FLOW MEASUREMENTSIN PASSAGES OF DIFFERENT DIFFUSERS OF
A CENTRIFUGAL COMPRESSOR AT DESIGN CONDITION
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Abstract

Flow field measurements in the passages of different types of diffusers of a centrifugal
compressor are presented in this paper. The measurements are carried out using a precali-
brated three hole pressure probe at the design condition. The measurements are carried out
in the passages of the following diffusers. vaneless, vane, low solidity vane and partial vane
diffusers. The results are presented as contours, axially averaged and mass averaged flow
parameters. The partial vane diffuser shows dlightly improved flow field.

Nomenclature

b = diffuser width (m)

C = absolute velocity (m/s)

Cn = meridional velocity (m/s)

h = diffuser vane height (m)

Pa = atmospheric pressure (Pa)

Po =total pressure (Pa)

Ps = static pressure (Pa)

Q = any flow parameter

R =radiusratio =r/r,

r = radius (m)

S = vane spacing = 2rr/Z (m)

U = blade sped (m/s)

\% = volume flow (m3/s)

W = gpecific work (mzlsz)

X = non-dimensional axial distance = x/b
(X =0at shroud and X = 1 at hub)

X, 0 = axia and tangential directions

z = number of vanes

Greek Letters

a = flow angle (deg)

Ad)max = d)max VLD ~ ¢max

AV = (Wmax = Vimax vip)

¢ = flow coefficient = V/nD,b,U,

Dmax = maximum flow coefficient

¢op = operatl ng range (¢max' ¢ a Wmax)

c = solidity=chord/pitch

VI = energy coefficient = 2W/U22

Wy = energy coefficient at $=0.34

Vmax = maximum energy coefficient

Vo = total pressure coefficient=2 (P, — P,)/p U g
Vs = dtatic pressure coefficient=2 (P, - P, /p U %
Subscripts

2 = impeller exit

Super script

- = axially averaged value
= = mass averaged value

Introduction

Inacentrifugal compressor the flow leavesthe impel-
ler with high absolutevelocity andinclined at alargeangle
to the radia direction. The role of the diffuser is to
decelerate the flow whileit is passing through adivergent
passage. Thereby the kinetic energy of the flow is trans-
formed to pressure energy. Centrifugal compressor dif-
fusers can be broadly classified into two types (i) Vane
diffuser (VD) (ii) Vaneless diffuser (VLD). In acentrifu-
gal compressor, it is well established that conventional
vane diffusers exhibit higher performance (i.e. efficiency
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and static pressure rise vs. mass flow) than vaneless dif-
fuser, but with the compromise of reduced operating
range. The factor favouring a vaneless diffuser is that of
low cost and it can accept a wider range of inlet flow
variations without a severe performance impact. The use
of conventional vane diffusersin the process applications
carries greater risk with respect to performance aspects.
Senoo [1] reported a new type of diffuser vane called low
solidity vanediffuser (LSV D). Themajor advantage of the
low solidity vane diffuser is that it does not have athroat
between vanes. Hence the diffuser passageis not choked.
Thelow solidity vane diffusers provide a higher perform-
ance than the vaneless diffusers and a larger flow range
than the vane diffusers.

Yoshinaga et al. [2] reported improved performance
of a centrifugal compressor, when diffuser vanes with
height less than the passage width, named, partial vane
diffuser (PVD) were fixed to the shroud. However no
systematic and detailed investigations on the comparative
merits of these diffusers are reported in literature. Hence
the present investigation is undertaken.

Objective

The major objective of the present research isto sys-
tematically investigate the flow phenomena in different
types of diffusers used in centrifugal compressor namely,
vane, vaneless, low solidity vane and partial vane dif-
fusers. The ultimate aim isto improve pressure rise, effi-
ciency and operating range of the centrifugal compressor
by judiciously combining two types of diffusers, namely
low solidity vane (LSVD) and partia vane (PVD) dif-
fusers. To achieve the objective, a low specific speed
compressor istested with vane, vaneless, low solidity vane
and partial vane diffusers of cambered constant thickness
vanes. Extensive performance measurements are carried
out by systematically varying the vane height and position
(hub, shroud or both hub and shroud) in vane diffuser and
low solidity vane diffuser configurations.

Also static pressure measurements on the hub and
shroud are measured. These results are reported earlier in
Issac et. a [3] and Sitaram et. al [4]. From these measure-
mentsapartia vane diffuser with vane height of 0.3times
the diffuser width with 11 numbers of vanes fixed on the
hub and shroud is found to give best performance. This
diffuser is denoted as 11PVD3HS. Flow field measure-
mentsin the vane passages of 11PVD3HS, VLD, VD and
LSVD at design condition are reported and compared in
the present paper.
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Experimental Facility and Instrumentation

Experimental Facility

A low speed single stage centrifugal compressor was
used for the present experimental investigations. The
meridiona view of the facility is shown in Fig.1. The
compressor is driven by a 50 kw D.C. motor with a
separate exciter through a step up gear of 2.5:1 ratio. The
speed of the compressor can be maintained constant
within + 1 rpm. The design details of the compressor are
given below:

Pressureratio, Po1/Po2 =1.08
Mass flow, m =0.84 kg/s
Design speed, n = 4500 rpm
Shape number = V' V/ [GOW 3/‘1 =0.0843
Inducer hub diameter, Din =0.110m
Inducer tip diameter, Dit =0.225m
Vane angle at inducer hub, Bin =45°
Vane angle at inducer tip, Bit =29°
Impeller exit diameter, D2 =0.393m
Vane angle impeller exit, B2 =90°
Number of impeller vanes, Z =20
Vame diffuser L.E. diameter, D3 =0432m
Diffuser width, bz =0.020m
Vaneless diffuser exit diameter, Ds =~ =0.600 m

The angles are measured w.r.t. tangentia direction.
The meridional view of the compressor is shown and
major components are identified in Fig.1.

Design of L ow Solidity Vane Diffuser

Themethod of Eynonand Whitfield [5] isfollowed for
the design of the vane of the low solidity vane diffuser.
Thefollowing parameters are specified: inlet radiusratio,
vane solidity, number of vanes, leading edge and trailing
edge angles. Then it is possible to determine the diffuser
exit radius and the radius of the vane camber line. A vane
solidity of 0.7 ischosen, asitismost commonly used value
for LSVD. At the outset it was decided to use same profile
and other geometrical details except solidity for both VD
and LSVD to minimise fabrication work and also the
performance is effected by solidity only, but not other
geometric parameters. The impeller has 20 vanes. To
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avoid resonance, the VD should have one vane less or
more than that of the impeller. However the LSVD have
one half of vanes of the VD. Hence an even number of
vanes higher than that of impeller is chosen, i.e. 22 nos.
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Fig.1 Meridional view of the centrifugal compressor

l.Inlet Nozzle; 2.Inlet Duct; 3. Hub; 4. Impeller; 5. Inlet Trans-
verse Station; 6. Vane Diffuser; 7. Diffuser Shroud;
8. Diffuser Hub; 9. Scroll Casing; 10. Exit Transverse
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ThusLSVD have 11 no. of vanes, having asolidity of 0.7.
The leading and trailing edges are made semi elliptical
with the major axisequal to four timesthe minor axis. The
minor axisis equal to the vane thicknessand isequal to 3
mm. Kmecl e.t a [6] also selected asemi elliptical leading
edge of 4:1 ratio after carrying out numerical studieswith
leading edges of different elliptic shapes. The vane dif-
fuser configuration is obtained by inserting vanes in the
centre of the passages of the low solidity vane diffuser.
Fig. 2 showsdifferent typesof diffuserstested and Table-1
givestheir major details.

Instrumentation

The compressor performance with different diffusers
was determined from average wall static pressures from
theinlet duct and exit duct. A lightweight probetraversing
mechanism is used to measure the flow at six radia
stations and threeto nine circumferential locations(shown
in Fig.3) in the diffuser passage with aprecalibrated three
hole probe. The radial positions are upstream of the vane
leading edge (LE), near LE, mid passage, near trailing
edge (TE), downstream TE and far downstream. The
radial distances as percentage of radius difference of LE
and TE is also shown in the third column. The probe
measurements can be carried out in two passages of the
vane diffuser. This serves two purposes, viz. (i) to check
the flow periodicity in the vane passages and (ii) flow
measurements in one low solidity vane diffuser passage.

Mechanism These two passages are situated far away from the volute
Table-1: Details of geometry of difuserstested
Diffuser Type VLD VD LSVD 11PVD3HS
Salidity, o - 14 0.7 0.7
No. of vanes - 22 11 11+11
Rs 1.0000 1.1000 1.1000 1.1000
Ra 1.2514 1.2514 1.2514 1.2514
Rs 1.5267 1.5267 1.5267 1.5267
Chord, Ch (mm) - 86.07 86.07 86.07
a3 (Deg) - 15 15 15
a4 (Deg) - 25 25 25

Rz and R4 - Vane inlet and exit radius ratios

a3 and a4 - Vaneinlet and exit angles (Deg)

The angles are measured w.r.t. tangential direction

11PVD3HS - 11 number of partial vanes of h/b of 0.3 fixed on hub and shroud staggered at half the vane spacing




FEBRUARY 2008 FLOW MEASUREMENTSIN CENTRIFUGAL COMPRESSOR 29

Vane diffuser Low solidity vane diffuser

4T

Vaneless diffuser Partial vane diffuser (11PVD3HS)

Fig.2 Schematic views of centrifugal compressor with different types of diffusers
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Table-2 : Performance comparison of vane, vaneless, low solidity vane and partial vane diffusers

Configuration VLD VD LSVD 11PVD3HS

Wmax 1.50 1.68 1.60 1.56

Omax 0.95 0.60 0.68 0.93

¢ at Ymax 0.34 0.23 0.25 0.33

wd 1.50 154 1.56 157

v at pmax 0.48 0.19 0.24 0.47

Aymax 0.00 0.12 0.07 0.04

Aymax/YmaxVLD 0.0% 8.0% 4.7% 2.7%

Admax 0.00 -0.37 -0.28 -0.02

Admax/dmaxVLD 0% -39% -30% -2%

dop 0.61 0.37 0.43 0.60

(dop-GopVL D)/ dopVLD 0% -39% -30% -2%
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. R-R
Position (g4_;3)) x100
Far downstream 184%
Beyond TE 134%
Near TE 84%
Mid chord 50%
Near LE 16%
Upstream of LE -19%

Passages containing probe
traverse holes

\ Passages containing static
pressure taps

Fig.3 Probe traverse locations on diffuser hub for two vane diffuser passages

tongue as shown in inset of Fig.3, to minimize the influ-
ence of volute tongue on the measured pressures. At each
traverse locations, flow measurements are taken at thir-
teen axial locations. Near the hub and shroud measure-
mentsaretaken at 1 mmintervals. All the pressure tapings
are connected to ascanning box (FCO 91-3) manufactured
by M/s. Furness Control Ltd., UK, and measured with a
micro manometer (FCO12 Model 4, range + 1999 mm of
WC, accuracy * of full scale reading) manufactured by
M/s. Furness Control Ltd., UK.

Resultsand Discussion

Because of large amount of dataacquired, only typical
results obtained from the present experimental investiga-
tion are presented and interpreted in the following sec-
tions. All the data are presented in Issac [7].

Performance Char acteristics of the Compr essor

The performance of the compressor with thefour types
of diffuser is compared in Fig.4. Major performance pa
rameters of the four diffusers are given in Table 2. From
the figure and tableit is observed that the performance of
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Fig.4 Compressor performance with VLD, VD, LSVD and 11PVD3HS
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11PVD3HS is superior compared to that of the other
diffusers. Hence flow field measurements are carried out
in thisdiffuser and compared with thosein vaneless, vane
and low solidity vane diffusers.

All the flow field measurements are carried out with
the compressor running at aspeed of 3000+ 1 rpm. Earlier
it was found that the effect of Reynolds number on the
compressor performance is small, as long as the speed is
3000 rpm or higher (Issac [7]). The measurements are
carried out at three flow coefficients (design, ¢ = 0.34 and
off design conditions, ¢ = 0.23, below design volume and
¢ = 0.60, above design volume). However the data at
design flow coefficient only are presented and interpreted
in this paper.

Diffuser Vane Passage Flow M easurements

Theflow parametersinsidethediffuser passageof VD,
VLD and LSVD and partial vane (11PVD3HS) diffusers
for design flow coefficient, namely, ¢ = 0.34 are presented
and interpreted in thefollowing sections. Thelocationsfor
the traverse are shown in Fig.3. For the sake of brevity
only typical results are presented.

For each flow parameter, contours are presented at
axial stations near the hub, midspan and near the shroud.
Axialy averaged contours are also presented. These are
followed by radia variation of mass averaged values.
Axialy averaged value of any flow parameter is defined
asfollows:

- b b
Q- jo Qcmdx/j0 C_dx

Total Pressure Coefficient

Contours of total pressure coefficientsat X =0.1 (near
shroud), 0.5 (midspan) and 0.9 (near hub), along with
axially (hub to shroud) averaged total pressure contours at
¢ =0.34for VLD, VD, LSVD and 11PVD3HS are shown
inFig. 5.

Thedistribution of total pressures near hub and shroud
shows lower values compared to that at midspan, indicat-
ing losses due to boundary layers, secondary and tip
clearanceflows. Inthe VLD and 11PVD3HS, the circum-
ferential variation of total pressure is less. However the
total pressureis circumferentially non-uniforminthe VD
and LSVD. For the LSVD, the total pressure has large
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gradients near the trailing edge on the pressure surface.
The gradients are higher at shroud compared to those at
hub and midspan. At the shroud, the losses are high due
to boundary layers, secondary and tip clearance flows and
their interaction with the main flow. The total pressurein
VD a any radius is dightly lower than that in other
diffusers

The axially averaged total pressure distributions for
the vaneless and partial vane diffusers are uniform in
circumferential direction. Moreover, the decreasein total
pressure is aso less when compared with that of VD and
LSVD diffusers. This indicates the losses (frictional and
incidence) occurring in vaneless and partial vane diffuser
arelower.

Static Pressure Coefficient

Contoursof static pressure coefficientsat X = 0.2 (near
shroud), 0.5 (midspan) and 0.8 (near hub), along with
axially (hub to shroud) averaged static pressure contours
a ¢ = 0.34 for VLD, VD, LSVD and 11PVD3HS are
shown in Fig. 6. The circumferential distribution of static
pressure coefficient is uniform for the VD and
11PVD3HS. Near the pressure surface at thetrailing edge
of the LSVD, static pressure gradients are high. The
gradients are higher at the shroud, compared to those at
hub and midspan. As mentioned earlier the flow in the
shroud regionishighly viscousdueto theboundary layers,
secondary and tip clearance flows and their interaction
with the main flow. This causes large gradients in total
pressure and velocity. Hence large gradients occur in
static pressure also. The vane diffuser shows somewhat
uniform static pressure distribution in the circumferential
direction. This may be due to reduced vane loading. In
addition the static pressurein VD at any radiusis dightly
higher than that in other diffusers. The axially averaged
static pressure distribution shows similar trends.

Flow Angle

Contours of flow angle at X = 0.1 (near shroud), 0.5
(midspan) and 0.9 (near hub), along with axialy (hub to
shroud) averaged flow anglecontoursat ¢ =0.34for VLD,
VD, LSVD and 11PVD3HS are shownin Fig.7. Theflow
angles are uniform in the circumferential direction for the
VLD and 11PVD3HS. For the VD and LSVD, the flow
angles are non-uniform even after the vane trailing edge.
Near the trailing edge on the pressure surface flow angle
shows large variation for the VD and LSVD. This phe-
nomenon is highly visible near the hub and shroud. This
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VLD VD LSVD 11PVD3HS
a) Contours of total pressure coefficient at X=0.1

VLD vD LSVD
c) Contours of total pressure coefficient at X=0.9

11PVD3HS
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VLD vD LSVD 11PVD3HS
b) Contours of total pressure coefficient at X=0.5

VLD VD LSVD 11PVD3HS

d) Contours of axially averaged total pressure coefficient

Fig.5 Contours of total pressure coefficientsat ¢ = 0.34

can be attributed to the large incidences in the boundary
layers that occur near the hub and shroud. The vaneinlet
angle is kept constant along its span. However near the
hub and shroud, the flow leaves the impeller with large
spanwise gradients in velocity and flow angle. Hence the
incidence changes substantially, causing large changesin
the diffuser flows in these regions. This phenomenon is
more predominant in the LSVD compared to that in the
VD. The VD has higher number of vanes and gives better

flow guidance, whereasthe L SV D gives poor guidanceto
the flow, because of lesser number of vanes. Also the
magnitudes of flow anglesarenearly sameintheVLD and
11PVD3HS and lower compared to those in the VD and
LSVD. This is due to the guidance offered by the full
height vanes of the VD and LSVD. The circumferentially
averaged flow angles show similar trends. Furthermore
the flow angle changes are high in the hub and shroud
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VLD vD LSVD

11PVD3HS

a) Contours of static pressure coefficient at X=0.2

VLD VD LSVD 11PVD3HS
c) Contours of static pressure coefficient at X=0.8

VLD vD LSVD

b) Contours of static pressure coefficient at X=0.5

VLD VD LSVD

d) Contours of axially averaged static pressure coefficient
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11PVD3HS

11PVD3HS

Fig.6 Contours of static pressure coefficients at ¢ = 0.34

region of the vane diffuser, whereas the changes are
nominal at midspan and axially averaged values.

Variation of Mass Averaged Flow Parameterswith
Radius

The radia variation of the mass averaged flow pa-
rametersat threeflow coefficientsisshowninFig. 8. Mass

averaged flow parameter any flow parameter isdefined as
follows:

5j:joncmdxdelj;jobcmdxde

Mass Averaged Total Pressure Coefficient

Themassaveraged total pressure coefficient decreases
asradiusincreases for all flow coefficients. The decrease
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VLD VvD

LSVD 11PVD3HS
a) Contours of flow angle at X=0.1

VLD VD LSVD
¢) Contours of flow angle at X=0.9

11PVD3HS

VLD VD LSVD
d) Contours of axially averaged flow angle
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VLD VD LSVD 11PVD3HS
b) Contours of flow angle at X=0.5

11PVD3HS

Fig.7 Contours of flow anglesat ¢ = 0.34

in total pressure indicates the amount of losses occurred
in the flow passage. Both the vane and low solidity vane
diffusers show nearly sametotal pressure drop, but lower
than that in the vaneless and partia vane diffusers. The
radial variation of the mass averaged total pressure coef-
ficientinthesediffusersisalmost same. Thetotal pressure
coefficient is nearly equal in the four diffusers upto
R=1.2265, i.e. upto the vane TE. However the total pres-
sure drop is more beyond this radius in the vane and low

solidity vane diffusers, compared to that in the vaneless
and partial vane diffusers. After the exit of diffuser vane,
the low solidity vane diffuser shows dlightly higher pres-
sure drop than the vane diffuser.

Mass Averaged Meridional Velocity

Meridional velocity decreases for all diffusers with
increase of radius. Areaof theflow passage also increases
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with increase in radius. Therefore, to maintain continuity
of the flow, meridional velocity is reduced.

From the above graph, it can be interpreted that the
performance of the vaneless and partial vane diffusersis
amost identical. But 11PVD3HS has an added advantage
that the vane orientation on the hub and shroud can be
independently varied, so that the vane incidence is nearly
zero at al flow coefficients, to give higher performance
than that of VLD throughout the operating range.

Mass Averaged Static Pressure Coefficient

As expected the vane diffuser shows higher static
pressure rise and the vanel ess diffuser showslowest static
pressure rise. Partial vane diffuser shows dightly higher
pressure risethan the vaneless diffuser but lower than that
of low solidity vane diffuser. Inside the vane passage of
the vane, low solidity vane and partia vane diffusers, the
rate of increase of static pressure coefficient is high,
compared with that in the vanel ess space after the diffuser.
Static pressure rise in the vane and low solidity vane
diffusersis amost equal.

Mass Averaged Flow Angle

The mass averaged flow angle of the vaneless and
partial vanediffusersremainsconstant asradiusincreases.
This indicates that flow through these diffusers is free
vortex typeand thefluid path islogarithmic spiral. For the
vane and low solidity vane diffusers, flow angleis nearly
constant insidethe vane passage. Theflow angleincreases
dlightly from radius ratio 1.1 to 1.22. This is due to the
presence of the vane, which guide the flow between the
diffuser vane passages. After the vane exit the flow angle
again increases as the radius further increases.

Mass Aver aged Velocity

As radius increases velocity decreases faster for the
vane diffuser followed by the low solidity vane, partial
vane and vaneless diffusers. This indicates the order of
pressure rise. That is the vane diffuser gives higher pres-
sure rise whereas, the vaneless diffuser shows lowest
pressurerise. Initially thevelocity decreaseisamost equal
for all diffusers. After the vane LE, velocity in the vane
and low solidity vane diffusers decreases rapidly com-
pared to that in the vaneless and vane diffusers. For the
partial vanediffuser, decreasein velocity isdlightly lower
than that of the vaneless diffuser.
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Mass Averaged Tangential Velocity

Tangential velocity isnearly samefor thevaneand low
solidity vanediffusers. Similarly partial vane diffuser and
vaneless diffuser also show similar variation, but slightly
higher than the vane and low solidity vane diffusers.

Conclusions

The following major conclusions are drawn from the
present investigation.

e The partial vane diffuser (11PVD3HS) shows 2.7 per-
cent higher peak energy coefficient than that of vane-
less diffuser. In addition the partial vane diffuser
(11PVD3HS) shows perceivable higher peak energy
coefficient than that of vanelessdiffuser throughout the
useful operating range.

e The vane diffuser gives a higher peak energy coeffi-
cient (12 percent higher than VLD). However both the
operating range and useful operating range are substan-
tially reduced. The low solidity vane diffuser shows a
higher operating range than the vane diffuser and the
peak energy coefficient ishigher than that of the partial
vane and vaneless diffusers near design condition.

e Total pressure contours are uniform in the circumfer-
ential direction at al axia stations for the VLD and
11PVD3HS. The total pressure reduction is also less
when compared with that of VD and LSVD. This
indicates that the losses occurring in the VLD and
11PVD3HS areless.

e Static pressure and flow angle contours are nearly
uniform in the circumferential direction at al axial
stations for the VLD and 11PVD3HS. Near the pres-
sure surface at the trailing edge of the VD and LSVD,
near the hub and shroud, both static pressure and flow
angle show large variations. In case of the LSV D, this
phenomenon is more predominant than the VD. The
VD has higher number of vanes and gives better flow
guidance, whereas the LSV D gives poor guidance to
the flow, because of lower number of vanes.

e The mass averaged total pressure in the VLD and
11PVD3HS is higher compared to that in VD and
LSVD.

e Themassaveraged static pressureintheVD and LSVD
is higher compared to that in VLD and 11PVD3HS.
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Accordingly velocity and tangential component of ve-
locity are lower in these diffusers.
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