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ABSTRACT
An investigation is conducted on the flow in a moderately wide gap between an inner rotating shaft
and an outer coaxial fixed tube, with stationary end-walls, by three dimensional Reynolds Averaged
Navier-Stokes (RANS) Computational Fluid Dynamics, using the realizable k — € model. This approach
provides three-dimensional spatial distributions of static and of dynamic pressure that are not directly
measurable in experiment by conventional non-intrusive optics-based techniques. The non-uniform
pressure main features on the axial and meridional planes appear to be driven by the radial
momentum equilibrium of the flow, which is characterized by axisymmetric Taylor vortices over the
Taylor number range 2.35 X 10° < Ta < 6.47 x 10°. Regularly spaced static and dynamic
pressure maxima on the stationary cylinder wall follow the axial stacking of the Taylor vortices and
line up with the vortex induced radial outflow documented in previous work. This new detailed

understanding has potential for application to the design of a vertical turbine pump head. Aligning

the location where the gauge static pressure maximum occurs with the central axis of the delivery
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pipe could improve the head delivery, the pump mechanical efficiency, the system operation, and

control costs.
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1.0 Introduction

Many scientific and industrial applications feature a flow in the annulus of two concentric rotating
shafts. This study therefore stands to benefit the many applications and deliver a high research
impact. In the case in which the inner shaft is rotating and the outer tube is kept fixed, Taylor vortices
[1, 2, 3, 4] can develop in the annulus between the two coaxial shafts, due to an unstable pressure
gradient acting on the fluid particles. Over a certain range of Taylor numbers, Ta, the developed
Taylor vortices remain stable and axisymmetric. As the Taylor number increases beyond this range,
a small mean axial pressure gradient is superimposed and three-dimensional secondary flows with
vortex structures are generated. The modelling and the analysis of these flow patterns provide
information about heat and mass transfer rates, pressure distributions, and axial mixing in important
industrial applications, such as liquid-liquid extraction [5, 6], exhaust fans, synthesis of silica particles
[7], emulsion polymerization [8], bio-reactions [9], as well as heterogeneous catalytic reactions [10].
The applications that currently represent the most significant economic and societal impacts are
submerged pumps for water wells and vertical turbine pumps, where the impeller at the bottom of
the well is mechanically driven by a shaft connected to an electric motor.
The energy used worldwide by pumps for lifting and moving fluids is about 10% of the total world
energy consumption [11], which is a very sizeable value, given the 15.750 x 10> Wh of energy used
worldwide in 2013 [12]. The cost of pumping, specifically of water, has the highest impact on the
economy of developing countries, in particular, in the sub-Saharan region. The understanding of the
pressure distribution in a rotating system can help to improve the design of current pumps, reducing
the financial and environmental cost of pumping operations.
This research therefore contributes to the global challenge identified by the Research Councils UK

(RCUK) of achieving a more sustainable energy use and to the UK government Official Development
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Assistance (ODA) to developing countries by promoting technology for the provision of affordable
water.

The experiments by Mallock [1, 2] and by Couette [13] provided early insight into the flow in
the annulus of two concentric independently rotating shafts. These investigators observed the
development of flow instabilities, which were first explained by Taylor [3] using perturbation theory.
Since then, many other researchers, including Jeffreys [14], Chandrasekhar [4, 15], Di Prima [16],
Andereck et al. [17], Coles [18], Koschmieder [19], Liao et al. [20], Czarny et al. [21], and Serre et al.
[22], have used experiments, numerical models and analytical techniques to unravel the
complexities of the Taylor instability that characterizes the flow between rotating cylinders. These
researchers established that the complex steady and unsteady flow patterns between concentric
independently rotating cylinders are due to small perturbations. They also concluded that Taylor
number, Ta, [3, 16] is a major parameter in determining the flow regime and pattern that develop
in the clearance between two coaxial rotating shafts.

There are four main controlling parameters for the case in which the outer tube is fixed and the
inner shaft rotates, as in this study. These are:

(1) n = Ri/Ry;

(2) d =R, — R;;

3) &

(4) v;
where R;, R,, 2, and v are defined in the nomenclature. The Taylor number Ta, is related to these

controlling parameters by

2n2d* /(2
Ta=1T (;) (1)

A brief overview of the literature shows that many experimental investigations have been

conducted on the flow pattern in the meridional plane, especially on the in-plane velocity. For
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instance, Adebayo and Rona [23, 24] and Wereley and Lueptow [25, 26] used non-intrusive optical
measurement techniques for measuring the in-plane velocity. These measurements were limited
only to the meridional plane, due to the challenge of capturing the flow pattern in the axial plane,
which presents a more difficult optical access. Furthermore, the static and dynamic pressure
distributions are not directly measurable by using conventional non-intrusive optics-based
measurement techniques.

Past numerical investigations of the flow between coaxial rotating cylinders have mainly aligned
with the established experimental practice of exploring the meridional plane. Baier [27] used
numerical technique to predict the distribution of the velocity magnitude. Haut et al. [28], Parker
and Merati [29], Deng et al. [30], Deng [31] and Deshmukh et al. [32] also performed Computational
Fluid Dynamic (CFD) simulations to investigate the various flow patterns and regimes in the
meridional plane.

It is surprising to note that little contributions have been reported in the literature on the
pressure distribution across both the meridional and the axial planes. This offers an opportunity for
exploring the annular flow beyond the confinement of the meridional plane and for making a
tangible contribution to the state of the art. This paper realizes this opportunity by using three-
dimensional CFD. The CFD approach provides the advantage of being able to investigate flow
features across the entire annulus on the axial, the cascade, and the meridional planes. In addition,
the time-average of the flow instabilities triggered due to the rotation of the inner shaft can also be
resolved. Furthermore, the CFD model enables to qualify and quantify this important flow field
beyond the current limitations of conventional non-intrusive optics-based measurement
techniques.

This study therefore aims to examine the pressure distributions both in the meridional and in the

axial planes in a concentric cylinder of a moderately wide gap set-up of a fixed outer tube and
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rotating inner shaft. By combining multiple viewpoints, this paper offers a new more holistic insight
into the three-dimensional pressure field between concentric cylinders, which lends itself to be
understood mostly through considerations of radial momentum equilibrium. In this respect, this
paper complements and completes the analysis of the flow velocity distribution across the entire
annulus presented by Adebayo and Rona [33].

The CFD prediction are validated by comparing the velocity profiles from the simulations with
Particle Image Velocimetry (PIV) measurements by Adebayo and Rona [23-24] in the meridional
plane.

At the Taylor numbers 2.35 X 10° and 6.47 X 10° and at the Reynolds numbers 1.97 x 103
and 2.88 x 103, the wider clearance Taylor flow is predicted to develop noticeable gauge static
pressure axial variations along the fixed outer cylinder wall. These take the form of axially stacked
rings of enhanced and reduced wall gauge static pressure, alternating axially. Little is reported in
the literature about this feature, which is herein detailed in section 5.3. The exploitation potential
of this novel insight is outlined in section 5.3, with specific reference to vertical shaft water turbines,
which stand to deliver significant environmental and societal impacts from their performance
enhancement.

Conclusions are drawn on the significant implications of these findings for lightly loaded journal
bearings driven at high rotational speeds and for an innovative design layout for vertical pump

heads.

2.0 Geometry and flow conditions
2.1. Geometry. In this study, a three-dimensional (3-D) numerical technique is used to investigate
the pattern of the flow and the distribution of pressure across the entire annulus in the meridional

and axial planes of a coaxial cylinder assembly. The configuration used in this study is defined in
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relation to the cylindrical coordinates shown in Fig. 1, where the X- axis of the geometrical reference
system (r, 8, X) and the axis of the coaxial shafts coincide. Two different coaxial configurations were
created using the commercial CFD pre-processor ANSYS ICEM CFD 18. The computational domain
specifications for these two different coaxial assemblies are provided in Table 1. Two cases are used
to perform an independent investigation of the pressure distributions and of the flow configuration
within the space between the concentric shafts by varying the radius and aspect ratios. The radius
ratio (n = R;R; ) and the aspect ratio (I' = Ld™!) investigated were n = (0.44,0.53) and I' =
(7.81,11.36) respectively. The clearance ratio dR; ' is 1.28 and 0.88 respectively for test cases I' =
7.81 and I' = 11.36. The rotating speed {2 of the inner cylinder is kept constant at 52.36 rad/s for
both test cases. Testing the assembly in air at ISA ground conditions gives a Taylor number range
2.35 X 10° < Ta < 6.47 X 10° and a Reynolds number range 1.97 x 103 < Re < 2.88 x 103.

Re = pQR;d/u, and the air viscosity y; is 1.7894 x 107° kg m™ s,

2.2 Boundary conditions: To model the internal flow between the two fully enclosed
independent rotating cylinders, the CFD software package, ANSYS Fluent 18 [34] is used for all the
computational processes. The axis of the cylinders is horizontal and the radial extent of the
computational domain is limited to 0.114 m. Before the commencement of the simulation process,
zero flow conditions are invoked across the entire computational domain. Due to the cylinders
laying horizontal, gravitational acceleration effects are not modelled. Appropriate initial and
boundary conditions are applied across the entire domain. Specifically, a no-slip fixed adiabatic
condition is applied at the fixed outer cylindrical surface at R, and a no-slip rotating adiabatic
condition is used to model the inner shaft wall. At the right and the left end-surfaces of the
cylindrical assembly, no-slip boundary conditions are employed. The whole computational control

volume is fully defined by these boundaries. In all the computations in this study, the inner shaft
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rotation starts impulsively at a predetermined rotational velocity. This helps to adequately match
the acceleration profile between the experiment [23-24] and this computation, thereby modelling
the same conditions as the experiments, where the final angular velocity of the inner shaft is
reached within 1 sec. [4, 15, 16].

At the beginning of the computation, the closed type system being modelled enables some
flexibility in the definition of the start-up turbulence quantities. As the computation progresses, the
turbulence quantities are updated by the flow solver. The turbulence quantities in the converged
solution are therefore self-determined and not influenced by any computational inflow boundary,
whereas in an open system the inflow boundary would affect the solution at all times. The empirical
correlations for a pipe flow reported in Adebayo and Rona [33] were used to estimate initial values
for the turbulence intensity, the specific turbulent kinetic energy k, and the specific turbulent kinetic
energy dissipation rate €. The flow domain for the test case I' = 7.81 was initialised with uniform
values of 5%, 0.0064 m?/s?, and 0.0189 m?/s3 respectively for turbulence intensity, k and €. The flow
domain uniform initialization levels for the specific turbulence intensity, k and € are 6%, 0.0093
m?/s?, and 0.0478 m?/s3 respectively for the test case I' = 11.36. These values model a turbulent

flow regime within the gap region of the two independent rotating shaft.

3.0 Numerical Model

3.1. Computational Scheme: Isothermal, viscous, and incompressible flow conditions were assumed
for the CFD simulations. This flow is governed by the incompressible conservative laws for
momentum and mass, the Navier-Stokes equations [35, 36]. A finite-volume approach is used for
the discretization of the governing equations and the pressure-based segregated solver by Chorin

[37] is used for the numerical integration. To estimate the convection terms of the turbulence
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closure model at each finite-volume face, the values of the integrand are required. A second-order
upwind scheme [35, 36] is used to determine these values by interpolation from cell averaged flow.
In this study, two turbulence models were evaluated for closing the RANS equations: The Shih et
al.’s [38] realizable k — € model and the Launder et al.’s [39] Reynolds stress model (RSM). For each
of the two computational geometries, the same flow conditions were tested by these turbulence
models. The preliminary results reported by Adebayo and Rona [33] showed that the realizable k —
€ turbulence model predicted stronger Taylor vortices compared to the other model tested. In
addition to the quantitative differences between the predictions from the RSM and the realizable
k — € model, the RSM took at least 50% more computational time to process the CFD simulations
for both'=7.81and I"' = 11.36. Therefore, the realizable k — € turbulence model was judged as the
best choice for computing all the CFD solutions in this study, based on the result from this
preliminary test. In the case of flows that involve recirculation, rotation, and separation [34], as in
this present work, the realizable kK — € model is documented as providing a better improvement on
the CFD results than the standard k — € turbulence model. Furthermore, in flows involving vortices,
strong streamline curvature, and rotation [34], as in the current test cases, the realizable k — ¢

turbulence model has also shown significant performance compared to the basic kK — € model.

3.2. Discretization of the computational domain: The computational domains for the two test cases
were meshed using the commercial CFD mesh generator ANSYS ICEM CFD 18.0. The unstructured
hexahedral mesh of intermediate mesh density (type two) used for test case I' = 7.81 is shown in
Fig. 1. In order to assess the mesh quality for both test cases in this study, the maximum cell
skewness was evaluated and found to be within the range 0.14 — 0.40. This value shows that the
skewness for all the meshes used for the assessment are within the prescribed range [34]. Bi-

geometric stretching was used to cluster the mesh close to the walls, for both test cases. Stretching
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factors of 1.10, 1.05, and 1.02 were used respectively on three progressively finer meshes. This gave
a near-wall starting cell size of approximately 0.1 mm for the test casesI'=7.81 and I' = 11.36.

To evaluate the sensitivity of the CFD results upon the level of the spatial discretization, a grid
independence test was conducted. Three progressively finer meshes were evaluated for each test
case. These meshes are labelled as type one, type two, and type three in progressive mesh size
order. The same node count was used for both test cases on each mesh size. The type one mesh has
65 X 55 X 129 nodes in (1, 8, X). The type two and type three meshes are obtained by progressively
refining each independent spatial dimension by a factor of two. This gives 129 X 109 X 257 nodes
for the type two mesh and 257 X 217 X 513 nodes for the type three mesh. To establish the
independence of the predictions from the level of the spatial discretization, the predictions of the
total number of vortices and of the axial distribution of static pressure, radial and axial velocities
were used to monitor the mesh independence of the results. The radial velocity profiles of Fig. 2
reports the CFD result at the annular mid-region of the lower channel (8 = —0.5m) in the meridional
plane for the two test cases using the three different mesh types. Fig. 2 shows a good overlap among
these distributions, indicating no noticeable dependence of the axial spacing of the Taylor vortices
from size of the three meshes, for both test cases. This indicates that all the three levels of spatial
discretization produce the same Taylor vortex pattern and that any further increase in mesh density
across the computational domain is not expected to significantly change the accuracy of the
predicted RANS results.

The radial profiles from Fig. 2 were used to compute the normalized difference for each flow
variable between mesh types. These differences were all less than 5% and the number of the
vortices for each test case was unchanged. Therefore, the computational mesh type two was chosen

for generating sufficiently grid independent CFD simulations for the two test cases.
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The simulations were run on the University of Leicester 5000-core High Performance Computing
(HPC) cluster Alice, using 16 cores on a single compute node, by decomposing the domain with the
Metis algorithm. Steady RANS flow predictions, with residuals converged to 10® of their initial value,
were obtained using the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) [37], typically
within 2000 iterations. The typical mesh two type computation required 10 Gb RAM, 14 Gb of swap
space (virtual RAM), and 20 core hours to complete, on the 2.6GHz CPUs. The corresponding
computational resources for a mesh three type computation are 60 Gb RAM, 58 Gb virtual RAM,

and 220 core hours.

4.0 Validation of the CFD results
The CFD predicted results is assessed against the reference measurements results of the in-plane
velocity surveyed by PIV on the meridional plane by Adebayo and Rona [23, 24]. The profiles of
radial velocity and of axial velocity obtained from the numerical computations and from experiment
[23, 24], by PIV, are shown in Fig. 3 for the test case I' = 7.81. The inner shaft speed 2R; is used to
normalize the velocity, while the inner shaft radius R; is used for the normalization of the lengths.
The axial profiles for the axial velocity were extracted and plotted at the fixed radial coordinates
r = R; +0.125d and r = R; + 0.500d for the radial velocity, on the meridional plane 8 = —0.5m7.
The uncertainty in the experimental measurements are calculated and represented by the Particle
Image Velocimetry error bands shown by plain dashed lines (without symbols) in the velocity
profiles of Fig. 3(a, b). These error bars are sized by + 10, where o is the standard deviation from
the ensemble of one hundred PIV velocity vector maps from the experiment [23, 24].

The results from the PIV experiment and the CFD simulations at r = R; + 0.125d in Fig. 3(a)
indicate an axial flow of central symmetry with respect to X/R; = 5, the shaft mid-length, and the

magnitude of the corresponding velocity minima and maxima are almost the same. Similarly, at the

11
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radial position r = R; + 0.500d, Fig. 3(b) shows that the radial flow is almost symmetric about
X/R; = 5. Although in Fig. 3(a, b) there are some little discrepancies between the results from the
PIV and the CFD close to the right end-wall, the CFD profiles are still lay inside the PIV measurement
uncertainty band. The small differences observed between the velocity profiles from the PIV and
the CFD profiles in Fig. 3(a, b) near the end-walls are due to the way the experiment was set up, in
which the end-wall boundaries are aligned approximately normal to the shaft axis. A similar result
is reported by Adebayo and Rona [33] for the test case I' = 11.36. Overall, the spatial variation of
the in-plane velocities observed by PIV is substantially reproduced by the CFD simulations. This
indicates that the main time-averaged flow dynamics is correctly modelled.

The spatial variation of the in-plane velocities in Fig. 3(a, b) indicate that the wavelength of the
vortices agrees between experiment and computation. For I' = 7.81 and n = 0.44, the axial
wavelength of the vorticesis 4, =1.95d. For['=11.36 andn = 0.53, 4, = 1.9d. These values broadly
agree with the normalized axial wavelength predicted by a small perturbation analysis by Roberts
in Donnelly and Schwarz [40] for a pair of axially unconstrained (I' = o) coaxial cylinders of n =

0.50, which is 4, = 2.0d.

5.0 Results and discussions

5.1. Flow pattern in the meridional plane: The vectors of velocity extracted along the meridional
plane from the CFD simulations are presented in Fig. 4(a, b) for the test cases'=7.81and I'=11.36
respectively. In these figures, the inner cylinder surface speed 2R; has been used to normalise the
velocity vectors. Fig. 4(a, b) show pairs of counter-rotating axisymmetric vortices for the two test
cases. This axisymmetric pattern recurs along the axial cylinder length of the whole CFD simulation
domain with successive cells of the vortices driving the flow in a similar radial path at their

conference points. Along the axial path of the CFD domain, which is 10R; long, four pairs of vortices
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are predicted for the test case I' = 7.81, while six pairs of vortices are predicted for the test case I' =
11.36.

These vortices are symmetrical about the axial plane X/R; = 5 located mid-way along the axial
direction. Consequently, to illustrate the flow pattern more clearly, only the vortices to the left of
this plane of symmetry are shown in Fig. 4. The increase in the number of vortices from four pairs
in the test case I' = 7.81 to six pairs in the test case I' = 11.36 is one of the effects of the change in
the gap width d. This is an indication that the development of vortices and their number are
determined by the aspect and radius ratios, in agreement with past numerical and experimental
investigations by Adebayo and Rona [23, 24, 33], where the physics of the fluid motion have been
analysed in more detail. This includes a discussion on the inter-vortex mixing that occurs in the radial
inflow and radial outflow regions in Fig. 4. Radial outflow regions, such as at location (C) in Fig. 4,
occur between two counter-rotating vortices, where fluid rotary motion with high tangential
momentum close to the inner shaft is convected outwards, towards the outer cylinder. Radial inflow
regions occur between adjacent counter-rotating vortex pairs, such as at location (E) in Fig. 4, and
feature the transport of low tangential momentum fluid motion from the outer tube towards the

inner shaft.

5.2. Flow pattern in the axial plane: The flow along the axial plane was analyzed in this study to
complement the PIV results obtained in the meridional plane reported by Adebayo and Rona [23,
24] and provides key support for understanding the distribution of pressure in the annular space
within the two independent rotating shafts as the gap width changes. Fig. 5(a-f) shows normalized
velocity vector maps on various axial planes for the test casesI' =7.81 and I' = 11.36. Only the in-
plane velocity component is reported in Fig. 5(a-f). Within the computational domain, six various

flow patterns are identified. These include the flow pattern at the right and left end-walls. Out of

13



ASME Journal of Fluids Engineering
the six different patterns, four are repeated along the shaft axis with a spatial pitch of one Taylor
vortex pair. In Fig. 4, the axial locations of these various patterns are labelled alphabetically (A-E)
for easy identification. The axial location of pattern F, which is not shown in Fig. 4, is close to the
right end-wall at X/R;=9.95. The axial locations of the remaining patterns are: (A) X/R;= 0.05, (B)
X/R;=0.92,and (C) X/R; =1.47, in Fig. 4(a), and (D) X/R; = 1.41 and (E) X/R; = 1.84, in Fig. 4(b).
The velocity vector maps at X/R; =1.97, X/R; = 2.62, and X /R; = 9.95 for the test case [' =7.81,
reported in Adebayo and Rona [33], give similar patterns as the velocity vector maps in Fig. 5(d-f)
for the test case I' = 11.36. Likewise, velocity vector maps at X/R; = 0.05, X/R; = 0.65, and X/R; =
1.07 for I' = 11.36, also reported in Adebayo and Rona [33], are similar to the velocity vector maps
in Fig. 5(a-c) for test case I' = 7.81. On each velocity map in Fig. 5, the reference vector is shown.
This helps to appreciate the scale of the vectors. The flow features on each axial plane are discussed

in greater detail in Adebayo and Rona [33].

5.3. Pressure distribution across the meridional plane: The distribution of pressure in the gap
between coaxial shafts is an essential feature in the design of bearing chambers, pumps, and of
journal bearings. The distribution of the pressure is as result of the equilibrium between the
centrifugal force and the radial pressure gradient that are related with the rotary motion, such that
op/0r = pw?r.

Furthermore, the distribution of pressure is important for the development of vortex cells and
for the staging among various Taylor-Couette flow patterns and regimes in the gap between
independent rotating cylinders [31]. In both the test cases I' = 7.81 and I" = 11.36 discussed in this
study, the pressure distributions have been normalized by O.SpRiz.Qz.

Axial profiles of pressure at three constant radial positions in the upper (8 = 0.57) and lower (6 =

—0.5m) sections of the meridional plane have been extracted and plotted to detail the spatial
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variation of the pressure distribution in the meridional plane. The radial coordinates from which the
three extractions are obtained for ' = 11.36 are: (i) r = R; + 0.045d, which is 1 mm distant from
the surface of the inner shaft; (ii) r = R; + 0.500d, which is the gap mid-span between the two
cylinders, and (iii) r = R; + 0.955d, which is 1 mm distant from the surface of the stationary outer
tube. For I' = 7.81, the locations of the radial line along which the results are extracted are at the
same fraction of gap width d as forI' = 11.36.

The gauge static pressure (GSP) results in the meridional plane for I' = 7.81 and I' = 11.36 are
presented in Fig. 6(a, b). The spatial distributions of GSP at the same radial distance in these figures
do not depend on the sign of the angle 8 on the 8 = +0.5m meridional plane. A positive radial
pressure gradient is displayed by the profiles, by which the GSP near to the wall of the fixed outer
tube at position r = R; + 0.955d (denoted by the red lines with squares) is greater than the GSP
close to the surface of the rotating inner shaft at position r = R; + 0.045d. This results from the
flow radial momentum equilibrium generated by its tangential velocity distribution. Specifically, the
rotating inner shaft creates a 1,9 shear stress which acts on the fluid particles away from the wall.
These particles are set in motion tangent to their instantaneous radial position. The outer cylinder
provides radial confinement to the motion of these particles, inducing them to rotate about the
cylinder axis. A radial pressure gradient provides the centripetal acceleration required for keeping
the fluid particles on a circular path. This justifies the increase in GSP close to the surface of the fixed
outer tube and the decrement in GSP near to the wall of the rotating inner shaft shown in Fig. 6.
This scenario is similar to that in which fluid particles in a single-stage centrifugal pump are expelled
from the tips of the impeller vanes at high velocity. Then, their motion is radially confined by the
volute, which decelerates the flow and converts its kinetic energy into flow energy (pressure rise).

Fig. 6(a) and Fig. 6(b) are suggestive of a similar energy conversion process taking place between

15
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the coaxial rotating cylinders, as evidenced by the radial pressure gradient in the form of an increase
in the radial pressure from the rotating inner shaft to the stationary outer tube.

Close to the surface of the rotating inner shaft at position r = R; + 0.045d in Fig. 6(a, b),
negative GSP minima (troughs) are present in the outward flow regions and GSP maxima (peaks)
occur in the inward flow regions of Fig. 4(a, b). The GSP peaks are shown to be sharper compared
to the negative GSP troughs at this radial position. This feature can be credited to the impingement
of the radial inflow against the rotating inner shaft surface, which determines a more localized
stagnation region with respect to the radial outflow moving away from this surface.

In Fig. 6(a) and Fig. 6(b), near to the surface of the outer tube, at position r = R; + 0.955d, GSP
maxima can be observed instead in the outward flow regions and a lower GSP is observed in the
inward flow regions of Fig. 4(a) and Fig. 4(b). At the outward flow regions, the GSP peaks are
observed to be sharper at this radial position, whereas at the inward flow regions, the GSP troughs
are observed to be flatter. This feature can be attributed to the more localized stagnation region
that the radial outflow forms by impinging against the outer cylinder wall with respect to the inflow
that moves away from this surface. Fig. 6(a) and Fig. 6(b) show that there is a noticeable change in
the difference in static pressure between the fixed outer tubes and rotating inner shaft surfaces
with axial position. The outward flow regions display the largest difference and the inward flow
regions display the smallest difference. This feature is explained in section 5.4, by considering the
flow radial momentum equilibrium in a Taylor vortex cell.

Knowledge of the static pressure spatial distribution in the annular space between a coaxial
rotating inner shaft and a fixed outer tube is considered useful in the design of a vertical turbine
pump head. It is important that the pump designers design pumps such that the maximum gauge
static pressure location is aligned with the central axis of the delivery pipe of the pump in order to

attain maximum head delivery, thereby resulting in a higher pump mechanical efficiency.
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The profiles of the normalized dynamic pressure at positionsr = R; + 0.045d, r = R; + 0.5004d,
andr = R; + 0.955d for ' =11.36 and I' = 7.81 are presented respectively in Fig. 7(a) and in Fig.
7(b). From these profiles, the dynamic pressure near to the rotating inner wall surface is observed
to be high. This decreases progressively toward the fixed outer tube surface. This observation is not
unexpected, as the fluid particles close to the stationary outer tube have a lower tangential
momentum compared to the fluid particles close to the rotating inner shaft. The effect is a low
dynamic pressure near the wall of the stationary outer tube and a high dynamic pressure near the
wall of the rotating inner shaft. Consider now the normalized dynamic pressure profiles near to the
inner shaft surface presented in Fig. 7(a) and Fig. 7(b). In these profiles, dynamic pressure maxima
exist in the outward flow regions of Fig. 4(a, b), while dynamic pressure minima are present in the
inward flow regions of Fig. 4(a, b). In the outward flow regions, the shape of the dynamic pressure
maxima (peaks) is shaper compared to the shape of the dynamic pressure minima (troughs). This
pattern is caused by the inner cylinder imparting a tangential acceleration through surface shear
stress to the inward flow that approaches this rotating surface with a lower tangential momentum.
As the accelerated fluid particles flow outwards, they conserve their acquired tangential momentum
as they funnel outwards between adjacent vortex pairs.

At position r = R; + 0.500d, the trough of dynamic pressure is almost flat and not well-defined
at the inward flow regions of Fig. 4(a) and Fig. 4(b). This pattern can be associated to the difference
in vortex induced velocity in the meridional plane, since the centers of the vortices are further apart
from the inflow axial planes (E) than from the outflow axial planes (C). This results in the reduction
of the strength of the vortex induced velocity, which explains the flattening of the local dynamic
pressure profile. At radial position r = R; + 0.500d, the fluid tangential momentum is lower
compared to the tangential momentum of fluid near to the surface of the rotating inner shaft. This

explains the discrepancies between the dynamic pressure at position r = R; + 0.045d and the
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dynamic pressure at position r = R; + 0.500d, with the former being higher than the latter. In the
same manner, the dynamic pressure at positions r = R; + 0.500d and r = R; + 0.045d is higher
compared to the dynamic pressure close to the surface of the stationary outer tube at position r =
R; + 0.955d. This is because the fluid particles close to the stationary outer tube wall have a lower

tangential momentum.

5.4. Pressure distribution in the axial plane: In Adebayo and Rona [33], the azimuthal distribution
of the tangential velocity in the axial planes X/R; = 2.62 and X/R; = 1.07 for the test cases I' =
7.81 and I' = 11.36 were indicative of an axisymmetric flow. This is further substantiated in this
paper, by examining the azimuthal distribution of the dynamic pressure at the constant radial
positions (r — R;)d ™! of 0.045, 0.500, and 0.955.

Fig. 8(a) shows the numerical results in the axial plane X/R; = 2.62 for the test case I' = 7.81. At all
the three radial positions, the dynamic pressure is essentially constant and nearly independent from
the azimuthal coordinate 6. The insert in Fig. 8(a) is a magnification of the plot area close to the
origin that shows this feature more clearly. For the test case I' =11.36, along the axial plane X /R; =
1.07, similar results are presented in Fig. 8(b). This indicates that the flow does not manifest any
appreciable waviness of the Taylor vortices.

The radial pressure distributions at the axial locations (B) to (E) of Fig. 4 were extracted for the
test cases I' = 7.81 and I" = 11.36 similarly to the radial velocity profiles extracted in Adebayo and
Rona [33]. The results are shown in Fig. 9 (a) and (b). Near to the wall of the rotating inner shaft,
these profiles show that the normalized gauge static pressure (GSP) is lowest, while it is highest near
to the surface of the fixed outer tube. This result confirms the trend highlighted in Fig. 6 about the
radial pressure distribution being driven by the radial momentum equilibrium in the rotating flow,
by which dp/0r = pw?r. This results in the GSP at the fixed outer tube surface being greater

compared to the GSP at the rotating inner shaft surface.
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Close to the left and right end boundaries at positions X/R; = 0.05 and X/R; = 9.95, the
normalized gauge static pressure profiles substantially overlap. On these axial planes, the
normalized gauge static pressure distributions presented in Fig. 9 display a lower radial gradient
with increasing r for both 1" =7.81 and 1" =11.36 compared to the pressure distributions on other
axial planes. The lower radial gradient with increasing r, in these results, may be due to some of the
centrifugal forces in the flow being counter-balanced by the viscous forces in the regions adjacent
to the two end-walls. The implication is a reduction in the radial pressure gradient, as predicted.

The results of normalized GSP along the axial plane extracted through the center of the clockwise
(X/R; = 0.92) and of the anti-clockwise (X/R; = 1.97) vortices, in Fig. 9(a), show that the Taylor
vortices exhibit similar trends to one another with the profiles substantially overlapping each other.
Fig. 9(b) for the test case I' = 11.36 shows Taylor vortices with similar trends as in Fig. 9(a).

The radial profiles of normalized GSP in the outflow regions, at X/R; = 1.47 for I' = 7.81 and at
X/R; = 1.07 for I = 11.36, are shown respectively in Fig. 9(a) and Fig. 9(b). At the surface of the
stationary outer cylinder, in the outflow regions, the normalized gauge static pressure is observed
to have a higher value than that on any other axial plane in the entire computational domain.

Fig. 9(a) and Fig. 9(b) show respectively the results of normalized GSP in the inward flow regions
at positions X/R; = 2.62 for the test case I' = 7.81 and X/R; = 1.84 for the test case I' = 11.36.
Near the outer tube, the value of the normalized GSP is similar to that at the same radial location in
the axial plane through a vortex center. The normalized gauge static pressure at this location is small
compared to the normalized GSP maximum in the outflow region as the flow loses tangential
momentum by friction against the outer cylinder wall as it travels from the outflow to the inflow
region along this wall. This reduces the pressure required for radial momentum equilibrium. The

particles of this flow with a reduced tangential momentum are then drawn inwards, in an inflow
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region. Their reduced angular velocity gives the shallower normalized gauge static pressure gradient
shown in Fig. 9(a) and Fig. 9(b), by radial equilibrium.

Fig. 10(a) and Fig. 10(b) display the normalized dynamic pressure at the same positions as in Fig.
9(a) and Fig. 9(b) for I' = 7.81 and I" = 11.36. Fig. 10(a) and Fig. 10(b) exhibit a similar trend for all
the profiles with the normalized dynamic pressure at its maximum near to the wall of the rotating
inner shaft and then progressively decreasing toward the fixed outer tube. This trend lends itself to
a simple explanation. The tangential flow motion is driven by the rotating inner shaft, resulting in
maximum tangential momentum. This is the dominant contributor to the dynamic pressure at the
surface of the inner shaft. As indicated in Fig. 5, the flow tangential velocity slowly reduces toward
the fixed outer tube surface. This is shown more clearly in the radial profiles of tangential velocity
reported in Adebayo and Rona [33]. This reduction of the fluid velocity results in a corresponding
decrease in the dynamic pressure, since the dynamic pressure is proportional to the square of the
fluid velocity. The value of the dynamic pressure at the fixed outer tube is approximately equal to
zero, due to the no-slip condition used at this boundary.

Close to the left end-wall at X/R; = 0.05 and close to the right end-wall at X/R; = 9.95, the
normalized dynamic pressure profiles shown in Fig. 10(a) for the test case I' = 7.81 exhibit similar
trends to one another with the profiles substantially overlapping. The normalized dynamic pressure
is observed to be smaller than further away from the end walls, as a result of the viscous effects at
the boundary layer of the left and right end-walls that reduce the near-wall velocity magnitude.

The normalized dynamic pressure at X/R; = 0.05 and at X/R; = 9.95 and through the vortex
centersat X/R; = 0.92 and at X/R; = 1.97 all show three regions where the profiles change. Near
the surface of the rotating inner shaft, the normalized dynamic pressure decreases rapidly with
increasing radial distance. In the middle region of the annulus, the normalized dynamic pressure

plateaus. The normalized dynamic pressure then further reduces toward the surface of the fixed
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outer tube. At the wall of the fixed outer tube, on which a no-slip condition is applied, the dynamic
pressure reduces to approximately zero. The normalized dynamic pressure profiles in Fig. 10(b) for
the test case I' = 11.36 exhibit similar trends as in Fig. 10(a).

Across the axial planes of outflow X /R; = 1.47 for the test case I'=7.81in Fig. 10(a) and X/R; =
1.07 for the test case I' = 11.36 in Fig. 10(b), the radial profiles of normalized dynamic pressure
exhibit a different pattern when compared with the other profiles at different radial positions in Fig.
10(a) and Fig. 10(b). A similar overall pattern is shown, from the surface of the inner shaft, where
the normalized dynamic pressure diminishes and reaches the value of zero at the surface of the
fixed outer tube. However, in Fig. 10(a) and in Fig. 10(b), it is observed that the normalized dynamic
pressure curve in the outflow region is above all the other curves. This is due to the outward flow
region transporting flow particles with high tangential momentum radially between two adjacent
vortices.

Across the axial planes through inward flow regions, X/R; = 2.62 for the test case I' = 7.81 in
Fig. 10(a) and X/R; = 1.84 for the test case I' = 11.36 in Fig. 10(b), it is observed that the radial
profiles of normalized dynamic pressure decreases non-uniformly, with the dynamic pressure
exhibiting different gradients. The rate at which the fluid from the two adjacent vortices is mixing
at their meeting point varies because the outward flow region convects high momentum fluid and
inward flow region convects low momentum fluid, resulting in the change in the dynamic pressure

trends through the outflow and inflow regions observed in these positions.

Conclusions
In this paper, the flow between two independent concentric rotating shafts of n=0.44 and n=0.53,
[=7.81andI'=11.36,u=0,and Ta=6.47 x 10° and 2.35 x 10° has been modelled by Computational

Fluid Dynamics. Whereas many of the previous studies that investigated the Taylor vortex flow
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concentrated on the analysis of the velocity distributions in the meridional plane, this current study
documents qualitative and quantitative predictions of the spatial distribution of static and of
dynamic pressure on the meridional and on the axial planes across the entire annulus, which have
not been previously reported.

The static and dynamics pressures exhibit non-uniform distributions axially and radially, whereas
pressure was found to be substantially uniform in the azimuthal direction, indicating an
axisymmetric Taylor vortex flow. It was found that most of the predicted axial and radial pressure
changes in the rotating flow could be explained by the principle of radial momentum equilibrium,
by considering the spatial distribution of the flow tangential velocity generated by the Taylor
vortices. This seems to be the main driver of the Taylor vortex flow static pressure distribution at
the selected test conditions.

The surface of the stationary outer cylinder is shown to contain regularly spaced gauge static
pressure maxima that follow the axial stacking of steady Taylor vortices. The dynamic pressure of
the annular flow near to the fixed outer tube is also highest in the neighborhood of these maxima,
which are outflow regions of the Taylor vortex flow.

This insight has a good potential for practical engineering applications. Lightly loaded journal
bearings operated at high angular speeds may develop the observed pressure pattern, which would
result in rings of greater pressure on the casing that may lead to a reduced bearing life span.

In a vertical turbine pump, the observed flow behavior may be used for improving the hydo-
mechanical performance of the pump. These devices are commonly used for the irrigation of crops.
By suitably locating the pump outlet on the up-riser pipe, this can match the axial location of a gauge
static pressure maximum determined by the Taylor vortex flow. This would add to the pressure rise

produced by the submerged impeller and could increase the hydro-mechanical efficiency of the

pump.
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Where the objective of the pumping action is the effective displacement of fluid as opposed to its
pressure rise, it may be appropriate to locate the pump outlet at a position of maximum dynamic
pressure, in the axial planes of outflow between Taylor vortices, to exploit the radially outwards

flow motion. Further research is required to substantiate and verify this approach.
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Nomenclature
n= Ri/Ro
d = RO —_ Ri

0

Ta
Re
r,0,X

=1Ld?

The radius ratio

The gap-width, m

The rotational speed of the inner shaft, rad/s
The fluid kinematic viscosity, m?/s

the inner shaft radius, m

the outer tube radius, m

Taylor number

Reynolds number

Cylindrical reference system, m and rad

The aspect ratio

The length of the cylinders in the axial direction
Specific turbulent kinetic energy, m?/s?

Specific turbulent kinetic energy dissipation rate, m?/s3
The flow angular velocity, rad/s

Fluid density, kg/m?3

The standard deviation

Outer to inner cylinder rotational speed ratio
Molecular viscosity, kg m? st

Axial wavelength of the Taylor vortices, m
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Figure Captions List
(a) Hexahedral computational mesh structure and (b) computational mesh detail at
the end wall. One mesh point every two in X, r, and 8 has been plotted for clarity.
Radial velocity profiles at r = R; + 0.500d for three different levels of
computational mesh refinement for test cases (a) I' = 7.81 and (b) ' = 11.36. ({)
Mesh type 1, (O0) mesh type 2, and (=) mesh type 3.
Normalized (a) axial and (b) radial velocity profiles from PIV and CFD at the constant
radial positions r = R; + 0.125d and r = R; + 0.500d on the meridional plane at
6 = —0.5m, with the PIV error band. I" = 7.81.
Normalized velocity vectors in the meridional plane of the annulus for test cases (a)
['=7.81and (b) I' = 11.36. The reference velocity vector is 0.502R;.
Velocity vectors on different axial planes normalized by 2R;.
Normalized gauge static pressure profiles in the meridional plane at constant radial
positions, (&) r = R; + 0.045d, (¢) r = R; + 0.500d, and (O0) r = R; + 0.955d for
the test cases (a)'=7.81and (b)'=11.36. (—) 8 = 0.57, (--) 8 = —0.57.
Normalized dynamic pressure profiles in the meridional plane at constant radial
positions (=) r = R; + 0.045d, (O) r = R; + 0.500d, and (O) r = R; + 0.955d for
the test cases (a) ' =7.81and (b) ' =11.36. (—) 8 = 0.57, (--) 8 = —0.57.
Azimuthal profiles of normalized dynamic pressure at different radii on selected
axial planes for the test cases (a) I'=7.81 and (b) I' =11.36. (=) r = R; + 0.045d,
(O)r = R; +0.500d, and (O0) r = R; + 0.955d.
Normalized gauge static pressure profiles on different axial planesat & = —0.5m,

(a)T'=7.81and (b)'=11.36.
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Fig. 10 Normalized dynamic pressure profiles on different axial planes at @ = —0.5m, (a) I’

=7.81and (b)I'=11.36.
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Fig. 5. Velocity vectors on different axial planes normalized by 2R;.
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test cases (a) I'=7.81and (b) I'=11.36. (=) & = 0.57, (--) 6 = —0.57.
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Fig. 8. Azimuthal profiles of normalized dynamic pressure at different radial heights on

selected axial planes for the test

cases(a) I' =7.81and (b) I' =11.36. (&) r = R; +

0.045d, (O) r = R; + 0.500d, and (0) r = R; + 0.955d.
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Fig. 9. Normalized gauge static pressure profiles on different axial planes at 6 = —0.5m,

(@) I' =7.81and (b) I' =11.36.
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Fig. 10. Normalized dynamic pressure profiles on different axial planes at & = —0.5m, (a)

I'=7.81and (b) T =11.36.
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Table Caption List

Table 1 Geometry of the test cases.
Description Test case  Test case
=781 I =11.36

Inner cylinder length (m) 0.25 0.25
Outer cylinder length (m) 0.25 0.25
Inner cylinder outer 0.05 0.05
diameter (m)
Outer cylinder inner 0.114 0. 094
diameter (m)
Gap width d (m) 0.032 0.022

Table 1: Geometry of the test cases.
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