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Resumo
O escoamento entre cilindros concêntricos, denominado escoamento de Taylor-Couette, foi
amplamente estudado durante o século passado em trabalhos descrevendo seus parâmetros
governantes e apresentando os diversos regimes de escoamento para cada configuração. Este
tipo de fluxo está presente no entreferro de máquinas elétricas e suas características afetam
a transferência de calor e o torque gerado no cilindro externo devido as forças viscosas.
A intensidade desses efeitos depende do estado do escoamento, que é governado pelas
características geométricas e pelo número de Reynolds. Nosso objetivo é analisar o efeito
da transferência de calor na região de vórtices ondulados e no torque gerado no cilindro
externo. As simulações numéricas são feitas usando o software OpenFOAM v9 com K-
Omega SST como modelo de turbulência. Todas as simulações foram no regime transiente. O
"solver"pisoFoam foi empregado para o problema isotérmico e o "solver"buoyantPimpleFoam
para o problema térmico. Um estudo de independência de malha foi feito com base no
método "Grid Convergence Index (GCI)", onde encontramos resultados satisfatórios. Para
os casos térmicos, analisamos o comportamento do escoamento à medida que aumentamos
o número de Reynolds e a temperatura nas paredes, comparando seus resultados com o
isotérmico. É notável o atraso na formação dos vórtices ondulados em relação à velocidade
de rotação e a diminuição do torque na parede externa.



Abstract
The flow between concentric cylinders, called Taylor-Couette flow, has been extensively
studied during last century in works describing its governing parameters and presenting
the various flow regimes for each configuration. This kind of flow is present in the air
gap of electrical machines and its characteristics affect the heat transfer and the torque
generated on the outer cylinder due viscous forces. The intensity of these effects depends
on the flow state, which is governed by geometric characteristics and Reynolds number.
Our objective is to analyze the effect of heat transfer on the surging wavy vortex and
on the torque generated at outer cylinder. The numerical simulations are done using
the software OpenFOAM v9 with K-Omega SST as the main turbulence model. All the
simulations were in the transient regime. The pisoFoam solver was employed for the
isothermal problem and for the buoyantPimpleFoam solver for the thermal problem. A
mesh independence study was done based on Grid Convergence Index (GCI) method,
where we found satisfactory values. For the thermal cases, we analyzed the behavior of the
flow as we increase the Reynolds number and the temperature at the walls, comparing its
results with the isothermal. It is notable the delay in the formation of the wavy vortices
comparing with the rotational speed and the decrease of the torque on the external wall.



Numerical analysis of the bifurcation point sensibility to the temperature
field in the Taylor-Couette flow
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Abstract. The flow between concentric cylinders, called Taylor-Couette flow, has been extensively studied during
last century in works describing its governing parameters and presenting the various flow regimes for each con-
figuration. This kind of flow is present in the air gap of electrical machines and its characteristics affect the heat
transfer and the torque generated on the outer cylinder due viscous forces. The intensity of these effects depends
on the flow state, which is governed by geometric characteristics and Reynolds number. Our objective is to analyze
the effect of heat transfer on the surging wavy vortex and on the torque generated at outer cylinder. The numerical
simulations are done using the software OpenFOAM v9 with K-Omega SST as the main turbulence model. All
the simulations were in the transient regime. The pisoFoam solver was employed for the isothermal problem and
for the buoyantPimpleFoam solver for the thermal problem. A mesh independence study was done based on Grid
Convergence Index (GCI) method, where we found satisfactory values. For the thermal cases, we analyzed the
behavior of the flow as we increase the Reynolds number and the temperature at the walls, comparing its results
with the isothermal. It is notable the delay in the formation of the wavy vortices comparing with the rotational
speed and the decrease of the torque on the external wall.
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1 Introduction

A Taylor-Couette flow is a flow condition where the fluid is confined beetween two coaxial cylinders at
different angular velocities. In this work, the outer cylinder is static and the inner rotates. The main characteristic
of this type of flow is the presence of counter-rotating vortices that appear under certain conditions, which are
called Taylor vortices.

Taylor-Couette flow (TC) is seen between the rotor and stator of an electrical machine, see Fig. 6(b). The
flow characteristics alters the convective coefficient of the region, which affects the heat dissipation inside the
electric machine. It can directly interfere in the efficiency and useful life of the device, as presented in Dauner [1]
and Lancial [2]. The Taylor-Couette flow is also applied in concentric cylinder viscometer, which was first time
studied by Maurice Couette [3]. He was the first to measure the viscosity of different fluids from a flow in the
concentric cylinder geometry. He applied the flow conditions on Navier-Stokes equations, then he arrived at the
relations to obtain the fluid viscosity from the flow in annular regions. Taylor [4] contains the first description of
linear stability theory for general cases of viscous flow and his paper also contains a description of his experimental
apparatus, which made possible for the first time photographs the different states of the flow.

In 1985, Andereck and Swinney [5] studied the large variety of different flow states and their respective

CILAMCE-2022
Proceedings of the XLIII Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
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(a) (b)

Figure 1. (a) Representation of Taylor-Couette vortices. (b) Rotor and stator at an electrical machine

transition points, including the wavy vortex flow (WVF) that is the next state after linear Taylor vortices. At this
state, the Taylor vortices become unstable and they loses their axysymmetric pattern.

Many studies has been done about the effects of radial heating on Taylor-Couette stability, like Liu [6],
Masuda [7] and Hosain [8]. Their results shows that the instability of the vortices enhance the overall heat transfer.
Another example is Fenot [9], where he presents the main parameters that govern the flow. More recently Leng
[10], presented a study with axial temperature gradient for a large range of Reynolds number (Re), defined in Eq.
(1). Where Ω1 is the angular velocity (rad/s) of the inner cylinder, R1 and R2 are the radii (m) of the inner and
outer cylinder respectively, D is the gap (m) between the cylinders and υ is the kinematic viscosity (m2/s) of the
fluid.

Re =
Ω1R1D

v
. (1)

η is the gap width between the inner radii and outer radii (R1/R2) of the cylinders. It is an important
parameter to compare the results with other works in the literature.

The fluid movement generates a torque G (N.m) at the outer cylinder. At low angular velocity of the inner
cylinder, before the formation of the vortices, the torque varies linearly with the rate of rotation, as presented by
Donnely[11] in Eq.2, where Glam is the torque (N.m) at the laminar regime, ρ is the density (kg/m3) of the fluid
and L is the length (m) of the section.

Glam =
4πρvR2

1R
2
2LΩ1

R2
2 −R2

1

. (2)

To evaluate Glam it was used the air properties ρ and υ at the mean temperature between the walls.
Dubrulle [12] introduced a relevant dimensionless quantity, the non-dimensional angular momentum transfer

(Nuw), which is the ratio between the measured (G) and the laminar (Glam) torque. According to Eckhardt[13],
Nuw measures how effective the transverse convective angular moment transport is in terms of the purely molec-
ular transverse transport.

Nuw =
G

Glam
. (3)

For WVF purely turbulent, Dubrulle [12] shows that there is no power law dependence of the torque versus
Reynolds, there are only logarithmic corrections to the regime. The point where the real torque deviates from
the linear behavior is called bifurcation point, which corresponds to the critical Reynolds number Rcr. This is
interpreted as the onset of instability that generates the Taylor vortices. In addition to Dubrulle [12], many other
works studied the relation between torque and rotational speed, among then we can mention Lewis [14] and
Grossmann [15], who analyzed the torque as a function of the number of vortices and their oscillation frequency.

Our main objective is to numerically analyze the effects of different temperature configurations on the point
of surging wavy vortices and their effect on the torque generated at the outer cylinder.
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2 Numerical model

The numerical simulations were modeled using the software OpenFOAM at the version 9.0. This is a open
source software that use C++ language program. It allow us to explore different solvers, turbulence models and
many possibilities for post processing.

2.1 Geometry, mesh and boundary conditions

The present numerical model represents the flow in the region between the rotor and stator of an electrical
machine, with one millimeter gap and 70 millimeter inner radius, what makes η = 0.986. At the axial direction
(z), the modeled length is 20 mm.

In order to represent the flow second instability (WVF) with the available computational resources, instead
of representing the whole perimeter (360 degrees), we have arbitrary modeled 1/24 th, that is, 15 degrees. At
the faces where the flow should be continuous in the real case (orthoradial direction), it was applied the cyclic
boundary condition (i.e. one surface is connected to another). The lateral faces as well as the stator are set as walls
with no-slip boundary condition. The inner radius was set as wall with the rotational boundary condition. The
geometry is presented at Fig.2.

Figure 2. Geometry and patches

The mesh has 258,944 cells, 14 cells at r direction, 136 cells for θ and z direction. An expansion ratio was
applied at the r direction intending to better represent the boundary layer in the simulation (i.e. the cells near the
cylinder walls are narrower), see Fig. 3(b).

2.2 Mesh independence

Intending to analyze the capacity of our mesh to generate a consistent result, we did a mesh independence
test, based on Grid Convergence Index (GCI) method, proposed by Celik [16]. This method compares the variation
of an representative variable (ϕ) of the flow with the mesh refinement. As we increase the mesh refinement, the
value of the variable shall converge. For all meshes, the flow’s structure and the transient behavior were the same.
Then, it was used two variables, the average torque (ϕ1) at the stator and the oscillation frequency of the pressure
(ϕ2) obtained by FFT algorithm. Table 1, compares ϕ1 and ϕ2 for the meshes N1 (finner), N2 (average) and N3
(coarser). Comparing the meshes N2 and N1 we observe that GCI for both variables are below 0,5%, whereas
comparing N2 and N3 the GCI is below 1.5%. Then, N2 mesh was selected in the present study.
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(a) (b)

(c)

Figure 3. (a) Front view of the mesh. (b) Close-up view of side face. (c) Cyclic face.

Table 1. Results for GCI method

ϕ=Average torque (N ·m) ϕ=Oscillation frequency (Hz)

N1, N2, N3 575,244, 258,944, 116,699 575,244, 258,944, 116,699
r21, r32 1.3, 1.3 1.3, 1.3

ϕ1 8.45E−05 277.4

ϕ2 8.66E−05 277.5

ϕ3 8.73E−05 284

e21a , e32a 0.8%, 2.5% 0.04%, 2.3%
GCI21 0.5% 0.0007%

GCI32 1.5% 0.045%

2.3 Solver, turbulence model and simulation parameters

The flow was modelled using the pisoFoam transient solver for the isothermal case and bouyantPimpleFoam
for the thermal cases. SST K-Omega is the turbulence model applied on the simulation, always with a 5% turbulent
intensity. The relaxation factors applied for pressure and velocity fields were set to 0.7 and 0.9, respectively. The
temporal discretization (∆t) was defined by CFL condition, Courant [17], for any case the Courant number(Cr)
must be equal or smaller than 1. The time scheme used is the backward scheme and the initial condition is zero
velocity field.

We evaluated fours cases. The first case, case 1, the flow is isothermal. In Case 2, the rotor and stator
boundary conditions are, respectively, imposed temperature of 400 K and 300 K, in this case the heat flux varied
between 3000 and 4000 (W.m2). In Case 3, the imposed temperature at the rotor and stator are, respectively, 500
K and 300 K, in this case the heat flux varied between 7000 and 8000 (W.m2). In Case 4, a heat flux of 1000
W/m2 is imposed at the rotor, at the the stator, a fixed temperature of 300 K. For cases 2,3 and 4, the lateral walls
are considered adiabatic.
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3 Results and discussion

The transition to WVF was visually identified by the pressure field. As we can see at Fig. 4 (a), its still
laminar TC and, at Fig. 4 (b), its already a WVF.

(a) (b)

Figure 4. Pressure field (Pa) on inner cylinder, isothermal case, (a) 60 rad/s (b) 66 rad/s

Figure 6 illustrates the torque at the outer cylinder for all the four studied cases and their two transitions
point: the formation of TC vortices and the beginning of WVF. Analyzing cases 1, 2 and 3, we can see that, adding
heat, the transition occurs later in relation to angular speed but earlier in relation to Re. It occurs because the air
viscosity increases with the enhance of temperature, decreasing Re. These transition results correspond to Liu’s
[6] work.

At all of the cases, the bifurcation point match with the appearance of the Taylor-Couette vortices. The torque
keeps with its new linear behavior for a small range of Re and then have a smooth slope change when the wavy
vortex beggins. This characteristic is highlighted by the red marks at Nuw graphic in Fig 7 (a). Figure 7 (b)
presents the result from Arias [18], to compare the Nuw behavior. We can see that for the cases where η is closer
to our work (η = 0.986), the behavior is pretty similar.

It is worth to mention that the difficulty of determining the viscosity and density of the air in the flow may
cause an uncertainty in Glam and G estimate before the formation of Taylor-Couette vortices.

(a)
(b)

Figure 5. Rotor surface temperature (K) distribution-Case 4, 120 rad/s, t=0.5 s, (a) X-Z plane (b) Y-Z plane

For the case with heat flux (case 4), we can see Taylor vortices effect on the surface temperature of the inner
cylinder, see Fig. 5 (b). The periodic distribution with 10 ◦C of temperature variation is expected, as observed by
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Figure 6. Torque scaling with Re, (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4
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Figure 7. (a) Nuw of the four studied cases, with fixed gap width, η = 0.986, (b) Nuw for two different gap
widths [Arias [18]]. The red marks represents the wavy vortex flow region

Hosain [19], but for the early wavy vortex is seen also an smooth oscillation on the lines of temperatures, which is
caused by the linearity and low oscilation frequency of the vortice cells.

4 Conclusions

The transition to wavy vortex flow occurs for cases 1, 4 ,2 and 3 (increasing heat flux) respectively at 65,
100, 105 and 106 rad/s. Observing the Reynolds number, the same transition occurs at 455, 378, 355 and 285.
So we can see that adding heat on a Taylor-Couette flow, with the given geometry, it delays the transitions only
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Foz do Iguaçu, Brazil, November 21-25, 2022
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in relation to the angular velocity, but observing Re, the effect is opposite (i.e. Re decreases). The formation of
WVF influence the torque behavior gradually changing the curve’s slope. It was also observed that Taylor-Couette
structures affect the heat distribution over the cylinders wall when has a temperature differential between them.

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the au-
thorship of this work, and that all material that has been herein included as part of the present paper is either the
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