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ABSTRACT
The development of turbulent flow inside a rotating cav-

ity is relevant for rotor internal cooling concepts in electric-
vehicle drives, where rotation can simultaneously enhance and
suppress turbulence. In this study, high-resolution large-eddy
simulations are performed to investigate the relaminarization
of a turbulent flow as it enters a rotating annular duct. The
configuration consists of a turbulent pipe flow forming a jet
in a cylindrical cavity before being redirected into an annular
duct bounded by a rotating outer wall. Two cases are analyzed:
a rotating configuration and a non-rotating reference case.

The simulations reveal that rotation significantly modifies
the flow structure and turbulence characteristics. While tur-
bulence is initially enhanced in the jet region due to strong
shear near the rotating wall, it rapidly decays downstream as
the flow enters the annular duct. Analysis of turbulent kinetic
energy profiles shows a pronounced reduction of turbulence
near the rotating wall, leading to complete relaminarization in
the annular duct. Examination of turbulence production terms
demonstrates that this behavior results from the disappearance
of turbulence production mechanisms and the damping of ra-
dial velocity fluctuations by centrifugal forces. Visualization
of vortex structures further confirms the rapid disappearance
of near-wall turbulence in the rotating case.

These findings provide insight into the mechanisms gov-
erning relaminarization in rotating flows and contribute to the
optimization of rotor internal cooling configurations.

INTRODUCTION
A promising approach for preventing high–power

electric-vehicle drives from over-heating is rotor internal cool-
ing. The present contribution considers a model configuration
featuring the essential elements of such a device (Weber &
Doerr, 2017). Turbulent pipe flow enters a larger cylindrical
cavity inside the rotor, where it forms a jet. The flow is then
redirected within the cavity and exits through an annular duct
bounded by the stationary pipe wall on the inside and the ro-
tating rotor wall on the outside. This creates a complex transi-
tional flow in which opposing effects of the rotation lead to in-

creased turbulence production and strong turbulence damping
simultaneously. The basic effects of turbulence intensification
and damping by flow rotation are known from simple config-
urations, such as a rotating pipe (Imao et al., 1996; Nishibori
et al., 1987; Orlandi & Fatica, 1997). The present configu-
ration is much more complex as it contains non-rotating and
rotating parts and massive changes in cross-section.

A preliminary study of this flow was conducted by
Hultsch et al. (2023), reporting a single case with rotation of
the outer wall. Radial profiles of different components of the
Reynolds stress tensor were analyzed in the jet region and the
annular duct. It was found that the turbulence is characterized
locally by strong anisotropy, with variation of the dominant
component. Relaminarization occurs at the transition between
the jet region and the annular duct, resulting in complete atten-
uation of the turbulent fluctuations near the rotating wall.

In the present contribution, the general structure of the
flow and the turbulence properties are investigated for two
cases: one with and one without rotation. New data from an
improved simulation setup is analyzed, including an extended
calculation of turbulence statistics. The development of tur-
bulence along radial and axial profiles will be compared, with
a focus on relaminarization in the transition area to the annu-
lar duct. Detailed knowledge of the dependence of local tur-
bulence characteristics on rotation, provided by this study, is
crucial for cooling applications, since the efficiency of cooling
strongly depends on the turbulent heat transfer.

SETUP
Figure 1 shows the considered configuration, as described

in Hultsch et al. (2023). The flow enters the domain through a
stationary pipe with diameter d and a length of Lp = 15d. Tur-
bulence is initiated by a tripping force near the inlet (Schlatter
& Örlü, 2012) and develops rapidly, so that fully developed
turbulent pipe flow is obtained upstream of the pipe exit. The
Reynolds number in the pipe is Rep = dUp/ν = 17640. The
cylindrical cavity has a length of Lc = 5d and a diameter of
D = 2R = (7/3)d. The annular duct leading to the outlet of the
domain has a width of s = (7/12)d and a length of La = 12s.
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Figure 1: Simulation domain. Blue walls indicate rotation around the x-axis. The vertical red lines A and B mark the position of the
first and last profile in Fig. 3.

The outlet of the domain is located in the outer wall at the
end of the annular duct. Blue coloring indicates walls rotating
around the x-axis. The ratio of the circumferential velocity of
the wall to the bulk velocity in the pipe is Ro = ωR/Up = 2 in
the rotating case.

After reaching a statistically stationary flow, time averag-
ing was started. The rotating flow was averaged over 51 revo-
lutions of the rotor wall, corresponding to 11300 viscous time
units of the pipe flow. The non-rotating flow was averaged in
a comparable manner for 11800 viscous time units of the pipe
flow.

NUMERICAL METHOD AND DISCRETIZATION
The simulations were performed with the spectral

element-Fourier solver Semtex (Blackburn et al., 2019), which
integrates the incompressible Navier–Stokes equations in a
cylindrical coordinate system (x, r, ϕ) within an axisymmetric
domain. The meridional plane was discretized using 5253 ele-
ments with a polynomial degree of 10, ensuring full resolution
of the wall boundary layers for the present physical parame-
ters. In the circumferential direction, a Fourier expansion with
360 modes was applied. A third-order semi-implicit scheme
was used for time integration.

To stabilize the solver and account for the smallest tur-
bulent eddies, a spectral vanishing viscosity (SVV) approach
was employed. In the circumferential direction, a novel locally
adaptive SVV kernel was applied (Hultsch et al., in prep.),
based on the kernel modifications of Koal et al. (2012). In
the meridional plane, the exponential kernel of Tadmor (1989),
later adapted for the spectral element method by Maday et al.
(1993), was used. For the flows simulated here, the SVV con-
tribution was about 10.4% of the total volume-averaged dis-
sipation, while in some regions locally remaining of similar
magnitude as the resolved dissipation. The maximum ratio of
approximately 20% occurs in the thin shear layer near the ro-
tating wall in the jet region.

RESULTS

Flow structure
The mean velocity magnitude of the flow in the x-r-plane

is shown in Fig. 2a and c for the non-rotating and the rotating
case, respectively. The solution was averaged in time and in
the circumferential direction for both cases. Two snapshots of

the respective instantaneous flow are presented in Fig. 2b and
2d.

The basic flow structure is similar in both cases. When
the turbulent flow leaves the inlet pipe, it forms a highly tur-
bulent jet. The presence of the back end of the cavity slows
down the jet. Furthermore, the fairly narrow outer wall of the
cavity poses backflow, so that a strongly turbulent shear layer
between the jet and the outer back flow is created, with consid-
erable radial momentum exchange. As a result, only a small
portion of the fluid reaches the back wall of the cavity, where
it is deflected radially outward. A major portion of the fluid
is already deflected between x/Lc = 0.25 and 0.75 by the in-
creasing pressure. After flow reversal in the cylindrical cav-
ity, the fluid enters the annular duct towards the outlet. For
geometrical reasons, the bulk velocity in the annular duct is
Us = (12/49)Up. The bulk Reynolds number in this part is
Res = sUs/ν = 2520.

The rotation of the cavity wall introduces several impor-
tant features. When the jet impinges on the back wall of the
cavity, the fluid begins to rotate with the wall. Centrifugal
forces drive the flow radially outward, enhancing the flow to-
wards the back wall. An additional rotating boundary layer
emerges near the rotating wall. In the jet region (x ≥ 0.25Lc),
the rotating boundary layer remains very thin, as the incoming
non-rotating fluid restricts its thickness. The turbulent shear
layer of the jet induces strong momentum exchange of the ro-
tating fluid with the non-rotating flow, producing a steep ve-
locity gradient and enhanced turbulence generation near the
rotating wall (Fig. 3).

Close to the pipe outlet (and annulus inlet), the influence
of the jet diminishes, and the rotating boundary layer expands
rapidly (x ≈ 0.2Lc). As a result, the centrifugal force of the ro-
tating fluid increases the pressure at the outer wall. The axial
flow directed toward the annular duct is then deflected radi-
ally inward by this high-pressure region, as illustrated by the
streamlines in Fig. 2c. In the annular duct, the flow charac-
teristics change fundamentally. The fluid in the entire cross-
section rotates, while the axial bulk velocity reduces similarly
to the non-rotating case. This results in a drastic decrease in
turbulence, which is detailed in the following section.

Development of turbulence
Figure 3 shows radial profiles of turbulent kinetic energy

(TKE) at characteristic locations in the transition region be-
tween x/Lc = −0.25 and 0.25 for both the rotating (Ro = 2)
and non-rotating (Ro = 0) cases. The first two profiles are in
the annular duct and in the inlet pipe. The third is directly
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(a) Ro = 0: mean flow with streamlines

(b) Ro = 0: instantaneous flow

(c) Ro = 2: mean flow with streamlines

(d) Ro = 2: instantaneous flow

Figure 2: Flow in a meridional plane section of the domain. a) Streamlines and absolute value of mean velocity in non-rotating cavity,
b) absolute value of instantaneous velocity in non-rotating cavity, c) same as a) for rotating cavity, d) same as b) for rotating cavity.
Inflow pipe not shown.

adjacent to the end of the inlet pipe, and the last two profiles
are in the jet region. Axial profiles in the outer part of the do-
main (r/R > 0.41) are shown in Fig. 4. The bottom profile
(r = 0.41) starts within the inlet pipe; the other profiles are
distributed across the annular duct and the outer part of the jet
region.

The lower section of the two radial profiles at x/Lc =
−0.25 and −0.125 displays the TKE of the entering pipe flow,
with its maximum in the wall boundary layer at r/R = 0.41.
Since rotation of the cavity wall does not affect the flow here,
turbulence is essentially identical in both cases. The axial de-
velopment of TKE at r/R = 0.41 is shown in the bottom pro-
file of Fig. 4. Inside the pipe (x < 0), the turbulence level is
constant because the flow is fully developed. In the jet shear
layer, however, TKE increases by almost one order of mag-
nitude and reaches its maximum at x/Lc ≈ 0.5, with rotation
causing a slight reduction. As the flow slows in the stagna-
tion zone at the back wall, turbulence decreases along with the
influence of rotation. Right at the back wall, x/Lc = 1, the
velocity fluctuations vanish, but a thin shear layer is visible at
this wall.

The TKE in the jet region is also illustrated by the ra-

dial profiles at x/Lc = 0.125 and 0.25 (Fig. 3). The maxi-
mum lies in the jet shear layer at r/R ≈ 0.45. The damping
effect of the rotation is limited to the outer part (r/R > 0.4)
at x/Lc = 0.125, but eventually continues to the center of
the domain at x/Lc = 0.25. Close to the rotating wall at
x/Lc = 0.25, a second local maximum of TKE appears at
r/R ≈ 0.98. The steep gradient of the circumferential velocity
inside this thin boundary layer drives intense turbulence pro-
duction, outweighing the damping effect of rotation. As the
rotating boundary layer grows, this local maximum moves ra-
dially inwards (see x/Lc = 0.125).

The axial development of TKE in the outer region of the
domain leading to the annular duct is shown in the upper pro-
files of Fig. 4. At r/R = 0.75, which is the radial center of the
annular duct, the TKE in the jet shear layer (x > 0) is reduced
by the rotation, similar to r/R = 0.41. Inside the annular duct
(x < 0), the TKE decreases gradually, with a generally lower
level in the rotating case, due to the damping effect of the outer
rotating wall.

The radial position of the topmost profile in Fig. 4 (r/R =
0.98) corresponds to the position of the local maximum of
TKE near the rotating wall in the radial profile at x/Lc = 0.25.
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Figure 3: Radial profiles of TKE at different axial positions between line A and B in Fig. 1). From left to right: x/Lc =
{−0.25,−0.125,0.01,0.125,0.25}. Plotted profiles are shifted along the horizontal axis.
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Figure 4: Axial profiles of TKE at different radial positions.
From bottom to top: r/R = {0.41,0.75,0.9,0.98}. Plotted
profiles are shifted along the vertical axis.

This profile has three local maxima in the rotating case and
only two in the non-rotating case. The local maximum at
x/Lc ≈ 0.9 results from radial flow along the back wall com-
ing from the center of the domain and impinging on the outer
wall. It is more pronounced in the rotating case because the
radial flow is stronger due to the additional centrifugal force.
The high TKE region around x/Lc ≈ 0.5 reflects the jet shear
layer. In the non-rotating case, the TKE gradually decreases as
the flow enters the annular duct. A small amount of turbulence
remains within the annular duct due to the wall boundary layer
of the axial velocity. In the rotating case, turbulence decays
much faster: between x/Lc = 0.2 and 0.1, the TKE drops by
about one order of magnitude. The axial flow separates from
the rotating wall as the rotating boundary layer expands, re-
ducing turbulence production, while stronger rotation further
damps radial fluctuations through centrifugal forces. Down-
stream in the annular duct, the TKE vanishes completely, and
the flow relaminarizes.

This behavior is confirmed in the top section of the left

two profiles in Fig. 3, showing the TKE in the annular duct.
In the non-rotating case, turbulence increases slightly with ra-
dius. Under rotation, however, turbulence decreases consider-
ably for r/R> 0.8 as the circumferential velocity rises towards
the outer wall, where the flow eventually relaminarizes. In the
inner half of the duct (r/R ≤ 0.75), where rotational effects
are weaker, turbulence is still significantly reduced compared
to the non-rotating case.

Turbulence production near the outer wall
The sudden reduction of TKE near the rotating outer wall

can be explained by the development of the production term Pk
of the transport equation of TKE, which is given in cylindrical
coordinates by

Pk =−
〈
u′u′

〉
⟨u⟩,x −

〈
u′v′

〉
⟨u⟩,r −

〈
u′w′〉 ⟨u⟩,ϕ

r

−
〈
u′v′

〉
⟨v⟩,x −

〈
v′v′

〉
⟨v⟩,r −

〈
v′w′〉 ⟨v⟩,ϕ −⟨w⟩

r

−
〈
u′w′〉 ⟨w⟩,x −〈

v′w′〉 ⟨w⟩,r −〈
w′w′〉 ⟨w⟩,ϕ + ⟨v⟩

r

(1)

Here, u, v and w are the velocity components in axial, radial
and tangential direction, respectively. Averaging is denoted by
⟨...⟩, and u′,v′,w′ are the velocity fluctuations. Indices starting
with a comma indicate derivatives in the respective direction.

Figure 5 presents axial profiles of the complete produc-
tion term Pk together with four selected subterms at r/R= 0.98
in the transition region between x/Lc = −0.35 and 0.35. The
production in the non-rotating case is much smaller than in the
rotating case. In the jet region, it is even slightly negative,
since turbulence is transported to the wall from the jet shear
layer. The small amount of turbulence production in the an-
nular region is caused by the second term of Eq. (1), which is
driven by the radial gradient of the axial mean velocity. All
other contributions to Pk vanish in the annular duct.

In the rotating case, the major contribution to turbulence
production in the jet region comes from the eighth subterm
−⟨v′w′⟩ ⟨w⟩,r in Eq. (1), which is caused by the rotating
boundary layer, i.e., the radial gradient of the mean circum-
ferential velocity. When the rotating boundary layer expands
and the axial flow separates from the outer wall, the first and
the seventh subterms become significant. The peak in the first
subterm −⟨u′u′⟩ ⟨u⟩,x is caused by the separating axial flow,
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Figure 5: Axial profiles of production terms of TKE near the
outer wall at r/R = 0.98. Complete production term Pk and
selected subterms of Eq. (1).

which results in an axial gradient of the axial mean velocity.
The peak in the seventh subterm −⟨u′w′⟩ ⟨w⟩,x is caused by
the expanding rotating boundary layer, which results in an ax-
ial gradient of the circumferential mean velocity. In the annu-
lar duct, all contributions to the turbulence production vanish.
Consequently, the flow laminarizes because no source of tur-
bulence remains. Even the radial gradient of the axial mean ve-
locity, which causes turbulence production in the non-rotating
case, or the radial gradient of the circumferential mean ve-
locity, has no effect here. The corresponding Reynolds shear
stresses ⟨u′v′⟩ and ⟨v′w′⟩ are reduced to zero due to the rapid
reduction of radial velocity fluctuations.

Vortex structures near the outer wall
Turbulent vortex structures in the outer part of the domain

(r/R > 0.5) are illustrated in Fig. 6 for the non-rotating case
(top) and the rotating case (bottom). The λ2-criterion (Jeong
& Hussain, 1995) is used to detect vortex structures in an ar-
bitrary snapshot of the instantaneous flow. The structures are
visualized by an isosurface of λ2/(R/Up)

2 =−5000. The iso-
surface is colored by the radial position. Near-wall structures
are displayed in red, and structures close to the inner wall of
the annular duct are colored blue. The section displayed in
Fig. 6 covers the transition area between the jet region and the
annular duct, where the relaminarization takes place.

In the jet region (x > 0), very small turbulent structures
are visible in both cases, since the near-wall turbulent fluctu-
ations have similar magnitude here. In the non-rotating case,
the vortex structures become larger as the flow enters the an-

−0.25 −0.125 0 0.125 0.25
x/Lc

Figure 6: Vortex structures in the transition region near the
outer wall visualized by an isosurface of λ2-criterion. Top:
Ro = 0, bottom: Ro = 2. The isosurface is colored by its radial
position. Side view of the axisymmetric domain through the
outer wall.

nular duct and the bulk Reynolds number is reduced, but they
remain close to the outer wall. In the rotating case, the vortex
structures also increase in size. But in contrast to the former
case, they are restricted to the inner part of the annular duct,
and no vortices are detected anymore near the outer wall. This,
again, illustrates the rapid relaminarization of the flow in the
entrance region of the annular duct.

CONCLUSIONS
High-resolution large-eddy simulations were conducted

employing a Fourier-spectral element method (P = 10) to in-
vestigate the influence of flow rotation on turbulence in a con-
figuration relevant to rotor internal cooling of electric-vehicle
drives. A rotating-wall case was compared with a non-rotating
reference case. The general flow structure was characterized,
and TKE profiles were reported to illustrate its development
at representative locations in the domain. The rapid reduc-
tion in turbulence near the rotating outer wall can be explained
by inspecting the production term in the TKE transport equa-
tion and its most significant contributions. Finally, the relam-
inarization was illustrated by visualizing the near-wall vortex
structures.

Further analysis of the budget terms of the transport equa-
tion for the Reynolds stresses will be conducted in future stud-
ies to deepen the understanding of the mechanisms responsi-
ble for turbulence reduction in these regions. The locally en-
hanced or suppressed turbulence levels near the rotor wall are
key to optimizing rotor internal cooling configurations.
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