforced and are able to deflect the jet flow. Once the
deflected jet flow has hit the wall it stays attached at the wall due to the well-known Coanda
effect. It has to be remarked, that at such high Reynolds numbers turbulence normally occurs.
This could not be taken into account during this simulation campaign for several reasons: it not
clear which transition mechanisms for these types of fluids and interface flows are appropriate,
also the essential physical properties of turbulence under the condition of strong Reynolds num-
ber gradients are not clear, i.e. the turbulent length scales, the production and dissipation rates.
This is a very challenging research field.

3.2 The Thermo-viscous Orifice Jet Flows

Now the impact of locally generated heat due to dissipation is taken into account. Other thermal
loads are excluded, thus, the flow simulation results allow to evaluate the significance of dissi-
pation related heat on the flow structure. It has to be remarked, that only the flow simulation
result of the Newtonian fluid is shown. The flow field of the Carreau fluid reveals that thermal
loads due to dissipation have a far less impact on the viscosity than shear-thinning itself, thus,
the resulting Carreau fluid flow structure is very similar to that depicted in figure 7.

Now, the Newtonian fluid viscosity is allowed to change depending on that temperature, which
is locally acting on the fluid. However, the temperature dependence of the fluid has to be mod-
elled: the decision was made to use the same thermo-viscosity model as for the Carreau fluid,
see equation (3). Of course, such a model might not be realistic for Newtonian fluids, however,
in the sense of a numerical experiment this approach shall facilitate to unfold the physical rea-
son of the symmetry breaking of the orifice jet flow. The impact of dissipation generated heat

velocity magnitude (m/s)
z 0 3.5 7 10 14, .17

Figure 8: Orifice flow of the thermo-viscous Newtonian fluid affected by thermal loads due to dissipation, flow
field visualised using LIC applied to the velocity field, contour plot of the colour-coded velocity magnitude

on the flow field is illustrated in figure 8, obviously the Moffatt corner vortices at the orifice
plate are significantly enlarged, now reaching the size of the orifice itself. Consequently, the
separation and attachment points are shifted away from the orifice. Furthermore, in contrast to
the pure isothermal case, now, outwards curved vortical bubbles can be identified. This is a hint
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that the local Reynolds number has been changed significantly by introducing thermal load due
to dissipation. This is illustrated in figure 9, obviously the corner vortices are dissipating most
energy at their borders to the spreading orifice jet flow, here the local Reynolds numbers are
dropping, which leads to the vortex enlargement.

local Reynolds number

e 0 0.03 316 100

Figure 9: Orifice flow of the thermo-viscous Newtonian fluid affected by thermal loads due to dissipation, contour
plot of the colour-coded local Reynolds number is shown

3.3 Control of the Thermo-Viscous Shear-Thinning Orifice Jet Flow

The observation that generated heat can change the viscosity of Newtonian and non-Newtonian
fluids significantly, leads to the idea to control the orifice jet flow by introducing artificial heat.
Therefore, the walls of the outflow channel are heated. The resulting heat transfer into the fluid
is varied by setting different wall temperatures. Although slight effects are also expected for
the Newtonian fluids, here, the Carreau fluid flow cases are the focal point of the investigation.
At first the only the upper wall of the outflow channel is heated, setting a wall temperature of
463.15 K, all other temperatures, channel wall and the fluid temperatures at the entry, remain at
403.15K. The drastically changed flow topology is depicted in figure 10: Now, the orifice jet is
deflected downwards. This new flow topology is not only a mirrored flow, the wall temperature
leads to a significantly larger upper vortical flow separation structure and a drastically decreased
lower vortical separation bubble. The reason is that the near wall temperature induced by heat
transfer from the wall reduces the viscosity to significantly lower levels in comparison to the
pure shear-thinning flow case. Eventually, there are fewer momentum losses at the upper wall
leading to two effects: The flow attachment point is shifted downstream and the vortical flow
of the separation bubble is able to accumulate more momentum which is turned into angular
momentum. Due to enforced lower viscosity levels the overall energy dissipation is decreased,
which allows the vortical flow structure to grow more than expected. In contrast to the pure
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isothermal orifice flow, the deflected orifice flow with its larger and smaller vortical separa-
tion bubbles reveals a strong unsteady flow behaviour. In fact the upper separated flow region
contains up to four independent sub-vortices. These intermittent sub-vortices are structurally
changing over time, they are fusing and splitting again and again. Also the smaller separa-
tion bubble reveals sub-vortices, but only two more or less stable sub-vortices. The impact of

temperature (K)
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Figure 10: Orifice flow of the thermal viscous shear-thinning Carreau fluid, heated upper wall of the outflow
channel, flow field visualisation using LIC applied to the velocity field, contour plot of the colour-coded local
temperature

dissipation and the increased temperature of the upper wall of the outlet channel can also be
observed in figure 11, following the contour plot of the local viscosity-temperature shift factor.
Obviously the essential mechanisms are, first, the heat transfer at the upper wall of the outlet
channel which drastically reduces the local viscosity close to the wall, thereby also reducing
the energy and momentum loss of the reverse flow, and secondly, the convectional transport of
heat due to the vortical flow towards the rear orifice wall and its impact on the flow separation
at the orifice passage itself. There, the heated fluid at the orifice reveals a lower wall friction
and more crossflow momentum, thus, separation is enforced. Furthermore, the combination of
high shear rates with the additionally introduced thermal loads are decreasing the viscosity so
much that the formerly steady flow state is transformed into a highly unsteady flow state. A
ponderable global impact on the flow topology can be observed: the orifice jet flow is pushed
by pulsatively oscillating separating flow, and, additionally, spot-like regions with a lower local
viscosity-temperature shift factor at the upper border of the orifice jet flow are floating down-
stream indicating locally heated fluid.

From the observation, that local heat transfer is able to change the flow topology significantly,
it might be deduced that control of local hear transfer allows to control the orifice jet flow de-
flection. In this study this was investigated by the following numerical experiment: the lower
and upper walls of the outlet channel are differently heated, in the first variant, the upper wall
temperature is set to 7, = 423.15K and the lower wall temperature to 7,, = 483.15K, in the
second case vice versa. Note that not only the global heat transfer is increased due to heating
both walls, also the temperature level is increased by 20K.

At the first glance the new flow structure is similar to that of the isothermal Carreau fluid flow
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viscosity-temperature shift factor

Figure 11: Orifice flow of the thermal viscous shear-thinning Carreau fluid, heated upper wall of the outflow
channel, contour plot of the colour-coded local viscosity-temperature shift factor, magnified grid cut view

case, it also shows an upwards deflected orifice jet flow, however, the core jet flow is swaying
with strong oscillations at its borders. The reverse flow regions are a bit larger and they reveal
more small interchanging temporally growing and decaying sub-vortices. An impression of
these dominant structures is given in figure 12. The mechanisms behind is the same: the higher
wall temperatures are decreasing the near wall viscosity, momentum losses are decreased, which
leads to increased flow separation bubbles containing intermittent sub-vortices. In variant 2 the
wall temperatures are flipped: now the lower wall temperature is set to 7, = 423, 15K and the
upper wall temperature to 7, = 483, 15 K. Thus, the global wall temperature gradient has been
inverted, and, therewith, also the orifice jet flow, which is now deflected downwards. Besides
this global flow behaviour, some characteristic flow features are remaining the same: first, the
unsteadiness of the jet flow, in particular at the jet borders, where wavy-like small hot spots are
fading away, and secondly, the transient behaviour of sub-vortices within the separated reverse
flow region. Figure 13 allows to compare the flow structures. When comparing the one-wall
heated case with the last two flow cases it is evident that increased heat transfer and the higher
wall temperature level leads to longer reverse flow regions.

4 Conclusion

In this numerical simulation study the flow of a thermo-viscous shear thinning Carreau fluid
trough a channel with an orifice plate has been investigated. It has been demonstrated, that
the Carreau fluid viscosity property of shear-thinning is responsible for changing the orifice
jet flow topology, the jet flow is deflected, the symmetry observed in case of Newtonian fluids
is broken. Furthermore, it has been demonstrated that additional thermal loads introducd by
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velocity magnitude (m/s)
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Figure 12: Variant 1: orifice flow of the thermal viscous shear-thinning Carreau fluid, heated lower and upper
wall of the outlet channel, 7), = 483K and T,, = 423K, contour plot of the colour-coded velocity magnitude,
magnified grid view

velocity magnitude (m/s)
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Figure 13: Variant 2: orifice flow of the thermal viscous shear-thinning Carreau fluid, heated lower and upper
wall of the outlet channel, 7}, = 423K and T, = 483K, contour plot of the colour-coded velocity magnitude,
magnified grid view
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heat transfer are also able to change the flow regime from steady state to an highly unsteady
regime. Furthermore, it has been observed that the thermal-viscous shear-thinning Carreau
fluid is very sensitive to local heat transfer, this has led to the interesting idea to control the flow
structure by inducing additional heat. This has been realized by heating up the outlet channel
walls. The physical mechanism behind the flow control concept has been identified: It can be
recapitulated that in case of a sufficiently high wall temperature difference between a hot and a
cold wall the orifice jet flow jet is deflected to the cooler wall following the global heat transfer
direction. The thermal property of the shear-thinning Carreau fluid with its strong sensitivity
to higher temperatures is the reason. The increased heat transfer generates high thermal loads,
which lowers the viscosity of the fluid exceedingly, but also reduces dissipation and momentum
loss. Hence, the reverse flow is able to transport more hotter fluid with higher momentum back
to the orifice. At the orifice separation location the cross flow of the hotter fluid, which is
induced by the reverse flow at the orifice backplane, is able to deflect the jet flow more than its
colder counterpart due to its higher momentum. This deflection leads to the different size of the
Moffatt type separation bubbles. Consequently, the larger one is able to accumulate more hotter
fluid, therefore, it can grow more and more up to a certain limit. This thermal-viscosity - shear
thinning - fewer momentum loss feedback mechanism is responsible for enlarging the vortical
separation bubble.

There are some questions which have not been answered so far: In this investigation only a
certain geometrically fixed orifice configuration was given, a parametric study is missing, since
the flow separation behaviour of the orifice jet flow depends on the orifice aspect ratio and
orifice / channel relation. There are also dependencies on wall temperature differences, which
in fact, have been used for the performed flow control, but, a sensitivity study is still missing,
which might allow to limit the additional heat introduced at the walls. A systematic parameter
variation would enable to derive a multi parametric flow control map, which could be applied
to technical applications. Therefore, there is enough research work left for the future.
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