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Abstract - Viscoelastic fluids are promising candidates for the thermal management of high heat-flux components of electrified
powertrains, such as the battery pack via immersion cooling concepts. This study investigates the ability of viscoelasticity-inducing
additives to manipulate flow patterns and enhance heat transfer in a benchmark bluff body geometry, under inertial laminar flows using
dilute polymer solutions. Simulations were conducted in OpenFOAM to model viscoelastic fluid flow using the Phan-Thien-Tanner
(PTT) constitutive equation and were validated against particle image velocimetry (PIV) experimental data. Two benchmark-flow
configurations were studied: (i) a 180-degree channel bend and (ii) flow around a heated bluff body. Results show that viscoelastic fluids
enhance vorticity in both geometries to varying extents compared to Newtonian fluids, as a function of the PTT-model slip ({) parameter.
Heat transfer studies with a heated bluff body showed a trend of increasing heat flux for the viscoelastic fluid, with a measurable 3%
enhancement at a Reynolds number of 800 also captured by the numerical results. The study highlights the potential of leveraging the
influence of second normal stress difference in viscoelastic fluids for thermal management and discusses avenues for further optimisation.

Keywords: Heat transfer enhancement, wall-bounded flows, relaxation time, bluff body

1. Introduction

Immersion cooling using dielectric fluids has emerged as a method for enabling advanced electrification technologies via
removal of heat transfer barriers and potentially simpler designs [1], [2], in comparison to the more common polar fluids and
designs implemented [3], [4]. This becomes vital as demands for cleaner energy technologies increase [5], [6] and can avoid
energy consuming materials commonly implemented in non-contact designs [7], [8]. The challenge to address with this
technology is how to boost heat transfer as immersion coolants are necessarily dielectric and therefore possess a relatively
low thermal conductivity [9].

Implementing passive mixing or secondary flows within a channel is a simple but powerful technigue to enhance heat
transfer from a heated surface [10]. One such method of inducing secondary flows is with the use of polymeric additives that
generate normal forces that can facilitate mixing patterns near solid boundaries [11]. While there is a significant amount of
literature on the relationship between fluid dynamics and polymeric additives in the turbulent regime [12] and the creeping
flow to low-inertial regime [13], inertial laminar flows are a relatively unexplored region. It is unclear in this region whether
vorticity patterns may be enhanced as in the creeping regime due to elastic forces [14], or if vorticity/secondary flow patterns
may be suppressed via energy absorption and release as in the turbulent regime [15]. The complexity of this region lies in
the interplay between elastic and inertial forces, with complex flow structures formed being termed elasto-inertial turbulence
[16]. Elastic effects can generate complex secondary flow structures via gradients in the normal stress differences [11]. For
numerous applications these flow conditions are of interest and the interplay between viscoelasticity and inertia remains
relatively unexplored.
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To investigate this, we employed a computational approach using the open-source CFD infrastructure OpenFOAM
along with library RheoTool for viscoelasticity modelling [17]. The Phan-Thien-Tanner (PTT) constitutive model was
employed as it takes second normal stress differences into account, critical for capturing secondary flows through
gradients [18]. This study focuses on two benchmark flow geometries—flow through a 180-degree bend and flow around
a bluff body. These configurations were chosen to explore how viscoelastic fluids influence vortical motion vortices, alter
wake dynamics, and influence heat transfer, as they are simplistic representations of flows found in practical applications
[19], [20]. Simulations are validated against particle image velocimetry (P1V) experiments and heat flux data with
formulated viscoelastic fluids. This study bridges the gap between experimental and computational analysis, providing
insights into the interplay of viscoelasticity, flow dynamics, and thermal performance.

2. Materials and Methods
2.1. Computational Methods

Two benchmark geometries are investigated in this study: a 180-degree bent tube (Figure 1A) and flow past a bluff
body (Figure 1B). Grids consisting of 2.9 and 4.8 million cells for the curved tube and the bluff body respectively were
found to be sufficient for resolving secondary flow pattern in the duct core but also the boundary layer region which is
critical for heat-flux estimation in the bluff body geometry (Figure 1C). Unless otherwise specified, inlet velocity profiles
are fully developed. For the series of bluff body simulations at a Reynolds number of 600, inlet velocity data is imported
from experimentally measured values upstream of the bluff body to best match the velocity profiles for comparison. No
slip is assumed at wall boundaries, and the outlet pressure is set to zero. The material properties for the fluids used in this
study are listed in Table 1. To protect proprietary data, the polymer relaxation time for the viscoelastic sample is not
listed. However, the Weissenberg number for flows in this study are ~ 10. For thermal studies, viscosity is adjusted
according to an Arrhenius-type model, the product pCp assumes a constant average value, the thermal conductivity is
adjusted linearly with temperature, and the polymer relaxation time is assumed to be constant. Values given in Table 1
are the material properties at 40°C, the inlet temperature set point. The PTT [18] viscoelastic constitutive equation is used
to simulate viscoelastic flow behaviour, and the model parameters of € and { are adjusted to see their effects on the flow
profile. RheoTool incorporates buoyancy effects according to the Boussinesq approximation, as well as viscous
dissipation. The viscoelastic constitutive equations are solved using the log-conformation approach, as this stabilises the
solver against divergence [21]. An incompressible transient flow solver is employed for simulations. For the curved
channel, isothermal flow at Reynolds number of 1200 was assumed and found to reach a steady state after a flow time of
0.2 seconds, thus data was extracted at that point. For the bluff body, isothermal flow was simulated for 1 second using a
Courant number of 0.1, sampling data every 0.1 seconds for a total of ten data points, followed by solving the energy
equation as well for 1 s with all surfaces of the bluff body set to a constant of 90 °C. Simulations were conducted in an
HPC environment with runs requiring between 90-4,000 CPU hours. The governing equations solved for, are the
conservation of mass and momentum for an incompressible fluid, as follows:

V-u=0 (1)

)
p(a—?+u-Vu)=—VP+ V-t (2)

where p is the fluid density, u is the velocity vector, P is the pressure, and 7 is the stress tensor. The stress tensor is assumed
to be a linear combination of the solvent and polymer contributions given by t = s + tr:

Tg = ns(vu + VuT) (3)
f@)Tp+2 4, = np(Vu+ Vu) (@)
A
f(Tp) = (1 + 7j—tr(‘tp)) (Linear version of PTT model) (5)
P
] ot ,
Tp=a+u-Vr—t-Vu— Vu'"-t+{(t-D+D-1) (6)
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D= %(Vu + vu’) (1)

where subscript S denotes solvent contributions, P denotes polymer contributions, n is the viscosity (which is assumed to be
a linear combination of solvent and polymer contributions), f is the destruction function representing network junction
destructions, of which the linear version is shown here [22], A is the polymer relaxation time, ¢ is a parameter that modifies
the extensional properties of the fluid, C is referred to as the slip parameter [23], and D is the rate of deformation tensor. The
PTT model is encapsulated by equations 4-7, and equation 6 is referred to as the Gordon-Schowalter derivative. The slip
parameter  is important in that it represents the extent of the nonlinearity in the stress response to deformation and therefore
is crucial in describing the behaviour of the fluid extensional viscosity. For non-isothermal flows, the energy equation is
solved alongside the flow equations and is given by:

oT
pCp (a +u- VT) = V- (kVT) + T:Vu (8)

where Cp is the fluid heat capacity, T is temperature, and Kk is thermal conductivity.
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Fig. 1: Computational grids of geometries investigated in this work: A) 180deg bend and B) bluff body geometry. C) Representative
temperature profile normal to the bluff body in the boundary layer region demonstrating accurate capture down to 10 pm.

2.2. Experimental Methods

Fluids are supplied by Lubrizol Ltd, and due to proprietary restrictions only essential material properties are included.
Flow studies are conducted using PIV via suspending tracer particles in the respective fluids, flown through the same
geometries as those described in Figure 1. Heat fluxes are measured using an atomic layer thermopile sensor [24] connected
to the aluminium rod that acts as the bluff body. A detailed description of the experimental techniques can be found in [25].

Table 1: Fluid properties used in this study.

Name Type p (kg/m’) ns(mPass) we(mPass) Cp (I/kg/K)  k (W/m/K)
Base Fluid Newtonian 806 15.86 0 2191 0.1398
Viscoelastic  Viscoelastic 806 15.86 0.99 2190 0.1384

3. Results and Discussion

A parametric analysis of numerical predictions for variants of the PTT model is performed in this section in a comparative
manner against experimental data for the two benchmark geometries examined. The rationale is to illustrate the influence of
the PTT model parameters, corresponding to distinct rheological attributes of the viscoelastic fluid which are challenging to
be measured with accuracy, on the predicted flow and temperature fields.

3.1. Isothermal flow in 180deg bend

The first geometry realises a 180-degree curved pipe, where at the apex centrifugal inertial forces act [26] inducing a
secondary flow pattern consisting of a system of counter-rotating, so called, Dean vortices. This is illustrated in Figure 2A,
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alongside a probe line offset 1.5 mm from the channel centre used to compare experimental and computational data.
Hypothetically, under inertial laminar flows (Re = 1200), a Dean number of 240, and a Weissenberg number on the order of
10, we anticipate that there will be an interplay between inertial and elastic forces that will modify the vorticity profile
accordingly. Figures 2B-2D graph the numerically and experimentally derived vorticity profiles for Newtonian (Figure
2B) and viscoelastic fluids (Figures 2C-D) and show that the simulations capture the secondary flow pattern accurately.
In the case of viscoelastic flows, when both PTT model parameters (e and {) are set to zero and only the polymer relaxation
time is considered in the equations (collapsing the PTT model to the Oldroyd-B model [27]), simulations predict a
significantly larger peak in vorticity, compared to experimental data. Interestingly, when either € or { is varied even to
values as small as 1x10™, the vorticity peak is lowered and approaches the experimental value. This suggests reduced
anisotropy in the stress tensor and corresponds to a specific, low negative, value of the second normal stress difference
(N2), which on most occasions is challenging to be determined yet has a clear influence on the secondary flow behaviour
of the viscoelastic fluids. The value range over which parameters € and  are varied in line with values used in other
studies [23], [28]. More interestingly, no further reduction in the vorticity peak is seen beyond a value of 0.01 for either
parameter, and no distinct features are observed when both parameters are simultaneously nonzero.
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Figure 2: Results for 180-degree tube at Re = 1200: (A) Representative image of the Z-Vorticity component at the apex of the bend,
revealing a system of multiple counter-rotating vortex pairs. The probe line shown at y = 1.5 mm above the center indicates the location
for comparison to experimental results. (B) Voticity distribution along the probe line produced by simulations (solid line) and PIV data
(markers) for the Newtonian fluid. (C) Vorticity distribution for the viscoelastic fluid produced with the PTT model, keeping { = 0 and

comparison against PIV data. (D) Vorticity distribution for the viscoelastic fluid produced with the PTT model, keeping ¢ = 0 and
comparison against PIV data.

3.2. Flow and heat transfer past a bluff body
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Fig. 3: Results for bluff body geometry at Re = 600. (A) Representative contour plot of X-Vorticity component, time averaged over 10
time steps for the Newtonian fluid (top) and the viscoelastic fluid (bottom). The probe line at Z = 3 cm is used to compare numerical
against experimental data. (B) Comparison of the X-Vorticity distribution between experiment and simulation for the Newtonian fluid.
(C) Same comparison for the viscoelastic fluid across a range of € and ¢ values.

When fluid flows past a bluff body in a wall bounded flow, a momentum boundary layer develops behind the bluff
body resulting in vortex shedding [20]. In this geometry, we postulate that once again elastic forces generated from
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polymeric motion will compete with inertial forces and will modify the downstream vorticity profile [29], [30], [31]. Figure
3A shows time-averaged vorticity contour plots for Newtonian and viscoelastic fluids, on an axial plane at the mid-height of
the bluff body. Here we can clearly see the influence of viscoelasticity in interacting with the generated vortices. In the
Newtonian plot, clear vortex loci can be detected (black arrows), with the positive and negative vortices curled up relative
to each other. The plot, in essence, captures the time averaged representation of the vortical structures flapping motion.
However, when a viscoelastic fluid is introduced at the same Reynolds number the average vorticity profile indicate that
flapping is suppressed, and that vortex shedding occurs further downstream relative to the Newtonian fluid.

Figures 3B and 3C show the comparison of time-averaged experimental and computationally derived vorticity profiles at
3 cm downstream from the bluff body; this probe line acts as a fingerprint of the flow due to its more complex transient
nature. Once again, numerical predictions are seen to capture qualitative and quantitative aspects of the flow for both the
Newtonian and viscoelastic fluids. Here though, small value changes in the PTT model parameters did not affect the outcome
of the simulation in a non-negligible manner, owing to the intrinsic nature of the flow with the specific geometrical layout
inducing flow shearing over the elongation flow materialised in the curved tube. Therefore, variations are investigated at the
end range of each parameter value, namely 0 to 1. When the { parameter is kept at zero and ¢ is varied across its range, the
fit relative to experimental data is the most inaccurate, while when the € parameter is set to zero and the { parameter is at a
maximum, we qualitatively see the best fit across the full probe line, aligning closest with the peaks and valleys of the
vorticity distribution. This may be due to the importance of the { parameter in capturing the second normal stress difference
of the fluid [31]. When the parameters are both nonzero, a shift further from experimental data is seen, which suggests that
the parameters can offset the effects of each other. Of note, when the { parameter is large suggests extensive overlapping of
chains [32] which may occur when long polymers are used that are heavily stretched by fluid stresses [33].
10°
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Fig. 4: Heat transfer on bluff body layout: (A) Surface-averaged heat flux across the bluff body for both Newtonian and viscoelastic
fluids with PTT model parameters of ¢ = 0.2 and { = 0.2. (B) Heat flux enhancement of viscoelastic relative to Newtonian fluid for both
experiment and simulation, with PTT model parameters of ¢ = 0.2 and ¢ = 0.2. (C) A scan of the effects of the PTT parameters on the

percent heat flux enhancement from the heated bluff body at Re = 600, and a fully developed inlet profile.

Vital for an immersion cooling application is understanding the effect of viscoelasticity on heat flux from a heated surface
within the fluid. To study this computationally, the bluff body temperature is raised 50 C above the incoming fluid
temperature, and the heat flux to the surrounding fluid is extracted. This boundary condition is employed to best match the
energy input employed experimentally. Figure 4A shows the effect of varying the Reynolds number of the flow
computationally on the heat flux from the bluff body to the fluid. It is shown that beyond a Reynolds number of 600, the
viscoelastic fluid shows an increasing trend of higher heat flux relative to the Newtonian fluid. This may suggest that elasto-
inertial instabilities induce greater passive mixing in boundary layer region leading to enhanced heat transfer. This trend is
also captured in Figure 4B, where the modest yet measurable percent enhancement in heat flux of the viscoelastic fluid
relative to the Newtonian fluid is demonstrated for both experiments and simulations. When the PTT model parameters are
scanned for their effect on heat flux enhancement as shown in Figure 4C, we see that lower ¢ values and higher ¢ values
appear to promote heat flux enhancement. This is an interesting result alongside the vorticity profile comparison of Figure
3, where low ¢ and high ¢ was closer in line with experimental results, and with regard to heat flux the same values promote
higher heat transfer. This again stresses the importance of the { parameter as the generation of normal forces due to normal
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stress gradients modifies the local vorticity field and is plausibly the underlying cause for the heat flux enhancement
observed. These findings suggest that viscoelasticity can be strategically leveraged to enhance thermal performance in
immersion cooling applications with sensitivity to the PTT model parameters, which requires further exploration to
generalise these effects across different fluid formulations, additive chemistries and flow conditions.
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Fig. 5: (A) Representative images of the wake sides of the bluff body with time averaged (B) temperature and (C) X-vorticity profiles
for both Newtonian and viscoelastic fluids. These illustrate the underlying processes leading to heat flux enhancement, stemming from
the average increase in vorticity in the vicinity of the bluff body in the viscoelastic case and the disruption of the boundary layer locally.

The difference in heat transfer enhancement can be demonstrated more directly by plotting time-averaged temperature and
vorticity plots on the downstream surfaces of the bluff body, as annotated in Figure 5A. The viscoelastic fluid is seen to have
lower average temperatures in the centre (black arrow) and end edges of the bluff body, refer to Figure 5B. The origin of
these lower temperatures can be traced to differences in the vorticity profiles between the Newtonian and viscoelastic fluids.
As seen in Figure 5C, the average vorticity of the viscoelastic fluid in the vicinity of the bluff body is stronger than in the
Newtonian fluid as more vortical structures can be detected in the vicinity also modifying the topology of the boundary layers
forming on the two wake sides of the bluff body, as highlighted by the vorticity isolines in the vicinity of bluff body.

4. Conclusion

This study illustrates the potential of viscoelastic fluids to enhance heat transfer and modify vortex structures in wall
bounded flows, with applications to immersion cooling systems. Through computational simulations validated by
experiments, we show that the PTT model captures the essential nature of viscoelastic flows and how the model parameters
affect the interplay between inertial and elastic forces. Our findings show that viscoelastic fluids enhance the vorticity of
secondary flows and show a trending increase in heat transfer with increasing Reynolds number. Of course, owing to the
interplay of elastic and inertial forces, careful optimisation of the fluid rheology, including normal stress difference ratio,
flow conditions and geometrical layout is necessary to maximise viscoelasticity-induced heat transfer enhancement.
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