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ABSTRACT

Experimental and computatinnal results nf tip leakage flaw fields
in a diaganal flaw rotor af the design flow ratc are compared with
those in an axial flow rotor. In the diagonat flow rotor, the casing and
hub walls ore inclined at 25 degrees and 45 degrees, respectively, to
the axis of rotation, and the blade has airfoil sections with almost the
same tip solidity as that of the axial flow rotor. It is found out that
“breakdown™ of the tip leakage vortex occurs at the aft part of the
passage in the diagonal flow rotor. The “vonex breakdown™ causcs
significant changes in the nature of the tip leakage vortex: disappearance
of the vorex core, large expansion of the vortex, and appearance of
low relative velocity region in the vortex. These changes result in the
behavior of the tip leakage finw substantially different from that in the
axial flow rotor: no rolling-up of the leakage vortex downstream of the
rotnr, disappearance of the casing pressure rough at the aft part of the
rotor passage, large spread of the low-energy fluid due to the leakage
flow, much larger growth of the casing wall boundary layer, and
considerable increase in the absolute tangential velocity in the casing
wall boundary laycr. The vortex breakdown influences the overall
performance, also: large reduction of efficiency with the tip clearance,
and low level of noise.

INTRODUCTION

Tip leakage flow fields in axiaj flow compressors have been studied
by many researchers since Rains’ work ([954), because of their impact
on compressor stability and performance (Seth Jr., 1970). Especially,
they have been highlighted for the last decade, and its complex flow
mechanism is getting more and more clarified by numerous experimental
and numerical works (Inoue et al., 1986; Hah, 1986; Murthy and Lak-
shminarayana, 1986, Dawes, 1987, Inouc and Kuroumaru, 1989; Chen,
et al., 1991; Storer and Cumpsty, 1991; Moyle et al., 1992; Adamczyk
et ab., 1993; Stauter, 1993; Lakshminarayana et al., 1995, Zierke et
al., 1995; Foley and lvey, 1996; Suder and Celestina, 1996; Kang and
Hirsch, 1996). The distinctive feature of the flow structure is the

rolling-up of the tip leakage vnrtex and its intzraction with secondary
flows.

On the other hand, one of the authors has once studied on possibility -
of a diagonal flow compressor rotnr as a first stage of a multi-stage
compressor, because its loading coefficient can be about one and a half
times as high as that of an axial flow rotor. On the basis of the quasi-
three-dimensional design method proposed by Inoue et al. (1980), a
diagonal flow rotor with NACA 65 series profile was designed and
tested (Inoue et al., 1984). The blade solidity at the tip was almost the
same as that of the axial compressor rotor which the authors used to
investigate the structure of the tip leakage flow (Inoue et al., 1986).
The high loading coefficient required was oblained notwithstanding
small number of blades, and the noise level was considerably low,
compared with the axial flow rotor. However, an effect of the tip
clearance on tbe rotor performance was much larger in comparison
with the axial rotor case: the reduction of efficiency with the tip clearance
was about three times as large as that of the axial flow rotor. Recently,
the authors reassembled the diagonat flow rotor in the low-speed rotating
cascade equipment of Kyushu Universily, and surveyed the internal
flow field 10 examine a cause of the large reduction of efficiency with
the tip clearance (Furukawa et al., 19953). The phase-locked flow
fields measured just behind the rotor indicated that there was no vortex
rolling-up even in the case of a large tip clearance.,

Goto (1992a, b) swdied internal flows in a mixed-flow pump
impeller with various tip clearances by experiments and numerical
simulations. His results showed that there was substantial difference
in the secondary flow field between axial-flow and mixed-flow impellers,

In this study the tip leakage flow fields at the design flow rate are
compared between the axial and the diagonal flow rotor which have
similar blade solidities at the tip section, to clarify the reason why the
reducing rate of efficiency with the tip clearance is much larger and
the noise level is much less for the diagonal flow roter. The experimental
data used in the comparison are tangentially averaged velocity distribu-
tions, phase-tocked averaged velocity distibutions just downstream of
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the rotors, and phase-locked averaged pressure distributions on the
casing walls. Three-dimensional viscous flow simulations are carried
out by a high-resolution upwind scheme hased on a TVD formulation
with a cell-centered finite volume method, to investigate the detailed
behavior of the tip leakage flows.

EXPERIMENTAL APPARATUS AND PROCEDURE

Diagonal Flow Rotor

The experimental investigation was performed using the diagonal
flow rotor with high specific speed shown in Fig. 1. Design specificalions
of the rotor are summarized in Table 1 where the flow coefficient, ¢,
and the total pressure rise coefficient, y, are defined as

¢‘—Q—— 9]

" Un{D? - D) /s

AP

y= (2)
pUHZ

where @ is the volume flow rate, AP is the lotal pressure rise, Uy is
the blade tip speed at the rotor exit, p is the density, Dy and Dy
denote the lip and hub diameters at the rolor exit, respectively. in the
rotor the shapes of the hub and casing walls were cones with inclinalions
of 45 degrecs and 25 degrees, respectively, to the axis of rotation. The
design vortex 1ype of the rolor was a free vortex with an axial inlet
condition. The equivalent diffusion ratio in Table 1 is based on an
extension of that of Lieblein to include changes in radius and axial
velocity through the blade row derived by Klapproth (1959).

Blades of the rotor were made up of NACA 65 series airfoil
sections designed by the quasi-three-dimensional method of Inoue et
al. (1984). in the design methed, a meridional through-flow was first
solved by a streamline curvature method to determuine averaged stream
surfaces, and then the stream surfaces were transformed conformally
into two-dimensional pianes on which blade elements were selected by
means of a two-dimensional cascade data. Cascade geometries of the
blade elements were corrected theoretically by taking account of effects

Table 1 Design specifications of diagonal fiow rotor

Flow coefficient ¢ =0.3563
Total pressure rise coefficient ¥ =075
Vortex design Free voriex
Tip diameter D, = 400 mm (cotor exit)
Hub-tip ratio v = (.75 (rotor exit)
Blade profile NACA 65 series
Number of blades 6
Blade thickness 10%(root), 4%(1ip)
Solidity at tip 1.054
Chord length at tip i57 mm
Equivalent diffusion ratio at tip Deq = .64
Hub inclination 45°
Casing inclination 25°
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Fig. 2 Stage performance of diagonal flow rotor

due 10 the stream surface inclination and the stream surface thickness
variation. Lastly the biade elements on the two-dimensional planes
were retransformed inta the physical space.

The blade tip clearance was varied by moving the rotor in the
axial direction. Experiments were performed for three blade tip
clearances of T = 0.5, 1.0 and 2.0 mm, which corresponded to 0.3, 0.6
and 1.3 percent of tip chord, respectively. Figure 2 shows the stage
performance of the diagonal flow rotor. in the case of the minimum
clearance, the performance salisfied the design point, and the efficiency
was 95 percent at the design flow rate.

Flow fields upstiream and downstream of the rotor and pressure
distributions on the casing wall were measured, as shown in Fig. 1, at
the design flow rate (¢ = 0.563) for the three different tip clearances.
The flow measurements were made al a rolor rotationai speed of 1300
rpm.  Upstream of the rotor the survey of a 5-hole cobra probe was
carried out. In al} the experiments the meridional displacement thickness
of the casing wall boundary layer was 0.3 percent of tip chord upstream
of the rotor. On the other hand, downsiream of the rotor phase-locked
flow fields were obtained by a constant temperature hot-wire
anemometer and a periodic multisampling and averaging technique
with a computerized data acquisition system (Kuroumaru et al. 1982).
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Table 2 Design specification of axiai fiow rotor

Flow coefficient ¢ =05

Total pressure rise cocfficient V =04

Vortex design Free vortex

Tip diameter D, =449 mm
Hub-tip ratio v =06

Blade profile NACA 65 scries
Number of blades 12

Blade thickness 10%(root), 6%(tip)
Solidity at tip 1.00

Chord length at tip 117.5 mm
Equivalent diffusion ratio at tip Deq =143

The hot-wire sensor was a slanted single tungsten wire with a diameter
of 5 um, an effective lengih of 1 mm and a slant angle of 45 degrees.
The hot-wire measurements were made al 23 spanwise positions. In
each spanwise position, the hot-wire signals were sampled at 300
tangential points relative to the rotor. The 300 tangential points covered
three successive blade passages. Phase-loeked pressure distributions
on the casing wall were obtained by also applying the periodic
muttisampling and averaging technique to pressure measurements using
a high response pressure sensor. The pressure sensor was installed on
the cusing wall in a similar manner to that used in the previous study
{Inouc and Kuroumaru, 1989). The casing wall pressure measurements
were performed at 13 axial positions, and pressure samplings in each
axial position were made at 200 tangential points corresponding to two
successive blade passages.

Axial Flow Rotor

Experimental results for the diagonal flow rotor were compared
with those for the axial flow rotor presented in the previous papers
(inoue et al.,, 1986; Inoue and Kuroumaru, 1989). The axial flow rotor
had design specifications given in Table 2. The hub and casing walls
were cylindrical, that is, had no inclination to the axis of rotation,

Experiments were performed for five different tip clearances of t
=05.1.0,2.0,3.0and 5.0 mm (0.4, 0.8, 1.7, 2.6 and 4.3 percent of tip
chord, respectively). Phase-locked velocity fields downstream of the
rotor {inoue et al., 1986) and phase-locked pressure ficlds on the casing
wall (Inoue and Kuroumar, 1989) were measured at the design flow
condition with a rotor rotational speed of 1300 rpm in the same way as
the diagonal flow rotor. The disptacement thickness of the casing wall
boundary layer at the inlet was (.6 percent of tip chord in all the
experiments.

NUMERICAL ANALYSIS

Numericai Schame

We performed numerical flow simulations in order to investigate
the tip leakage flow ficld inside the rotor passage which was not able
to be measured by our experimental apparatus. In the numerical
simulations the compressible Navicr-Stokes equations were solved by
an unfactored implicit upwind relaxation scheme (Furukawa et al.,
1995b). The numerical method uscd is outlined in the following.

The three-dimensional, Reynolds-averaged Navier-Stokes

Embedded Main
H-type Grid  H-type Grid
Casing e vp t yp
ST s thE I
! 1 BladeTip KL

3PS ss

Fig. 3 Typical cross-sectional vlew of computationai grid
near blade tip

(b) Cross-sectional view
Fig. 4 Computational grid for diagonai fiow rotor

equations were discretized in space using a cell-centered finite volume
formulation and in time using the Euler implicit method. To sharply
capture the tip leakage vortex near the casing wall, the inviscid fluxes
were evaluated by a high-resolution upwind scheme based on a TVD
formulation (Furukawa et al., 1991; Inoue and Furukawa, 1994) where
a Roc's approximate Riemann solver of Chakravarthy (1986) and a
third-order accurate MUSCL approach ol Anderson ¢t al. {1986) wilh
the Van Albada limiter were implemented. Most of numerical flow
solvers for turbomachinery problems, however, are based on anificial
dissipative schemes in which the inviscid terms are discretized in central
differencing manners with artificial dissipation terms. According to
studies on the application of high-resolution upwind schemes to the
Navier-Stokes equations by van Leer et al. (1987), and Swanson and
Turkel {1993), it is found that built-in numerical dissipation terms
introduced by the high-resolution upwind schemes using Riemann
solvers such as Roe’s (Roe, 1981) and Osher's (Osher and Chakravarthy,
1983) automatically become much smaller in boundary layers than
those introduced by the artificial dissipative schemes so as not to mask
the physical diffusion in the boundary layers. It should be noted that
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Fig. 5 Tangentially averaged flow distributions downstream
of diagonal flow rotor

the high-resolution upwind schemes based on the Riemann solvers
have excellent shear-layer capturing capability as well as shock-wave
capturing one. In the present scheme, the viscous fluxes were determined
in a central differencing manner with Gauss's theorem, and the algebraic
turbulence mode| of Baldwin and Lomax (1978) was employed to
estimate the eddy viscosity. The boundary layer transition was
determined in accordance with an original crilerion of transition in the
Baldwin and Lomax model. Unfactored implicil equations derived
with no approximate factorization were solved by a point Gauss-Seidel
relaxation method. The present scheme was stable up to a Courant
number of about 100.
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The present scheme has been already applied to calculations of a
trailing edge vortex shedding in a transonic turbine cascade (Furukawa
et al., 1992) and a three-dimensional flow in a diagonal flow rotor with
a vontex type of a constant tangential velocity (Furukawa et al., 1995b).
In these previous studies the validity of the scheme has been presented
by comparing numerical results with experimental ones.

Computational Grids

A composite grid system wilh structured H-type grids was used to
simulate the tip leakage flow accurately. A compuiational domain was
divided into two zones. One zone was a main flow region outside the
blade tip clearance, and the other was the 1ip clearance region. In each
zone a siictured H-type grid was generated as shown in Fig. 3. The
main grids for both 1he diagonal and axial flow rotors consisied of 80
cells in the streamwise (I} direction (52 cells on the blade), 64 cells in
the spanwise (J) direction, and 64 cells in the pitchwise (K) direction,
as shown in Fig. 4. In order to sharply capture the tip leakage vortex,
grid resclution was kept high even at the midpitch near the casing, as
seen in Fig. 4(b). The grid embedded in the blade tip clearance consisted
of 52x 32 x 16 cells in the chordwise, pitchwise and spanwise directions,

respectively, for both rotors. The whole grid system had 354,304
cells. The ratio of the minimum grid spacing on solid walls to the

biade tip chord length was under 5x [0™> to evaluate the viscous
fluxes at the walls by applying the no-slip and adiabatic conditions
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Fig. 7 Secondary flow vectors downstream of diagonal
flow rotor

with no wall function method.

Boundary and Computationai Conditions

Boundaries of the computational domain are formed by cell
interfaces for the cell-centered finite volume approach. Hence, the
boundary conditions must be imposed by the fluxes through the
boundaries. In the present scheme, fictitious cells were introduced just
outside all the boundaries, and values of conserved variables satisfying
boundary conditions were given al the fictitious cells. Using the fictitious
cells, numerical fluxes through the boundaries were evaluated in the
same way as interior cell interfaces. This treatment of the boundary
conditions prevented nonphysical reflections at the inflow and outflow
boundaties. because the inviscid fluxes through the boundaries were
evaluated according to the approximate Riemann solver in which the
signa) propagation properties of the Euler equations were simulated. it
should be noted that the outflow boundary conditions implemented in
the present scheme allowed the pressure to vary on the boundary
according to effects of streamline curvature and swirl. Details of the

Rotation
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(c) Blade tip clearance of 1 =2.0 mm

Fig. 8 Relative kinetic energy defect distributions
downstream of diagonal flow rotor

boundary conditions are described in the previous paper (Furukawa et
al., 1995b).

In order to simuiate the flow fields on the same flow conditions as
the experiments, the inlet boundary conditions were given by
experimental results measured upstream of the rotors using a 5-hole
cobra probe. The numerical simulations were carried out at the design
flow rate for both the diagonal and axial flow rotors with the blade tip

clearance of T = 2.0 mm.

RESULTS AND DISCUSSION

Tangentiaily Averaged Flows Downstream of Rotor

Spanwise distributions of the tangentially averaged flow properties
downstream of the diagonal flow rotor are shown in Fig. 5. The
tangentially averaged flow distributions are obtained by averaging the
phase-locked flow data measured with the hot-wire anemometer. In

ownloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use




L ]
riL
Tea..

saspuaayg et ‘“p ‘-

,,',,,.,._,\l. ,,“..uo--ln“oo--‘"hlﬂllIuvnllv

{c) Blade tip ciearance of r = 2.0 mm

b )
N

ooy v
LiireeTLE
I\Q.'-“!l

ddadivgp.. Ana

A iransa..

e
RN | N
{d) Blade tip clearance of r = 3.0 mm
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vt

the figure the abscissa represents a nondimensional distance from the
hub wall, and symbols and solid lines denote the experimental results
and the design values, respectively, The velocity is normalized by the
blade tip speed at the rotor exit, U;. According to the meridional
velocity distributions, the growth of the boundary layer is suppressed
on the hub wali. On the other hand, the boundary layer on the casing
wall is so thick that its thickness reaches about 50 percent of span
hetght in the case of T = 2.0 mm. As compared with tangentially
averaged flow distributions downstream of the axial flow rotor, which
are shown in Fig. 6, it is readily seen that the casing wall boundary
layer in the diagonal flow rotor is much thicker than that in the axial
flow rotor with the larger tip clearances. This implies that the tip
leakage flow in the diagonal flow rotor causes the much larger growth
of the casing wall boundary layer. And furthermore, in contrast {0 the
axial flow rotar, the absolute tangential velocity downstream of the
diagonal flow rotor increases considerably in the casing wall boundary
layer as seen in Fig. 5(b).

Rotation

(d) Biade tip clearance of r =3.0 mm

Fig. 10 Relative kinetic energy defect distributions
downstream of axial flow rotor, from Inoue et al. (1986)

Phase-Locked Flow Fields Downstream of Rotor

The phase-locked velocity fields measured just downstream of the
diagonal flow rotor are compared with those for the axial flow rotor.
Figures 7 and 8 show secondary flow vectors and relative kinetic
energy defect distributions for the diagonal flow rotor. The secondary
flow vector is defined by a velocity component perpendicular to the
design relative flow direction, and the relative kinetic energy defect,
{4, is defined as

R

where w and w' denote the measured and design values of the relative
flow velocity, respectively. The phase-locked velocity fields
downstream of the axial flow rotor are also presented in Figs, $ and 10
where only the flow field from &0 percent span to the casing is shown.
It should be noted that the contours of ¢; shown by the broken line
correspond to §y of 0, and that the increments of {y in the contours
shown in Figs. 8 and 10 are 0.1 and 0.05, respectively.
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from Inoue and Kuroumaru (1989)

Flg. 11 Casing wall preasure distributions

In the secondary flow fields downstream of the axial flow rotor,
the small rolling-up of the leakage vortex is visible even in the case of

1t = L0 mm (0.8 percent of tip chord) shown in Fig. 9(b), and the

distinct rolling-up is observed in the case of 1> 1.0 mm.

In contrast to the axial low rotor, no rolling-up of the tip leakage
vortex is observed in the secondary flow fields downstream of the
diagonal flow rotor shown in Fig. 7. And besides, Fig. 8 indicates that
spread of the low-energy fluid accumulating on the casing is extremely
large, compared with that for the axial flow rotor (Fig. 10). The
spread in the spanwise direction even for the smallest tip clearance is
more extensive than that for the axial flow rotor with the largest clearance.

The spread reaches about a half of span in the case of T = 2.0 mm.
This corresponds well to the large growth of the casing wall boundary
layer shown in Fig. 5(a). The above implies that the behavior of the
tip leakage flow in the diagonal flow rotor is substantially different
from that in the axial flow rotor.

Phase-Locked Pressure Fields on Casing Wall

The phase-ltocked distributions of the enset;tble-averaged pressure
on the casing wall in the diagonal and axial flow rotors are shown in
Fig. |1, respectively. The distributions are presented by the static
pressure cocfficient, Cp,. defined as

Cp =(pu-R)(pU2 2) @

where p,, and Fj are the ensemble-averaged wall pressure and the
inlet stagnation pressure, respectively.

In the case of T> 0.5 mm (0.4 percent of tip chord) for the axial
flow rotor, as seen in Fig. 11(b), a pressure trough extends from the
minimum pressure region near the blade suction side to the rotor exit.
It should be noted that the pressure trough following the minimum
pressure region corresponds to a locus of the tip leakage vortex core
(Inoue and Kuroumaru, 1989).

On the other hand, the pressure trough in the diagonal fMlow rotor

with the tip clearance of © > 0.5 mm (0.3 percent of tip chord) appears
ctearly at the fore pant of the rotor passage and decays at the aft part of
the passage, as seen in Fig. 11(a). This implies that the tip leakage
vortex formed near the icading edge disappears at the aft part of the
rotor passage. This behavior of the tip leakage vortex corresponds
well to the fact that no rolling-up of the vortex is observed in the
secondary flow fields downstream of the diagonal flow rotor (Fig. 7).

Leakage Flow Fields Inside Rotor

As mentioned above, the behavior of the tip leakage flow in the
diagonal flow rotor has been found to be substantially different from
that in the axial flow rotor. It is very difficult to experimentally
investigate what causes the behavior, In the following, comparisons of
the computational resuits between the diagonal and axial flow rotors
with the tip clearance of 2.0 mm are presented to look deep into the
cause of the behavior,

Figure 12 shows contours of the static pressure coefficient on the
casing wall and distributions of the absolute streamwise vorticity along
a tip leakage vortex core. The static pressure coefficient is defined by
Eq. (4), and its increment in the contours is the same as that for the
experimental results shown in Fig. 11. The absolute streamwise vorticity
is defined and normalized as

g = g'lgl (5

where 3 and # are vectors of the absolute vorticity and the relative
flow velocity, respectively, and @ is the angular velocity magnitude
of the rotor. In Fig. 12 the streamwise vorticity distribution is shown
by colors oniy along the leakage vortex core, and a few leakage
streamlines surrounding the vortex core are indicated by violet lines.
The trajectory of the leakage vortex core is approximately defined by
the streamline that has the minimum curvature and emanates from the
tip clearance near the leading edge. In the computational results for
both the diagonal and axial flow rotors, the pressure trough on the
casing wall is captured, and its behavior corresponds well to the
experimental results shown in Fig. i1,

The well-known behavior of the tip leakage flow in the axial Mow
rotor is obtained in the computational result shown in Fig. 12(b). The
rolling-up of the tip leakage vortex, which can be observed as the
coiling of the leakage streamlines around the vortex core, is clearly
seen both in the rotor passage and downstream of the rotor. The
leakage vortex core traces the casing pressure trough well. The
streamwise vorticity decays gradually along the vortex core.

The behavior of the leakage vortex different from that in the axial
flow rotor is captured in the diagonal one shown in Fig. 12(a). The
rolling-up of the leakage vortex is observed at the fore pan of the rotor
passage where the vortex core traces the pressure trough. As the
pressure trough becomes smaller, however, the leakage vortex core
curves abruptly, and the streamwise vorticity along it decreases to
about zero. Then, the rolling-up of the vortex seems to disappear al
the aft part of the passage.

In order to investigate the rolling-up of the leakage vortex
quantitatively, we introduce a normalized helicity similar to that used
by Levy et al. (1990). The normalized helicity used in the present
paper is defined as
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where 3 and @ denote the vectors of the “absolute” vorticity and the
“relative” flow velocity, respectively, in the same way as Eq. (5).
Note that the normalized helicity is not defined by the “relative vorticity”,
but by the “absolute vorticity”, considering that secondary flow fields
in the rotors are dominaled by the component of “absolute vorticily”
along the “relative flow” direction. The normalized heticity is the
cosine of the angle between the absolute vorticity and relative velocity
vectors. This means that the magnitude of the normalized helicity
tends to unity in the vortex core, and its sign indicates the direction of
swirl of the vortex relative to the streamwise velocity component. In
contrast to the streamwise vorticity defined by Eq. (5). the normalized
helicity allows us to quantitatively examine the strength of the vortex
rolling-up regardless of the decay of vorticity in the streamwise direction.

Figure 13 shows distributions of the normalized helicity along the
tip leakage ftow together with the casing wall pressure contours. In
the figure, red denotes the normalized helicity of unity, and green
denotes that of zero. For the axial flow rolor the normalized helicity is
about unity along the leakage flow to the downstream of the rotor.
which means that the leakage vortex is tightly rolled up to the downstream
of the rotor. This corresponds well to the experimental result downstream
of the rotor shown in Fig. %(c).

On the other hand, in the diagonal flow rotor shown in Fig. 13(a),
the nature of the leakage vortex is substantially different from that in
the axial flow rotor. The strong rolling-up of the leakage vortex with
the normalized helicity of about unity is formed from just downstream
of the leading edge to about 35 percent of the meridional chord, thus
causing the steep pressure trough on the casing wall. Near 50 percent
of the meridional chord, however, a gradual decrease in the normalized
helicity occurs and corresponds to the decay of the pressure trough.
Then, the nature of the Jeakage vortex changes drastically at the aft
part of the passage: the jeakage vortex is expanded remarkably, and
the vortex core is occupied by the flows with negative normalized
helicity, thus being destroyed. This change corresponds well to the
disappearance of the casing pressure trough. It seems that the significant
change in the nature of the jeakage vortex indicates the occurrence of
“vortex breakdown”.

In order to confirm the occurrence of vortex breakdown in the
diagonal flow rotor, the detailed flow structure in the leakage vortex is
investigated on crossflow planes. The planes are located in four positions
nearly perpendicular to the leakage vortex core, as shown by planes 1,
I, Il and 1V in Figs. 14, 15 and 16. In these figures the same leakage
streamlines as Fig. 13 are shown by black lines. For the diagonal flow
rotor, planes I and IV are located in the region where the “vortex
breakdown” seems to occur.

Figure 14 shows distributions of a total pressure loss coefficient
on the crossflow planes. The total pressure loss coefficient is defined
as

[, = o(reg-ncg)-(P-R)/p
¢ Ut )2

(D

where r is the radius from the axis of rotation, cg is the absolute
tangential velocity component, P is the total pressure, and subscript
of 1 denotes the rotor inlet. Only the region with the total pressure
loss coefficient above 0.2 is shown in Fig. 14. For both the diagonal
and axial flow rotors, it is clearly seen that the high loss fluid accumulates
in the tip leakage vortex. This means that the size of the high loss
region accumulating on the casing corresponds to the leakage vortex
size. In contrast to the axial flow rotor in which the high loss region in
the leakage voniex grows gradually in the streamwise direction, the
extremely large spread of the high loss region is observed on planes II}
and 1V in the diagonal flow rotor. It should be realized that in the
diagonal flow rotor the large expansion of the leakage vortex occurs at
the aft part of the rotor passage. This expansion of the vortex size
corresponds well to the experimental results: the large growth of the
casing wall boundary layer (Fig. 5(a)), and the large spread of the
low-energy fluid (Fig. 8) downstream of the rotor. ‘

Distributions of the absolute vorticity on the crossflow planes are
shown in Fig. 15. The vorticity is normalized by twice the angular
velocity of the rotor, 2w. For the axial flow rotor, the absolute
vorticity in the leakage vortex decays in the streamwise direction, but
the vortex core can be observed as the region with the concentrated
vocticity. On the other hand, in the diagonal flow rotor the drastic
change in the leakage vortex structure is observed on crossflow planes
I1} and IV: the high vorticity region due 1o the leakage flow is spread
out, and the vortex core with the concentrated vorticity is not observed
in the leakage flow field. It is found that the core of the leakage vorex
disappears at the aft part of the passage in the diagonal flow rotor.
The disappearance of the vortex core corresponds to the experimental
results, namely no roiling-up of the leakage vortex downstream of the
rotor (Fig. 7), and the disappearance of the casing pressure trough
(Fig. 11(a)). It should be noted that the normalized helicity distribution
along the Jeakage flow, shown in Fig. 13(a), indicates the disappearance
of the leakage vortex core, also.

Figure 16 shows distributions of the relative velocity, wfl/;,
normalized by the blade tip speed at the rotor exit. For the diagonal
flow rotor, as compared with the axial one, the region with lower
refative velocity is observed in the leakage flow on crossflow planes
It and 1V. At plane IV the velocity in this region is so low as to
decrease almost to zero, and the region is spread out remarkably. It
should be realized that the low-velocity region appears in the Jeakage
flow away from the casing wall. In Fig. 17 the low-velocily region is
shown by a blue isosurface of the relative velocity of w/U; =0.1, and
the ieakage streamlines with the normalized helicity distributions are
also presented. Figure 17 indicates that the low-velocity region appears
along the leakage vortex in the aft pan of the rotor passage and causes
the expansion of the vortex. It should be noted that the region contains
reverse flows (not shown in Figs. 16 and 17). The low-velocily region
apparently results in the large growth of the casing wall boundary
layer. Figure 18 shows the streamwise distributions of the meridional
displacement thickness of the casing wall boundary layer in the diagonal
and axial flow rotors. In the figure the abscissa denotes the meridional
distance from the leading edge. The displacement thickness is evaluated
by averaging the computational results in the tangential direction. In
Fig. 18 it is observed that the growth of the boundary layer in the
diagonal flow rotor is much larger than that in the axial one, and its
thickness distribution has a maximuom in the aft pan of the passage
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Fig. 12 Tip leakage vortex core with absolute streamwise
vorticity distribution, leakage streamiines surrounding
voriex core, and casing wall pressure distribution

where the low-velocity region appears. Moreover, it is obvious that
the fluid in the low relative velocity region has a large tangential
component of the absolute velocity, like the wake of the blade. This
faet corresponds well to the experimental result thar the absolute
tangential velocity downstream of the diagonal flow rolor increases
considerably in the casing wall boundary laycr as seen in Fig. 5(b).
From the significant ehanges in the nature of the tip leakage vortex,
namely the large expansion of the vortex, the disappearance of the
vortex core and the appearance of the low relative velocity region in
the vortex, it is hard to eseape the conclusion that the "breakdown” of
the tip leakage vortex occurs in the diagonal flow rotor. The appearanee
of the low-velocity region with reverse flow is cvidence of the fact that
the large expansion of the vortex and the disappearance of the vortex
eore do not result from the diffusion. The “breakdown™ of the tip
leakage voriex can be regarded as a phenomenon similar to the
breakdown of the leading edge vortices on a delta type wing. The
vortex breakdown on a delta type wing is a well-known phenomenon
and has been investigated by many experimental and numersical works

1.0
0.0
1.0

(b) Axial flow rotor with tip ciearance of 2.0 mm

Fig. 13 Normalized hellcity distribution aiong tip ieakage
flow and casing wali pressure distribution

{Rom. 1992). It is evident that not only does the “vortex breakdown”
result in the behavior of the tip leakage flow substantially different
from that in the axial flow rotor, but also it influenees the overall
performance of the rotor. The large growth of the casing wall boundary
layer due tothe vortex breakdown eauses the Jarge reduction of efficieney
with the Lip clearance for the prescnt diagonal flow rotor, an increase
in the elearance/chord ratio from 0.3 percent to 1.3 percent brings
aboul 6 percent reduetion of efficiency at the design flow rate. as scen
in Fig. 2, which is about three times as large as that of the axial flow
motor. On the other hand, the disappearanee of the leakage vortex core
due to the breakdown gives the diagonal flow rotor a superiority to the
axial one: the noisc level of the diagonal flow rotor is considerably
low, compared with the axial one (Inoue et al., 1984). The low level
of noise appears o resuit from the fact 1hat the vortex breakdown leads
to the loss of the pressure gradient around the vortex core, which ean
be observed in the casing wall pressure distribution (Fig. 12(a}), and
s0 pressure fluctuations induced by the leukage vortex decrease on
solid wulls.
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Fig. 15 Absclute vorticity distributions on crossflow
planes perpendicular to tlp leakage vortex
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(b) Axial flow rotor with tip clearance of 2.0 mm
Fig. 16 Relative veiocity distributions on ¢crossfiow
plsnes perpendicuiar to tip ieakage vortex

Fig. 17 Isosurface of relative velocity of w/l/i= 0.1
{shown by blue surface) and normalized heiicity
distributions along tip leakage flow for diagonal
flow rotor with tip clearance of 2.0 mm
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Flg. 18 Merldional dispiacement thickness distributions of
casing wall boundary layer in diagonal and axial rotors
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In order to simulate the tip leakage flow fields accurately, special
attention must be paid to grid resolution. Not only the wall boundary
layers but the main flow region away from the wall requires the high
grid resolution, because the tip leakage vortex consisting of the
concentrated vorticity is formed outside the boundary layer. In the
present simulations the tip leakage vortices, including the vorex
breakdown, are captured relatively well, However, the computational
grids used for the present simulations are not sufficient to capture the
more detailed flow structure, such as the detailed structure in the vortex
breakdown region. In addition to the calculations presented in this
paper, other calculations were performed using a coarse grid system in
which the main and embedded grids consisted of 59{1) x43())x 3N(K)
cetls and 31(I)x 1 1{J) x 15(K) cells, respectively. The simulation with
the coarse grid system captured no breakdown of the tip leakage vortex
in the diagonal flow rotor. It should be noted that the high grid
resolution is indispensable to the tip leakage flow simulation, including
the vorlex breakdown.

CONCLUSIONS

Experimental and computationa) results of the tip leakage flow in
a diagonal flow rotor have been compared with those in an axial flow
rotor. It was found out that “breakdown™ of the tip leakage vortex
occurs at the afi pant of the passage in the diagonal flow rotor. The
"vortex breakdown" causes significant changes in the nature of the tip
leakage vortex: disappearance of the vortex core, large expansion of
the vortex, and appearance of low relative velocity region in the vortex.
These changes result in the following behavior of the tip leakage flow
substantialty different from that in the axial flow rotor:

{1) Because of the disappearance of the vortex core, with the
concentrated vonicity, the rolling-up of the tip leakage vortex is not
observed downstream of the diagonal flow rotor.

(2) The disappearance of the voniex core leads to the loss of the
pressure gradient induced by the concentrated vonicity, so that the
pressure trough vanishes from the casing wall ot the aft part of the
rofor passage.

(3) The disappearance of the vortex core seems 1o result in the
fact that the noise level of the diagonal flow rotor is considerably low,
compared with the axial one.

(4) Because of the large expansion of the leakage vortex caused
by the low relative velocity region with reverse flow, the low-energy

fuid due to the leakage flow is spread out from the casing to about a .

hatf of span. As a resuit, much larger growth of the casing wall
boundary tayer occurs, compared with the axial flow rotor.
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(5) Downstream of the diagonal flow rotor, the absolute tangential
velocity increases considerably in the casing wall boundary layer,
because the fluid in the low relative velocity region has a large tangential
component of the absolute velocity, like the wake.

{6) The large growth of the casing wall boundary layer causes
large reduction of efficiency with the tip clearance: the reducing rate
of efficiency is about three times as large as that of the axial flow
rotor.

In order 0 examine the rolling-up of the lip leakage vortex
quantitatively, we have iniroduced the normalized helicity defined by
the veciors of the absolute vorticity and the relative velocity. 1t should
be noted that the normalized helicity is useful in investigating the
nature of the tip leakage vortex.

In the present study the occurrence of “breakdown™ of the tip
leakage vortex in the diagonal flow rotor has been found out. However,
its mechanism has been unresolved. Many attempts must be made to
investigate the “vortex breakdown” in the tip leakage flows.
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