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ABSTRACT

Turbulence statistics of the 3D boundary layer flow over
a confined-domain rotating disk are investigated at varying
Reynolds numbers. Using a two-view molecular tagging ve-
locimetry system, instantaneous tangential and radial veloc-
ity profiles are obtained simultaneously as a function of the
wall-normal direction. Mean and rms velocity profiles, and
the crossflow-induced Reynolds shear stress are examined, and
a comparative assessment is made between these turbulence
statistics for the rotating disk boundary layer and available data
of the 2D canonical flow over a flat plate. The well-known
log-law equation with k = 0.384 and B = 4.17 represents the
inner-scaled mean tangential velocity profile close to the edge
of the boundary layer at all Reynolds numbers with a negligi-
ble wake area for this 3D turbulent flow. The rms values for
both tangential and radial velocities remain smaller than the
DNS results of the 2D boundary layer. The Reynolds stress
correlation coefficient has a maximum of around 0.3 ~ 0.35
representing the influence of the crossflow component on the
turbulence structure of the rotating disk boundary layer. In
contrast, the contribution of the corresponding Reynolds stress
component is identically zero in the canonical zero-pressure-
gradient boundary layer.

INTRODUCTION

Three-dimensional (3D) crossflow effects within wall
flows emerge while employing rotating surfaces, such as in gas
turbine engines, separation processes, computer hard drives,
and chemical vapour deposition processes (Imayama, 2012).
In addition, cross-flow effects are important in investigating
flow over the swept wings of aircraft (Lin and Reed, 1993),
and while applying drag reduction strategies (Quadrio, 2011).

For the fundamental study of 3D wall flows, the rotating
disk boundary layer (RDBL) flow provides a useful context, as
it has an exact similarity solution to the Navier-Stokes equa-
tions for the laminar flow, introduced by von Kdrman (1921),
and this flow is 3D from its inception. Thus, in this respect,
the RDBL constitutes a canonical 3D wall flow. This flow has
been the subject of extensive examinations in stability analy-

sis and transition to turbulence studies (e.g. Imayama, 2012).
However, relatively few works have explored fully developed
turbulent boundary layer flow over a rotating disk, especially
at high Reynolds numbers.

In this flow, the rotation of the disk drives both the tangen-
tially oriented boundary layer and the radially outward cross-
flow. Due to the conservation of mass and the pumping effect
of the disk, the wallward flow converts into the radial outflow.
For laminar flow, von Karman (1921) obtained a 3D similar-
ity solution to the steady Navier-Stokes equations assuming
an infinite disk rotating with constant angular velocity within
a stationary fluid. Two types of Reynolds numbers are typ-
ically defined for this flow; the first one is usually used for
laminar flow and stability analyses as Re = r(Q/v)!/? where
r is the local radius of the disk, Q is the angular velocity of the
disk, and v is the kinematic viscosity of the fluid. Imayama
(2012) suggested that a fully developed turbulent flow over an
infinite rotating disk can be observed for Reynolds numbers
greater than 650. Friction Reynolds number (87) is utilised in
transitional and turbulent investigations. Here, § 7 = Up, d/V,
where & represents the local thickness of the boundary layer
and Uy, is the tangential friction velocity, which is defined as

Ug, =/ V dd% |;=0, with z as the wall-normal distance.

To study this flow, a non-intrusive technique, molecu-
lar tagging velocimetry (MTV), is utilised to measure tan-
gential and radial velocity components. The focus of the
current study is to provide high-resolution measurements for
turbulent RDBL flow over a substantial Reynolds number
range using a two-view MTV system, as shown in Figure
1. Thus, through these experiments, spatially resolved wall-
normal instantaneous velocity profiles are simultaneously ob-
tained in the radial and tangential directions. We aim to lever-
age the instantaneous radial and azimuthal velocity profiles
to reveal the role of crossflow in the turbulent RDBL struc-
ture. Present measurements enable the ability to clarify the
crossflow-induced correlation structure of the fully developed
turbulent flow, as compared to a canonical 2D turbulent bound-
ary layer (2DTBL), and allow us to compare and contrast both
mean and turbulence statistics of high Reynolds RDBL with a
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Figure 1. Arrangement of two orthogonally placed cameras
to obtain azimuthal and radial instantaneous velocity profiles.

Figure 2. An isometric view of the rotating disk facility.

zero-pressure-gradient (ZPG) boundary layer.

EXPERIMENT

We first describe the MTV measurement technique and
then present details of the experimental setup. The MTV
method leverages the phosphorescence effect lasting several
milliseconds produced by water-soluble supramolecular com-
plexes. The triplex used in the present experiments is 1-
BrNP.MB-CD.ROH which contains 1-Bromonaphthalene (1-
BrNP), maltosyl-f-cyclodextrin (MB-CD), and cyclohexanol
as alcohol (ROH). In this approach, phosphorescent molecules
are excited using a pulsed laser, and tagged molecules are used
as a tracer to measure flow properties, such as temperature and
velocity (Hu and Koochesfahani, 2006). In this study, a pulsed
UV Excimer laser with a wavelength of 308 nm is used to tag
phosphorescent molecules with a frequency of up to 15 Hz.
The images are taken by two orthogonally placed pco.dicam
Cl1 intensified 16-bit SCMOS cameras with an image array of
1504 x 1304 pixels (c.f. Figure 1).

The experiments are carried out in a custom-made rotat-
ing disk facility illustrated in Figure 2 that, to the authors’
knowledge, is perhaps the largest of its kind with a diameter
of 1.6 m, i.e. 60% larger than the one employed in previous
air-based hot-wire studies (e.g. Itoh and Hasegawa, 1992; and
Littell and Eaton, 1991). The edge of the rotating disk is 0.5
m from the side windows. The disk is made of polished glass
and is centred in a large octagonal tank made of G10 fibreglass.
The surface of the glass disk is painted black to remove the re-
flection of the MTV line from the disk surface. A circular per-
forated plate is used around the disk to break up the momen-
tum of the flow and to create an infinite-domain approximation
for the flow above the disk. Furthermore, double-sided mesh
frames have been installed at all eight corners of the tank to
reduce the rotation of the flow outside the boundary layer and
hence minimise secondary flow effects. The disk is coupled to
a shaft from below and is rotated via a belt that connects the
shaft to a three-phase induction motor. The motor is controlled
with a variable frequency drive that adjusts the disk rpm with
a resolution of 0.02 rpm by changing the motor frequency.
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Figure 3. Normalised mean tangential velocity profiles in the
laminar regime.

RESULTS

The UV laser beam enters the MTV solution from the top
and tags a straight line perpendicular to the disk within the so-
lution. The instantaneous radial and tangential velocities can
be obtained by taking two successive images, one of the unde-
formed line upon excitation, and another of the deformed line
due to the fluid motion. We can vary the Reynolds number by
changing either the location where the laser beam touches the
disk (i.e. r) or the disk rpm.

The mean tangential and radial velocity distributions of
the laminar flow normalised by the local wall velocity (i.e.
U, = r x Q) versus the laminar normalised distance from
the wall (i.e. z,/Q/Vv) are plotted in Figures 3 and 4, re-
spectively. The measurements are conducted at r = 420 mm
for two Reynolds numbers within the range of laminar flow
(Re < 500). Unlike von Kdrman’s similarity solution for the
laminar flow over an infinite rotating disk, both tangential and
radial velocity components approach small but non-zero val-
ues outside the boundary layer. This highlights the main dif-
ference between the infinite and the present confined-geometry
rotating disks. In this regard, Mory and Spohn (1992) also re-
ported the presence of a non-zero rotation outside the boundary
layer of a confined-domain rotating disk at r/R = 0.5.

The secondary flow in the confined-geometry configu-
ration affects the flow statistics. It can be seen in Figure 3
wherein the tangential velocity closely matches the similarity
solution profile in the inner part of the laminar boundary layer
then starts deviating from the exact solution for Ug /U,, < 0.2
and approaches a small but non-zero value outside the bound-
ary layer. The tangential velocity data at Re = 277 is in
good agreement with the hot-wire data acquired by Imayama
(2012).

In contrast to the tangential velocity, the secondary flow
apparently influences the radial component across the entire
boundary layer, as shown in Figure 4. Here, the mean radial
velocity magnitude is always larger than that of the similar-
ity solution. The departure from the similarity solution was
recorded by Littell and Eaton (1991) and Digre (2015) as well
while measuring mean radial velocity on a rotating disk. The
normalised location of the peak in the radial velocity profiles,
however, matches well with the exact solution and is nearly
constant with increasing Reynolds number.

The characteristics of the fully turbulent flow for both the
tangential and radial velocity components are investigated at
r =750 mm (i.e. r/R = 0.94) for varying rpm. Here, we ex-



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

20

! -von-Karman Solution

b o Exp, Digre (2015), Re = 256
15 »  Exp, Littell (1991), Re = 387 {
! Re = 277, Laminar
I Re = 449, Laminar

o

2/ Qv

\\ \\O
AN
Ve
.
Bz —3’;:55&,6?”7%”
0 A _A_BD :A,:Ajgigéﬁéﬁﬁ“’m
0 0.05 0.1 0.15 0.2 0.25
U, /U,

Figure 4. Normalised mean radial velocity profiles in the
laminar regime.

amine the mean and rms velocity profiles, and Reynolds stress
derived from the tangential and radial velocity fluctuations.
A comparative assessment is made between these character-
istics for the RDTBL and available DNS data of the 2DTBL
over a flat plate at ZPG from Schlatter and Orlii (2010). It
should be noted that two sets of DNS data of the 2DTBL are
used for comparison; one with an analogous coefficient of fric-
tion (Cy = 0.003539 at 67 = 671 for 2DTBL corresponding
to Cy = 0.003537 at &1 = 1870 for 3D RDTBL where Cy

. T, .
is defined as Cy = +—2~ ) l‘j 5), and another one with a compara-
: ToU,

tive friction Reynold number at § T = 1272 which is also the
highest Reynolds number investigated by Schlatter and Orlii
(2010).

Details of the investigated cases are presented in Table 1.
Henceforth, the colours of the plots are the same as presented
in Table 1. In this context, the boundary layer thickness (8) is
where Uy, — (Ug — Uss) =~ 0.99U,, where U., is the mean tan-
gential velocity outside the boundary layer which is very close
to zero. The variations of some of the flow parameters with
Reynolds number are demonstrated in Figure 5, derived from
the tangential velocity profiles in the turbulent regime. The
shape factor (H) is stated as the ratio of displacement thick-

ness 6" to momentum thickness 6 defined as §* = fo‘s Uf]—&) dz
and 6 = j'05(1 - Ul"]—(Z)) Ul"]—(z) dz, respectively.

Table 1. Summary of present experiments at » = 750 mm.
Re &t 1) o* ] Us, Uy
] [mm] [mm] [m/s]  [s]
— 812 1200 309 3.5 2.7 0.0421 1.01
1047 1870 304 33 26 0.0665 1.69
— 1161 2230 30.0 3.1 25  0.0805 2.07
— 1265 2610 30.1 3.1 25 0.0938 246
— 1348 2840 29.1 2.9 24 0.1055 2.79

By comparing the values of § at r = 420 mm (not pre-
sented herein) and 750 mm, we conclude that the turbulent
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Figure 5. Flow parameters vs. friction Reynolds number.

boundary layer thickness increases in the radial direction even
though it is independent of the radial location in the analyti-
cal solution of the laminar flow. It appears, however, to ex-
hibit a minor decrease with Reynolds number at » = 750 mm.
Current measurements also indicate a slight decrease in dis-
placement thickness and momentum thickness values with in-
creasing Reynolds number. The average shape factor equals
H = 1.27 which is closer to the empirical value 1.33 reported
by Imayama et al. (2014) for the RDTBL at §7 = 999 and is
lower than the approximate value 1.4 obtained for the 2DTBL
flow over a flat plate at comparable Reynolds numbers (Schlat-
ter and Orlii, 2010; Sillero et al., 2013). Appelquist et al.
(2018) also found smaller shape factor values compared to the
2DTBL from the DNS study of an infinite domain RDTBL.
In the present study, the ratio of §/8* is 8.9 at 6T = 1200
which is in good agreement with the value of 9 reported by
Imayama et al. (2014). This ratio is, however, larger than 5.6
found for the 2DTBL flow (Schlatter and Orlii, 2010). Both
a smaller shape factor and larger 8/0* ratio are indicators of
a fuller velocity profile in RDTBL compared to the 2D ZPG
flow (Imayama et al., 2014).

The mean tangential and radial velocity distributions at
different Reynolds numbers normalised by the local disk ve-
locity are shown in Figure 6. Except for the plots at Re = 812,
it is seen that the mean velocity profiles nearly merge in Fig-
ures 6(a) and (b). It is noted here that each velocity profile
consisted of 1304 data points from equally-spaced pixels with
a millimetre-to-pixel ratio of 0.0323 and 0.0496 in the tangen-
tial and radial directions, respectively.

The accuracy of the measured velocities near the wall
is adversely affected by some factors such as disk wobble,
which is more severe at lower rpms (~ 1.5 mm per revolu-
tion at 8 = 1200), spatial averaging, and laser beam’s at-
tenuation due to penetration through the MTV solution. Ow-
ing to the difficulty in measurement close to the wall, Uy /U,
is not exactly unity on the wall and the discrepancy from
this limit increases with Reynolds number as shown in Fig-
ure 6 (a). A similar trend is seen for the radial velocity in
Figure 6 (b), where U, /U,, increasingly departs from zero as
Reynolds number increases. In contrast to the velocity data
acquired at » = 420 mm, tangential and radial velocities ap-
proach nearly zero outside the boundary layer for all cases at
r =750 mm. This indicates that the flow field is either not
affected by the secondary flow or its influence is insignificant
when compared to the larger disk velocity at this location.

Figure 7 shows the inner-normalised mean tangential ve-
locity profiles at various friction Reynolds numbers. The re-
sults at 5T = 1200 are compared to the hot-wire data of Itoh
and Hasegawa (1992) at 7 ~ 1500 and the DNS data of Ap-
pelquist et al. (2018) at 67 ~ 900. Moreover, 2DTBL data
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Figure 6. Mean tangential and radial velocities normalised by disk’s local velocity vs. wall-normal distance.

from the DNS of Schlatter and Orlii (2010) is also included. It
should be noted that the friction velocity herein has been ex-
tracted from the Clauser chart method (i.e. by assuming the
log-law equation with k¥ = 0.41 and B = 5). This method is
used since the mean velocity data within the viscous sublayer
is not sufficiently reliable for directly measuring the friction
velocity, especially at higher Reynolds numbers.

It can be seen that RDTBL and 2DTBL have similar
trends in the inner part of the boundary layer even though data
points within the viscous sublayer are missing in the present
study due to the reasons discussed. In the outer part of the
boundary layer, the situation is different. If we consider the
collapse of the data on the well-known law of the wall for the
2DTBL (with k = 0.41 and B =5), as evidenced in Alfredsson
et al. (2013) and Appelquist ez al. (2018), a weak visible wake
area is seen for the RDTBL flow but if we consider the log-
law equation with k¥ = 0.384 and B = 4.17, it represents the
inner-scaled mean velocity profile up to the edge of the bound-
ary layer at nearly all Reynolds numbers with negligible wake
area for this 3D turbulent flow as pointed out by other stud-
ies on the RDTBL (e.g. Itoh and Hasegawa, 1992; Imayama
et al., 2014; and Appelquist et al., 2018). Digre (2015) sug-
gested that the mean azimuthal velocity data of the RDTBL
collapses well on the log-law with K = 0.384 and B = 4.33 for
the range of Reynolds numbers investigated. Moreover, Nagib
et al. (2004) indicated that the mean streamwise velocity data
of a 2D zero pressure gradient flow collapses very well on the
logarithmic profile with k¥ = 0.38 and B = 4.1 for an extensive
momentum Reynolds number range of 1000 < Rey < 70000.

Figure 8 depicts the inner-normalised mean radial veloc-
ity profiles at various Reynolds numbers. The mean radial ve-
locities have been scaled using the tangential friction velocity
as the radial friction velocity cannot be extracted directly from
the present measurements. The results at Re = 1047 (green
line) collapse well on the data from Itoh and Hasegawa (1992)
at Re = 1000 and all velocity distributions follow the shape
of the DNS data from Appelquist ez al. (2018) at Re = 669.
The accuracy of the measurements decreases within the vis-
cous sublayer as observed for the tangential velocity as well.

Inner-normalised rms profiles of tangential and radial ve-
locities are presented in Figures 9 and 10, respectively. The
present rms profiles have a smaller amplitude than in the DNS
data for both tangential and radial components. This observed
difference primarily results from the spatial attenuation due
to the spatial averaging effect of the MTV technique (Elsnab

et al., 2017). The attenuation can be nominally corrected by
the method suggested by Lee et al. (2016). It can be observed
that the corrected profiles at §T = 1200 are fairly consistent
both qualitatively and quantitatively with that for the hot-wire
corrected data acquired by Itoh and Hasegawa (1992). The
corrected rms velocity values and the DNS results, for the
RDTBL, remain lower than the DNS results obtained for the
2D flow over a flat plate across the boundary layer. Report-
ing the same observation for tangential rms velocity, Imayama
et al. (2014) hypothesised that the smaller rms values stem
from the presence of less influential large-scale motions in the
outer part of the RDTBL flow that leave a weaker footprint on
the near-wall structures compared to 2DTBL.

The distribution of Reynolds shear stress correlation co-
efficient defined as Py, = —22— are shown for various

Uyms Uryms

Reynolds numbers in Figure 11. The shape of the Reynolds
shear stress correlation coefficient plots is analogous to that
of the DNS study with a negative minimum located around
77 =5~ 10 and a maximum in the outer part of the bound-
ary layer. The change in the sign of the plots close to the wall
is attributed to the change in the mean radial velocity gradi-
ent aalé’ within this range (Itoh and Hasegawa, 1992). Even
though the amplitude of the maximum Reynolds stress corre-
lation coefficient appears to remain almost constant in Figure
11, the amplitude of its minimum is reduced with increasing
Reynolds number. However, it is hypothesised to be due to
the uncertainty of the measured fluctuations near the wall es-
pecially at higher Reynolds numbers.

It should be noted that p,,,, is a representative of tur-
bulent momentum transport efficiency, whereas #gu, can be
influenced by the existing fluctuation energy, i.e. rms of
u, and ug (Romero et al., 2022). As shown in Figure 11,
the Reynolds stress correlation coefficient has a maximum of
around 0.3 ~ 0.35 indicating a high level of turbulent momen-
tum transport resulting from the crossflow fluctuations in the
outer part of this 3D canonical boundary layer.

CONCLUSIONS

This work presents experimental results of the study of a
3D turbulent boundary layer over a rotating disk where water is
used as the working fluid, and hence the domain is not infinite.
To conduct fundamental studies of 3D wall flows, the rotating
disk boundary layer is an appropriate case study. This flow of-
fers an exact similarity solution to the Navier-Stokes equations
for laminar flow, as introduced by von Karman (1921), and is
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inherently 3D. The main results of this experimental study can
be summarised as follows.

e Laminar velocity profiles match closely with von
Kédrmdn’s similarity solution. However, both tangential
and radial velocity components for the laminar flow ap-
proach small but non-zero values outside the boundary
layer probably because of the confined domain which
is also supported by Mory and Spohn (1992) who ob-
served a non-zero rotation outside the boundary layer of a
confined-domain rotating disk at r/R = 0.5.

The physical location of the peak in the mean radial ve-
locity profiles remains nearly constant at around 1 mm
with increasing Reynolds number.

e The boundary layer thickness of the turbulent flow in-

Inner-normalised mean tangential velocity profiles vs. viscous scaled distance to the wall. The plots of two successive 5T
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Figure 9. Inner-normalised tangential rms velocity profiles.

Dots represent the measured values and solid lines represent
corrected values using the method of Lee et al. (2016).

creases with r and slightly reduces with Q at a fixed r,
while it does not depend on the radial location in the ana-
Iytical solution for the laminar flow.

The present RDTBL appears to show a smaller shape fac-
tor value compared to the 2DTBL flow which is in agree-
ment with the previous studies on the rotating disk flow.
The law of the wall equation with x = 0.384 and B =
4.17 well represents the inner-normalised mean tangen-
tial velocity profile up to the boundary layer’s edge at all
Reynolds numbers without a visible wake area for this 3D
canonical wall flow.

The rms profiles for both tangential and radial velocities
remain below their counterparts in 2DTBL at similar fric-



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25-28, 2024

2 b - 2D-DNS, Schlatter and Orlu (2010), 6" = 671
—=-=--2D-DNS, Schlatter and Orlu (2010), 6+ = 1272
777777 DNS, Appelquist et al. (2018), &+ =~ 900
Exp, Itoh and Hasegawa (1994), 8 ~ 1500
1.5
1+
= 1
0.5
%
0 L = ~AJ S
10° 10! 10? 10° 10

Figure 10. Inner-normalised radial rms velocity profiles.
Dots represent the measured values and solid lines represent
corrected values using the method of Lee et al. (2016).
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tion Reynolds numbers even after correction.

e The Reynolds stress correlation coefficient has a maxi-
mum of around 0.3 ~ 0.35 representing a high level of
turbulent momentum transport due to the crossflow com-
ponent in the RDTBL flow.

The apparent good quality of the present data and the avail-
able DNS and experimental findings allow us to take the next
steps toward the aim of this study, which is measuring other
Reynolds stress components involving wall-normal velocity
fluctuations (u;) using the Laser Doppler Velocimetry tech-
nique (LDV). Hence, conducting LDV experiments will shed
more light on how the crossflow modifies the correlation struc-
ture of the fully developed turbulent flow compared to canoni-
cal 2D boundary layers.
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