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Abstract: In this paper, three-dimensional flows in laminar subsonic cas-
cades at relatively low Reynolds numbers (Re < 2500) are presented, based
on numerical calculations. The stator and rotor blade designs are those
for a MEMS-based Rankine microturbine power-plant-on-a-chip with 109-
micron chord blades. Blade passage calculations in 3D were done for different
Reynolds numbers, tip clearances (from 0 to 20%) and incidences (0° to 15°) to
determine the impact of aerodynamic conditions on the flow patterns. These
conditions are applied to a blade passage for a stationary outer casing. The
3D blade passage without tip clearance indicates the presence of two large
symmetric vortices due to the interaction between hub/casing boundary layers
and the blade. Opening the tip clearance introduces the tip vortex, which tends
to become dominant above a tip clearance of 10%. In addition to providing
a description and understanding of the 3D flow in a MEMS microturbine,
these results suggest the importance of considering 3D flows in the design of
microturbomachinery, even though the geometry is dominantly 2D.

Keywords: Microturbomachinery; turbine; vortex; internal flows; secondary
flows

1 Introduction

Power generation is no more limited to utility-scale power plants. Gas turbine power generation
units on the 10-100 kW scale, for example, are increasingly used for energy autonomy or co-generation
in some industrial installations. We could go further and imagine distributed power generation down
to the 1-100 W scale. This would address the growing need for portable and distributed power to drive
hand tools, mobile electronics and distributed sensors. With common manufacturing technologies
however, creating miniature heat engines at such small scale is not economically viable. Instead, we
currently rely on batteries that are charged through the grid, offering limited power density and
autonomy. To address the need for portable power, the concept of low-cost, batch manufactured
micro heat engines has been proposed [1] and stimulated the development of multiple MEMS gas
turbine and steam turbine research and development efforts worldwide [1-5]. Somewhat similar
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to their large-scale counterparts, these microengines implement thermodynamic power cycles, but
within cm-scale volumes and with micron-scale features using semiconductor wafer manufacturing
technologies. These techniques consist of using photolithographic patterning to imprint large arrays
of micron-scale features onto a silicon wafer, in a single step. The features are then etched down
into the silicon substrate to form the micro-engine structures and fluidic channels. These techniques
initially developed by the microelectronics industry for integrated circuit fabrication have since been
applied to create microelectromechanical systems (MEMS), such as miniature sensors, actuators, and
microfluidic systems. Photolithographic patterning, thin film deposition, and etching have allowed the
fabrication of mechanical parts and microfluidic channels in silicon, as well as their integration with
electrical components. Although this approach limits the structures to planar 2D extruded geometries,
it allows parallel and batch fabrication with sub-micron tolerances at low unit cost. It has successfully
been applied to create dime-size planar microturbines, as shown in Fig. 1, with thousands of 100 um
chord blades formed by a single silicon etch.
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Figure 1: Typical MEMS microturbine fabricated by lithography and etching of silicon [6]. (a) Rotor
(4 mm dia.), (b) Blade row

Understanding the source of losses in these unprecedented conditions is one of the goals of the
present study. Since the microfabrication techniques used here lead to straight (no twist) and uniform
height blades, numerical studies of the aerothermodynamics has focused on 2D cascades, assuming a
planar flow field. They have led to loss correlations as a function of Rec, Mach number and incidence,
for a limited range of blade and cascade geometries [6,7]. It has been shown that profile losses tend to
increase significantly for Rec < 1000, suggesting minimum blade chords on the order of 100 microns.
In this range, thickness of the boundary layers developing along the blades tends to be on the order
of the blade passage width, which is significantly different from the thin boundary layers typical of
macroscale turbines. These studies neglect however the three-dimensional flow components that stem
from hub and casing boundary layers and tip leakage flows. Initial numerical studies in a 3D blade
passage (but without tip clearance) identified the presence of vortical structures that can also extend
across the blade passage, making their contribution to the overall losses significant [¢]. Similar studies
of 3D microturbomachinery flows in the flow passage of a single stage micro gas turbine suggest that
secondary flows can increase losses by up to 50% based on the 2D profile losses, for Rec > 10,000 [9].
A correction factor was defined to extrapolate the 3D losses from 2D CFD calculations to facilitate
the design process, but without linking this factor to actual flow structures and loss mechanisms.
The effect of wall shear due to relative motion of the blade passage with respect to the casing was
also shown to impact the efficiency of a microturbine, but only global loss parameters were studied
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[10]. The three-dimensional flow field remains largely unexplored and the related loss mechanisms ill-
defined. To enable the development of microturbomachinery-based heat engines, an understanding of
the 3D flow structures in representative configurations, including tip clearance, is therefore essential.
This is a second objective of the present study.

1.1 Vortical Flow Structures in Macroscale Turbomachinery

The vortex dynamics in the case of a traditional turbine cascade, with turbulent flow and large
Reynolds number (Rec > 500,000) has been described by different authors [1 1-18]. In a turbine cascade
with tip clearance, the leakage flow generates a vortical structure located in the upper half span of the
blade, which worsens the aerodynamic characteristics in this area due to dissipation of the vortex
energy and mixing losses. In addition, velocity gradients in the boundary layer developing on the hub
and casing surfaces lead to horseshoe vortices that wrap around the blade with one leg of this vortex
along the pressure side and the other leg along in the suction side. The pressure side leg is amplified and
becomes the main passage vortex. The other leg (suction side) is drawn into the adjacent blade passage
and has an opposite sense of rotation to the larger passage vortex. The tip vortex generated by the
presence of a tip clearance flow, interacts with the upper passage vortex, adding to the flow complexity.
In macroscale turbomachinery, these vortical structures are limited near the hub and casing walls,
leaving a 2D core flow along most of the blade span. In addition to these main vortices, which are
the principal loss sources, various secondary vortices may also be present [19], such as corner vortices
that appear at the junction of blade and endwall, and induced vortices, that result from the interaction
between the passage vortex and the suction side wall.

1.2 Scope of this Study

This work provides a comprehensive description of the 3D flow structure in subsonic laminar
microturbomachinery, considering tip clearance effects on the flow structure and losses. Compu-
tational fluid dynamics (CFD) finds its rightful place since it is difficult and even impossible to
give a fine experimental description of the flow within those small devices. Unlike macro-scale
turbomachinery aerodynamics this numerical study focuses on laminar flow given the relatively low
Rec in microturbomachines. The blade configuration and operating range are representative of the
multi-stage steam microturbine proposed by Fréchette et al. [20] to implement the Rankine vapor
power cycle on a chip. As in macro-scale turbines [21-23], a small annular tip clearance between the
rotor blade tip and the casing is required. At microscale, the clearances are typically larger (relative
to the blade height) however to accommodate imperfections due to the etching process and bearing
tolerances. Microturbine rotors are typically supported by fluid film bearings that allow microns of
tip deflection. Thus, a tip clearance of 5% of the blade height is considered as a minimum limit,
while tip clearances up to 20% have been required in microturbomachines [24]. First, the structure
and evolution of the vortices are detailed. A broad yet detailed investigation over the operating range
and design space was required to properly identify the changes in vortex dynamics. Special importance
is given to the dynamics of the tip vortex when increasing the tip gap size given its significant impact on
losses. A range of tip clearances is considered from 0% (ideal geometry) to 20% of the passage height,
based on the typical values achieved by microfabrication. For each geometry, incidences from 0° to 15°
are considered. Following a description of the numerical model (Section 2), we present the 3D flow
structure and vortex dynamics (Section 3). The effects of varying the tip clearance gap are presented
in Section 4. Analytical criteria are also defined to determine when the dominant flow structures are
to be expected, providing a basis for 3D-aware microturbomachine design.
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2 Description and Modelling of the Problem

The blade passage modeled here is based on a steam microturbine currently under development
[25]. It consists of a 4-mm diameter rotor with a single radial turbine stage. It is designed to operate at
1.2 x 10° RPM (£2 = 125714 rad/s), which corresponds to a tip speed of approximately 250 m/s. The
nominal blade dimensions are 109 microns chord and 100 microns height. The rotor blade is obtained
by modifying the A3K7 profile [26]. We consider a single blade passage to give an adequate description
of the flow and losses within this radial turbine. Fig. 2 gives all details about the computational domain
and also surfaces where losses are calculated. The fluid is water vapour entering at 600 K, considered as
a compressible ideal gas. Stationary adiabatic calculations are performed at different incidences (o =
0°, 5°, 10° and 15°) and different tip clearances (0%, 0.5%, 1.5%, 2.5%, 5%, 7.5%, 10%, 15% and 20%),
varying the inlet total pressure and the scale of the cascade to vary the chord-based inlet Reynolds
number from 40 < Rec < 2500, while maintaining Mach number within 0.3 < M < 0.5. Losses are
calculated by taking averaged properties at the cascade’s inlet (S1) and outlet (S3); plots will also be
shown at the mid-chord plane (S2) (Fig. 2).

(a)

Figure 2: Computation domain and discretization for the CFD calculations of the microturbine
cascade. (a) Sketch of the cascade computational domain, showing the relevant planes and sections.
(b) Computational discretization, showing grids on the blade surfaces and cross-sections to illustrate
the refined grids near the tip clearance, blade surface, leading edge and trailing edge

The coupled partial differential equations describing the flow field are discretized with the finite
volume method, using a commercial solver (Ansys-Fluent). Second order upwind discretization is
used. The rectangular staggered grid is non-uniform in both directions: it is finer near the walls and
in the tip clearances where gradients are more important. Grid size plays an important role in both
convergence and accuracy of the solution. It was indicated that in the 2D case (x-y plane), 20,000
triangular nodes are sufficient to force grid independence [7,24,27] and that 15000 rectangular nodes
give identical results [8]. Since the 3D geometry is simply a sweep of the 2D profile, the mesh can
be described by its discretization in the three main components. Grids with increasing density were
tested for blade passage without tip clearance as a reference. The study indicates that a minimum grid
of 40 nodes in the Z direction is sufficient to capture losses, which is consistent with the fact that a
minimum number of twelve nodes allow a representation of the boundary layer [28]. Nevertheless,
further refinement of the grid was motivated by the desire to represent well the details of the vortices.
Tab. 1 shows the final grid density, divided into three blocs (upstream of the leading edge, the blade
passage, and downstream of the trailing edge).
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Table 1: Number of grid nodes in each direction, by block

Direction Upstream Passage Downstream
RY 100 130 70
y 90 90 90
z 80 80 80

When a tip clearance is added, we maintain the same mesh up to the blade height, but with an
additional mesh to cover the gap. For tip clearances of 0.5%, 1.5%, 2.5%, 5%, 7.5%, 10%, 15% and
20% of blade height the added number of grid nodes along z are 6, 12, 16, 18, 26, 30, 30 and 30
respectively. Doubling the number of grid nodes in the tip clearance was verified not to change the
results. Convergence is declared when the cumulative residuals for all conservation equations are less
than at least 10"’ and when the drag coefficients are mainly constant especially on the top wall of the
blade.

3 Description of the Flow Structures

The design of recent microturbines has been generally based on 2D calculations, since classical
turbines generally exhibit a core meridional flow that validates the 2D assumption. The present study
is the first detailed investigation of the 3D flow structures in microturbine to support future design
efforts. This section presents the vortical flow structures, consisting of the horseshoe to passage vortex,
the tip vortex and the rest of secondary vortices. To clearly distinguish the tip vortex from the passage
vortex, a cascade without tip clearance (referred to as ideal) is considered first. Influence of Reynolds
number on the passage vortex is analysed. Secondly the more realistic configuration with tip clearance
is studied, followed by a discussion of the secondary vortices also present. To visualise the vortical
structures, the Q criteria [29] is used, which is the second invariant of the velocity gradient tensor. The
rotation direction is identified by coloring the vortices by the helicity (defined by the dot product of
vorticity (curl of the flow velocity) and the velocity vector) and also adding some streamlines.

3.1 Idealised Case without Tip Clearance
3.1.1 Dominant Vortices

The inlet boundary layers that form along the casing and hub endwalls result in y-vorticity that
can be viewed as vortex filaments in the lateral direction. As they meet the blade, they wrap around
it, creating a horseshoe vortex around the obstacle (Fig. 3(a)). In a blade passage, we therefore expect
two branches of adjacent horseshoe vortices, along the pressure side of one blade and the suction
side of the adjacent blade [16]. This is observed at the hub, but also symmetrically at the tip, for
the ideal case of a cascade with no tip clearance flow. Figs. 3(b)-3(d) illustrate the simulated flow
structures with no tip clearance, showing this symmetry. In Fig. 3(b), the value of the Q-factor chosen
to draw the iso-surfaces was sufficiently high to only show the most dominant vortical structures,
which are the horseshoe vortices. The pressure-side leg is amplified by the passage pressure-to-suction
endwall flow and becomes the passage vortex, while the other leg (suction side) is weaker and has an
opposite sense of rotation. Its presence is identified by streamlines and the Q-factor contours further
downstream, where it gets wrapped around the pressure-side leg of the adjacent horseshoe vortex [17].
The other vortical structures in Fig. 3(b) correspond to z-vorticity in the boundary layer on the suction
side as well as at the blade blunt trailing-edge, from the onset of some vortex shedding. Globally, the
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horseshoe vortex legs combine to form a pair of quasi-symmetrical, quasi-identical counter-rotating
blade passage vortices (the lower is clockwise), which are positioned along the suction side near the
hub and casing endwalls (Figs. 3(b) and 3(c)). The present vortices dominate totally the flow and the
secondary flow is here the primary one, which is a major difference with classical turbines. Indeed, at
first glance there is no core flow by reference to the classical cases and the 2D assumption does not fit
in this case.
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Figure 3: Vortex structures for a micro-cascade with no tip clearance at Re = 1200 + 50. (a) Schematic
of horseshoe vortex and formation of the passage vortex, according to [16]. (b) Three dimensional
dominant vortical structures illustrated by Q-factor contour and streamlines, showing the pressure
and suction side legs of the horseshow vortex, and the passage vortex that results (tip 0%). (c) Velocity
vectors at mid-chord plane. (d) Vortex structures in the turbine cascade (Q-Factor colored by the
helicity)

The secondary flow is no longer localised at the hub and the casing. This total large volume
occupied by vortices is characteristic to the low Reynolds number; at high Reynolds numbers typically
found in large-scale turbomachinery (Re > 10°), the secondary flows are localised near the hub
and casing [27]. As mentioned in the introduction, the microturbines considered here operate in the
laminar regime (Rec < 2500), and in this range the flow topology is affected by varying the Reynolds
number. From a shape point of view, increasing the Reynolds number deforms the vortex, which is
more symmetrical about its axis at the lowest Reynolds numbers (Fig. 4). Thus, increasing the Rec
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results in a tendency to crush the vortex on the suction side and end wall (hub or casing) leaving more
space for the core flow and affecting the losses related to these secondary flows. The low R, found
in microfabricated turbines is also expected to increase profile losses [25], as shown here by the 2D
calculations in Fig. 4. The profile losses are considered in the ideal case (no tip clearance) for a 0°
incidence as an example, defined as:

Wpro = (P_()Z_P_Ol) / (I)_OZ_IT2> (1)
where the average of each quantity @ in a considered section is mass-averaged as:
P = / oV, ® dS// pV,dS 2

We notice a gradual increase in profile loss from R, = 2500 to 1000, followed by a dramatic
increase as R, is reduced below 500. The 3D losses, which include profile losses and secondary flow
losses, follow the same trend, with an apparent bias increase. It can be noticed that secondary flow
losses are the largest contributor, compared to the profile losses above R., of 1000, stressing the
importance of analysing the 3D flows.
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Figure 4: Losses versus Reynolds number for an ideal cascade (no tip clearance) with zero incidence.
The inset of Q-contours shows that the top passage vortex becomes less dominant (pushed towards
the blade and casing).

3.1.2 Secondary Vortices

In addition to the dominant passage vortex, we notice secondary vortices in Fig. 3(d). Although
the dominant vortices mostly contribute to the loss generation in the inter blades region, comprehen-
sion of the flow structure and minimization of losses are conditioned by all the vortices. Secondary
vortices generally appear near the trailing edge, as sees in Fig. 3(d), adding more complexity in the
mixing region. A first type of secondary vortex appears resulting from the interaction between the
dominant vortices and the flow in the center of passage called induced vortices [30]. This vortex
develops near the mid-height of the blade suction side. When the passage vortex moves away from
this wall appears a zone where the fluid is almost quiescent (separation region), the rotation effect
of the passage vortex induced the rotation of fluid in this zone like the corner vortex in a cavity.
By symmetry there are two counter rotating vortices. These are also called concentrated shed vortex
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(CSV), as indicated by Kang [11]. Finally, we can also notice in Fig. 3(d) another pair of smaller
secondary counter rotating vortices adjacent to the hub and casing, that forms along the suction side
of the blade, also found at higher Rec and called corner vortices [30].

3.2 Tip Vortex with Tip Clearance Gap

Between the blade pressure side and the suction side tends to force the flow through the clearance
gap. This short-circuit flow is a major source of inefficiency in a turbine [22]. This leakage can induce
a tip vortex and affect the flow in the upper half span of the blade. Downstream of the trailing edge,
the flow field is characterized by a strong local flow blockage in the tip region which is important
and the dominant source of loss within the blade passage upper region. Thus, increasing tip clearance
leads automatically to increase losses; then seen the importance of manufacturing turbines with the
lowest possible clearance. This is not the case in micro-fabrication, where a tip clearance of less than
5% is difficult to be obtained and a tip clearance 10% is realistic or even more. The tip vortex then
appears which is shown by the vorticity layer near the suction side of the blade (Fig. 5). This clockwise
turning vortex modifies the position and the direction of the counter-clockwise top passage vortex and
also reduces the shape of the upper induced vortex. The size of the tip vortex mainly depends on the
tip clearance gap and the pressure difference. Presence of the passage vortex results in a deformation
of the tip vortex in the mixing region. At the blade exit, we also notice that the top corner vortex is
carried away by the tip vortex since they are turning in the same direction. Given the strong impact of
the tip clearance on the flow structure, the following sections will further investigate the parameters
that affect it, including the tip clearance size (Section 4) and the effect of a relative wall motion, as
would be experienced in a rotating machine (Section 5).

L1p vortex

Comer vortex carried

Figure 5: Appearance of the tip vortex with tip clearance gap and interaction with the upper passage
vortex (Q-criterion with tip clearance 5%, with mid-chord cross section vector field)

4 Effects of the Tip Clearance Size
4.1 Flow Topology and Existence of the Tip Vortex

The above observations with no tip clearance remain valid when the tip clearance size remains
small. Asseenin Fig. 6, which shows the vorticity magnitude contours for different small tip clearances
(0%, 0.5%, 1.5% and 2.5%) in the mid-chord plane, the two passage vortices that results from the
horseshow vortex remain well defined. It also indicates an absence of the tip vortex at low tip gaps but
a loss of symmetry between the two passage vortices when increasing the tip gap size.
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Tip 0.5%

Figure 6: Vorticity magnitude contours at the mid-chord plane for small tip clearance, showing the
absence of a tip clearance vortex below 2.5% tip clearance (Stationary blade at Re = 1200 % 50)

For larger tip clearance gaps (10%), the presence of the tip vortex is characterized by its large size
compared with the passage vortex (Fig. 7). As seen in this figure, the tip vortex dominates the upper
region making the passage vortex secondary in the cases of gaps 10% and more. This means more
complexity, since the tip vortex becomes dominant and takes the place of the top passage vortex. The
top passage vortex becomes distorted and disappears progressively along the flow. At the exit plane,
the two principal vortices are rotating in the same direction.

The tip vortex dominates
the upper region

Figure 7: Dominant tip vortex over top passage (horseshoe) vortex (Q-criterion with tip clearance 10%,
and mid-chord cross section vector field)

As summarized in Fig. 8, increasing the tip clearance size results in an increased size of the tip
vortex. This figure also indicates that 3 different regimes occur:

—For the 2.5% tip clearance (or less), there is no tip vortex, so the structure of the flow is
comparable to the ideal cascade but slightly asymmetric.

—For a 5% tip clearance, the tip vortex is present and does not exclude the top existing passage
vortex (analogous to classical turbomachines). The structure of the flow is based on that of an ideal
flow passage (dominant passage vortex), with the additional presence of the tip vortex.

—For the 10% tip clearance or more, the flow configuration changes totally: the tip vortex
becomes dominant over the top passage vortex.

Another important visual result from this figure is that increasing the gap size makes the tip vortex
larger and leads to more mixing and then more losses are expected. To explain these regimes and
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better determine the criteria that defines their ranges, the following sections will further analyse the
tip clearance flow and the forces at play and formulate an analytical criterion.
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Figure 8: Contours of vorticity magnitude at mid-chord plane, for increasing tip clearance size (2.5%
to 20%), showing the transition from no tip vortex to a dominant tip vortex. (a)-tip 2.5%; (b)-tip 5%;
(c)-tip 10%; (d)-tip 20%

4.2 Flows in the Tip Clearance Region

As indicated in the introduction, nine different tip gap sizes have been considered (0, 0.5, 1.5,
2.5%, 5%, 7.5%, 10%, 15% and 20%) in order to clarify some point such as the appearance of the tip
vortex and the occupation of the top region (near the casing) by the tip vortex or by the passage vortex.
From the CFD results, the flow rate and forces acting in the tip clearance region can be analysed to
define the regimes for tip vortex formation. To do so, a control volume containing the tip clearance
region is used, as illustrated in Fig. 9. From mass conservation in steady state, the mass flow rate is
constant throughout the tip clearance and can be calculated at the entry or exit. The balance of wall
shear and pressure force will also applied in this control volume. Fig. 10(a) shows the leakage mass
flow rate versus the tip clearance size. Generally, the leakage flow increases with gap size and follows a
linear trend for large tip clearance (>8%). For small tip clearance (<3%), the flow rate follows a trend
for Poiseuille flow [31], as shown by the dashed line in Fig. 10(a), and appears to represent a viscous
dominated regime. This is better shown by the force balance presented in Fig. 10(b), which compares
the flow leakage driving effect of the increment of blade tip pressure difference caused by the blade
loading (solid line) to the viscous resistance in the gap (dashed line).
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Figure 9: Schematic of the tip clearance control volume with the forces

For a tip clearance lower than ~3%, the wall shear force is dominant and this correlates with
the absence of the tip vortex observed in the previous section. The dominance of this force in the tip
clearance is also coherent with the flow rate characteristic of Poiseuille flow, as indicated in Fig. 10(a).
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When the driving pressure force dominates over the viscous forces, a higher momentum tip clearance
flow is created, which is coherent with the appearance and intensification of the tip vortex at larger tip
clearance size see in Fig. 8. Moreover, the presence of a tip vortex can be verified by considering the
velocity profiles in the tip clearance as indicated in the Fig. 11.
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Figure 10: Leakage mass flow rate and force balance in the tip clearance, as a function of tip
clearance size. (a) Mass flow rate in the tip clearance. (b) Pressure forces and Wall shear forces
on the tip clearance volume
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Figure 11: Velocity profile across the tip clearance, taken at mid-chord for three different tip gap sizes
(2.5%, 5% and 10%) at three positions
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When the tip vortex is absent (tip clearances <3%), the leakage flow velocities are lower and
present a fully developed profile. For larger tip clearances (5% and 10%), when the tip vortex is present,
the velocities increase, and we start to observe a core flow. The asymmetry of the velocity profile is
due to the effect of flow entering the gap with a spanwise velocity component from the blade side.

4.3 Dominance of the Tip Vortex

The analogy with the classical turbomachinery is quite possible when the tip vortex is present and
does not dominate the upper region. For larger tip clearances however (>10%), we are dealing with
new flow conditions. In the design of microturbines, we should take this regime onto account since the
microfabrication and bearing technologies do not allow fabrication of small gap-sizes that would be
beneficial to minimize losses. The dominance of the tip vortex is a limit that should not be exceeded
to obtain reasonable losses. This limit can be correlated with the averaged wall shear stress on the top
blade, as plotted in Fig. 12, normalised by the average wall shear stress at the hub.
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Figure 12: Average shear wall on the top wall of the blade (tip surface), coherent with the observed tip
vortex regimes

The wall shear stress initially increases up to a gap size ~3%, then decreases until a gap size of
approximately 8%, and then appears to remain constant: Thus the viscous resistance effect is present
for this gap range [0%, 8%] but for beyond (>8%), the gap is large enough to consider that the casing
doesn’t directly affect the top blade wall. This limit corresponds to a mass flow behaviour typically
linear (Fig. 10(a)), since the pressure variation from the pressure side to the suction side is mainly
constant. This is effectively the gap size limit that should be respected when designing micro-turbines
to prevent excessive losses. It is consistent with Fig. 11 as the wall shear for the 2.5% tip clearance is
greater than for the 5% tip clearance which in terms is larger than for the 10% tip gap.

4.4 Effects on the Blade

Generally, in a conventional turbine, the vortex structures are localised near the hub and casing,
and their traces on the blade surface are seen only on a small fraction of the total blade surface; this
is not the case when considering micro-turbines. As indicated in Fig. 13, showing the contours of wall
shear on the suction side (ss) for different tip clearance sizes, traces of the vortices occupy a significant
part of the blade span. Wall shear from the vortices show the expected symmetry for 0% tip clearance,
some asymmetry due to the presence of the small gap (2.5%), the presence of the small tip vortex at 5%
gap that prevents the contact between the upper passage vortex and the suction side, and reappearance
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of shear near the tip, but due to the dominant tip vortex. For all these tip clearances, the lower part of
the blade remains comparable.
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Figure 13: Contours of wall shear on the blade sides (ss and ps) and wall shear stress at different
positions of the suction side (equipositions from the leading edge to the trailing edge)

The same observations are quantified on the suction side by plotting the wall shear stress along
the span at different vertical lines from the leading to the trailing edges as indicated in the Fig. 13. The
lower region of the blade near the suction surface seems un-affected when changing the tip clearance;
it indicates essentially that the lower passage vortex trace is comparable for all tip clearances (see the
blue dotted line). The trajectory of the bottom passage vortex is mainly unchanged. This is not the
case for top region where the presence of the tip vortex (tip 5%) pushes away the top passage vortex
making its trace weak on the suction side. However, in the 10% tip clearance case, the top vortex trace
is not due to the passage vortex but to the tip vortex.

Now if the pressure side (lower part of the Fig. 13) is considered, clearly the wall shear is more
important in those surfaces; it is increasingly important from the leading edge to the trailing edge.
These latest cases indicate two important points: 1) the zone where the wall shear is approximately
zero indicate that from those regions detached the passage vortex, and 2) in the 5% and 10% cases, the
horizontal layer near the tip with maximum shear is indicative of the presence of the tip vortex.
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The static pressure distributions for two tip clearances (5% and 10%) at 25%, 50% and 75% of the
blade height are given in Fig. 14 by the static pressure coefficients,

Cp = (P - Pm)/OSmelzn) (3)

with P, p;, and U,, are respectively the static pressure, the density and the velocity at the cascade
inlet. The position 50% of the blade height is supposed to be a reference since at mid-span the present
vortices have little influence (see also Fig. 11). But on the suction side, we see a difference between the
5% and 10% tip clearances. Up to 30% of the chord (x/C = 0.3), the static pressure coefficient C, is
less in the case of 10% tip clearance, but after (x/C > 0.3) the trend is reversed. This is attributed to
the dominant tip vortex (for 10% tip clearance) which results in more pressure on the suction side.

is , . =sssss TipS% (25% of H)

Tip5% (S0% of H)

1 R = = =Tip5% (75% of H)
> Tip10% (25% of H)

Tip10% (50% of H)

Figure 14: Static pressure distribution at 25% (dotted), 50% (line) and 75% (dashed) of the blade height
for the tip gaps 5% (black) and 10% (red)

5 Conclusions

This paper presented a numerical analysis of subsonic laminar flow through a cascade for
microturbomachinery applications operating at low Re. Numerical calculations were done with 3D
static geometries associated to nine tip clearances (0%, 0.5%, 1.5%, 5%, 7.5%, 10%, 15% and 20%) at
for 40 < Re < 2500 and four different incidences (0°, 5°, 10° and 15°). For all the considered geometrical
and physical parameters, numerical calculations indicate that the flow is essentially 3D and the whole
volume is occupied by vortices. Consequently, there is no core flow, and the classical 2D (meridional)
design assumption would not be applicable.

The calculations indicate essentially three different flow configurations classified according to the
tip gap size, small [0%—3%], medium [3%—8%)] and more than 8% of blade height. The distinction
between these different flow configurations was based on a detailed study of the leakage flow.
Specifically, the mass flow through the tip clearance was characterized through a comparison between
the pressure and shear forces in the tip gap volume and also the wall shear applied of the top wall
blade.

At relatively small tip clearance, lower than 3%, the wall shear force in the tip clearance dominates,
so the leakage flow is reduced and of Poiseuille type; this correlates with the absence of the tip vortex.
Also within this tip clearance range, the mean wall shear stress on the blade top-wall increases. The
calculations indicate the presence of two quasi-symmetrically positioned passage vortices at the hub
and casing, near the suction side. The trajectory of these vortices depends on the Reynolds number and
incidence. Two secondary corner vortices were identified on the suction side at the exit blade corners
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near the hub and the casing. Also, induced vortex appears resulting from the interaction between the
dominant vortices and the core flow.

For a tip clearance within the range [3%—8%], the tip vortex appears in view, which is justified but
the driving pressure force that dominates over the shear force in the tip clearance. Increasing the tip
gap within this range leads to a decrease of the blade top-wall shear. The limit 8% was determined
by a leakage mass flow rate that begins to follow a linear behavior and mean shear on the blade top-
wall that tends towards a constant as tip clearance is increased. This case is more representative of the
flow structure and losses in a microfabricated turbine. The tip vortex modifies the position and the
direction of the upper passage vortex. This vortex carried away the top corner vortex and the upper
induced vortex becomes smaller compared to the lower one.

For a tip clearance greater than 8%, the pressure difference across the tip clearance remains
unchanged. Consequently, the pressure force increases by increasing the tip gap size and largely
dominates the shear force (which remains constant). The leakage mass flow rate behaves linearly since
it depends on the tip gap size. The tip clearance vortex dominates totally the upper region making the
top passage vortex secondary and the upper induced vortex is not seen. This situation does not exist
in traditional turbomachinery but is within the achievable range for microfabricated turbines. This tip
clearance value should be considered as a limit to reduce losses when designing a microturbine.

For all the three configurations the lower region near the hub seems to be not affected by the tip
gap variation and remains qualitatively unchanged i.e., a presence of a passage vortex, corner vortex
and an induced vortex.
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