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REINHARD WILLINGER1. Hermann HASELBACHER1

Experimental and numerical investigation of the flow field
in a linear turbine cascade including tip clearance effects

This paper presents details of an investigation of the three-dimensiona] flow fie]d in a linear turbine
cascade with the tip gap. The cascade geometry corresponds to the tip section of a moving blade row
of a gas turbine of recent design, Five tip gap widths, including the case of zero gap width, have been
investigóted experimentally, A five-hole pressure probe was traversed immediately downstream of the
trailing edge plane. The measurement results indicate a tip leakage vortex. F\rrther work concerned the
computation of the cascade florv field with a finite-element based Navier-Stokes solver. The kf e-model
was used to account lor the turbulent behaviour of the flow. The in]et boundary conditions - mean and
turbulence quantities - were adopted from the measured in]et flovr fie]d. The computational method is
able to predict the essential features ofthe three-dimensional flow fie]d qualitatively. The spatial location
o{ the tip leakage vortex is predicted quite well, but its strength is underpredicted.
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- blade chord length,
- axia] blade chord length,
- static pressure coefficient,
- tota] pressure coefficient,
- constant in the k/e-model,
- blade channel height,
- boundary layer shape factor,
- number of the iteration step,

turbulent kinetic energy,
- Mach number,
- static pressure,
- total pressure,
- Reynolds number,
- blade spacing,
- solution vector,
- velocity,

global coordinates,
local coordinates,
nondim. distance normal to the wall,
pitchwise flow angle, measured
from the positive y/-direction,
pitchwise flow angle, measured
from the negative g/-direction,
blade stagger ang]e, spanwise flow angle,
characteristic lengths scale,
boundary layer thickness,
boundary layer displacement thickness,
boundary layer momentum thickness,
dissipation rate,
local coordinate in chordwise direction,
density,
tip gap width,

MS - midspan,

Subscripts

z - spanwise direction,

llnstitute of Thermal T\rrbomarhines and Powerplants, Vienna University of Technology,
Getreidemarkt 9/313, A-1060 Vienna, Austria, Reinhard.Willinger@tuwien.ac.at
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s
t,
9

secondary,
total,
circumferential (pitchwise) direction,

- two-dimensional,
inlet plane,
outlet plane.

1. Introduction

The design point perfoTmance and the off-design behaviour of axia1 turboma-
chines is strongly influenced by the flow in the tip gap Tegion of the unshrouded
lotor blades. For example, the tip leakage losses in an axia1 turbine can be as
high as one third of the tota1 loss [4]. Further, the stalling pressule rise capability
of axialcornpressoTstagesisreduced, if therotortipgapwiclthisincreasecl [11].
Apart from the losses, the tip gap ploduces a flov/ underturning in the vicinity of
the casing wall. The non-uniform clistribution of the pitchwise flow angle along
the blacle span has to be taken into account for the clesign of the downstream flow
path. This can be a stator blade row or a diffuser in the case of a last turbine
stage. The performance of a last turbine stage is influenced by the interaction of
the flow f,eld at the rotor trailing eclge plane and the plessuTe Tecovery ofthe dif-
fuser. At increasing gap width, not only the tip leakage losses but also the kinetic
eneTgy of the casing boundary layer at the diffuser inlet increase, A wall jet is
established which increases the diffuser pressule TecoveTy which in turn lowers the
back pressure of the upstream turbine stage. The decrease of the back pressure
increases the speciflc work of the turbine, The aeroclynamic interaction of a last
gas turbine stage and an exhaust cliffuser was investigated by Willinger [20]. The
flow fielcl downstreanr of the linear turbine cascade with various tip gap widths
was measuTecl with a fi.ve hole pTessur-e probe, The diffuser flow fleld was investi-
gated numerically with the appropriate inlet boundary condition,s adopted from
the cascade experiments. A theoretical model was derived to take into account
the interaction of the two components. The efficiency of the turbine stage/cliffuser
combination is constant in the tip gap Tange usually employecl, Apart from the
experimental investigations on the cascade flow fleld, some numerical simulations
have been performed. Results concerning t}ie two climensionai flow and the secon-
clary flow flelcl in the cascade with zero tip gap width ale summarizecl in [19,2]],
This paper presents results of the three-dimensional flow fleld in the turbine ca-
scacle with the tip gap. The computationai results aTe compar-ed with own cascacle
measrrrements.

2. Experimental apparattrs and procedtrres

2.1. Test cascade and test section

The geometry of the cascade under lnvestigation is summarizecl in Fig. 1. 'Ihe
blade profile coTresponcls to the tip section of a nroving blade row of a gas turbine
of fairly recent design. Solidity, stagger and incidence angles differ slightly from
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tlre values of the tip section of the blade row in the engine. As a result, the
blade in the experiment is somewhat more front-loaded than the actual rotor
blade. The blades have constant chord and no twist and were milled from the
solid aluminum blocks. At one end, the blades were bolted to the backplate of

Chord Length c=182.2mm
Blade Height h=l50mm
Błade Spacing s=l08mm
Aspect Ratio Ęc=0.8ż3
Solidity c/s=1,687
Stapser Ansle v=5l'

Fig. 1. Summary of cascade geometry.

the wind tunnel. Shims of different thicknesses were used to produce various tip
gap widths. trollowing |3], the tip gap width of the moving blade row of a gas
turbine varies from 7.50ń to 2,5% of the chord. In the present investigation, this
Iange is covered by four tip gap widths from 0,B5% to3,6% of the chord (Tab.l).
Experimental and computationa] results presented in this papel are for a tip gap
width of 3.6% of the chord, An exception is the blade pressure distribution. The
experimental values are taken from measurements of Sjolander and Amrud [15]
on a geometrically similar cascade with a tip gap width of 2,86% of the chord,
Computed blade pressure distributions are also presented for this gap width. The
cascade wind tunnel at the Institute of Thermal Turbomachines and Powerplants
operates in the plessule mode. Air is suppiied by an axial blower with variable
inlet guide vanes, The test cascade, consisting of six blades, can be turned to
adjust the inlet flow angie. In the present case) the inlet flow angle was fixed at
3i : 900. End -walls were attached to the leading edges of the first and the last
b]ade of the cascade to guide the flow in the inlet section. Since the inlet flow field
should show boundary layer parameters typical for a turbine blade row, there was
rro boundary layer bleeding.
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Tab]e 1. Summary of tip gap widths

r |mml rlc |%] rlh [%]

0 0 0

1,55 0.85 1.03

2.55 1.40 1.70

4.55 2-50 3.03

6.55 3.60 4.37

2.2. Instrurnentation

The inlet flow field was investigatecl in a plane 1,385 axial chord lengths
upstream ofthe cascade. A three-hole pressule probe was traversed in z-clirection
at six different positions in 3r-direction. The pTessule probe was of the cobra type
with head dimensions of 0.8 by 2.4 mm. During the downstream measurements,
a Pitot tube (diameter 3 mm) was positioned at midspan to obtain the tota1
pressure of the undisturbed inlet flow. The static pTessure was measured by a row
of pressure taps (diameter 2 mm) positioned 1.065 axial chord lengths upstream
of the cascade. Additionally, a hot wire probe (DANTtrC P11) was used to get
information on the turbulence intensity of the in]et flow field. The temperature of
the inlet flow field was measuTed via a Pt-100 resistance thermometer. A flve hole
pressuTe probe was traversed 0.071 axiai chord lengths downstream of the tr-aiiing
edge plane. This probe was of the conical type with a cliameter of 3 mm and a totaI
cone angle of 600. An exception was the traversing closest to the end wa1l. It was
assumed that in this region the spanwise component of the flow can be negiectecl.
So the three-hole probe was used for this traversing. Both probes were nulled in
yaw. The static pTessuTe at the end wall was measuTed by a row of pressure taps
(diameter 2 mm). The 23 pitchwise and 11 spanwise traverses produced a grid of
a total of 253 measuring points, with smaller spacings in the regions of suppose-
clly high gradients of the flow quantities. These are the near wa11 region and the
regions immediately behind the trailing edges. Al1 presswe clifferences were me-
asurecl with piezo-resistive pressure transducers (HONtrYWtrLL) . The analogue
plessure signais were conveTted to digital fornr via a FIEWLETT-PACI(ARD HP
3B52A clata acquisition system. The system was controlled using LabWindows
(NATIONAL INSTRUMtrNTS) on an lBM-compatible PC.

2.3. Operating conditions and inlet flow field

The magnitude of the rrndisturbec1 velocity at the inlet plane was about
lDlM S : 32 rnls. Since this corresponcls to an upstream Mach number of approxi-
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rnately Mal,*rs: 0.1, the flow field is essentially incompressible. The blade Rey-
rrolds number, defined with the undisturbed inlet ve]ocity and the chord length,
ł-as Re1,1r15 : 3.63 . 105. The velocity distribution of the inlet flow field in the
nreasuring plane 1,385 axiai chord lengths upstream of the cascade is shown in
Fig. 2.

0,0
0 0 0.5 1.0 1.5

w,/*,.", [- ]

Fig. 2. Cascade inlet velocity profiles, rf c*: -1,335,

Table 2. Summary of irr]et boundary layer parameters, rf cr: -1 385, als
D.694, (b.l. :boundary layer)

b,l. thickness 6gg:22.9 mm

b.l. displacement thickness ól :2,0 mm

b.1. momentum thickness óz : 1.5 mm

b.1. shape factor Hp :1.34

The gap side end wall is located at zlh:0, the blades are mounted at
zf h:1.0, The velocities are made dimensionless by the undisturbed upstream
velocity 1D7,M S,To improve the clarity of the illustration the curves obtained from
the different traverses are staggered in the direction of the abscissa. The velocity
distribution is symmetricai with respect to a plane zfh:0,5, with a broad
region of constant velocity magnitude, The end wall boundary layers are clearly
visible. The parameters of the gap side end wall boundary layer at yf s:0.694
are summarized in Tab, 2. The boundary layer shape factor of Hp : 1.34 is
slightly lower than the typical value of H72: 7.4 for turbulent boundary layers
without pressuTe gradient, The turbulence intensity was about 5% in the region
of constant veiocity. The relatively high turbuience levei in the freestream region
is a consequence of a turbulence grid which is located in front of the nozzle of the
cascade wind tunnel.
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3. Nurrericalprocedure

3.1. Governingequations

The numerical investigation was founded on the governing equations for steady
three-dimensional incompressible turbulent flow. To take into account the turbu-
lent characteristics of the flow fleld, the kf e-turbulence model with the standard
empirical constants was used [12]. Due to the fact that this turbulence model is
of the high Reynolds number type, it is only valid in flow regions which aTe do-
minated by turbulent viscosity rather than molecular viscosity. The wall function
method with special wall elements was used to mode1 the flow in the vicinity of
the solid walls [7].

3.2. Nurnerical method and finite-element mesh

The set of governing equations, consisting of continuity, momentum, ł- and
e-transport equations, was solved numerieally by the finite-eiement method [5].
Due to the complicated geometry of turbomachinery blade passages the gricl ge-
neration is a complex task, especially if the radial tip gap is taken into account.
In the past, the grid generation for cascades with tip gap was founded on the
so-called ,,thin blade approximation" or ,,pinched tip approximation", since it al-
lows the use of standard H-type grids [6,14] . The blade tip is cusped to zero and
the grid lines of pressuTe and suction side coincide in the gap region. This appro-
ach is reasonable for thin blades (compressor) and is only suitable for mocieiing
gross effects of the tip leakage flow since the tip geometry is not modelecl correc-
tly. Due to the fact that turbine blades have usually a higher ratio of thickness
to chord, meshing techniques for the correct mocleling of the blade tip are highly
recommended. Recently, a variety of different meshing techniques for the correct
modeiing of the tip geometry have been published [2,9,10,13,18]. A comparison
between the accuracy of the ,,thin blade approximation" and a correct modeling
technique is given by Basson et al. [1j.

The computational mesh in the present investigation is basec1 on an H-O-H-gricl
in the blade-to-blade plane. An O-grid was built around the blade and H-gricls
in the upstream and downstTeam regions. The blade-to-blade grid was stacked
in the spanwise direction to produce a three-dimensional mesh. Fig. 3 shows the
1eading edge gricl detail in the blade region. The space left in the O-grid between
the blade tip and the end wall was divicled into two sub-domains formed by an
O-grid adjacent to the outer 0-gricl described above and an inner H-grid (Fig. a).
Seven nodes are located between the blade tip and the end wa11. The nodes in the
tip gap are evenly spaced and all other nodes near the solid walls are stretched
geometrically. The stacking of the blade-to-blade grid in the spanwise direction
produced a three-dimensional flnite-element mesh with 174275 nodes and 16590
elements, respectively (Fig. 5).

The thickness of the elements adjacent to the solid walls was adjusted to sa-
tisfy 10 ś a+ ś 500, with g+ as the non-dimensional distance normal to the
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Fig. 3. Leading edge grid detail in the biade region.

Fig. 4. Leading edge grid detail in the gap region.

§,all. In the r-direction, the computation domain extends from the inlet plane
|.rf c,: -1.385) to the outlet plane which is located apploximately one axial
chord length downstream of the cascade trailing edge plane. It is assumed that
the tip clearance effects are noticeable only near the end wa}I and symmetry
boundary conditions can be used at midspan. This assumption is supported by
the results presented later in this paper. Thus, the computation domain is bo-
unded by the end wal1 at zf h:0 and the plane of symmetry at zf h:0.5. In
y-direction, the computation domain is bounded by two surfaces which are placed
at an interval of one pitch (periodic boundaries). The angle between the periodic
boundaries downstream of the cascade and the anticipated outlet flow direction
results from the requirement that the elements should not be skewed too much.
The computation domain was discretized by 27-noda] brick elements with triqu-
adratic interpolation of the various flow quantities, An exception is the pressuTe
degree of freedom the interpolation of which is of the trilinear type.
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Fig. 5. Finite-element mesh.

3.3. Boundary conditions

At the iniet plane, the three velocity components, the turbulent kinetic energy
ancl its dissipation rate were specified. The inlet flow is in the r-direction with a
freestream velocity of w1,7,13 :32 mls.In the boundary iayer the velocity distri-
bution obtained from the measuTements was approximated by the 1/7th-power
]aw. Irr the freestream region,,the turbulence intensity was measured to about
5%. Assuming isotropic turbulence, the turbu]ent kinetic energy can be calcula-
ted from the velocity and the turbulence intensity, both in t}re freestream region.
The rate of dissipation was determined via

Ą/Ą
a ó/ z

-, -n 
Hl'

.I 
- 

ulI 
Ó

(1)

The c}raracteristic length scale ó was estimated to be 7% of the blade pitch [6].
No-siip boundary conditions were applied to the blade surface, to the blade tip anc|
to the end wa1l. Symmetry boundary conditions at zlh.:0,5 ensure that there is
no mass transport throug}r the plane of symmetry and that all derivatives with
resPect to z are zero. The set of elliptic equations needs a boundary condition at
tlre orrtlet plane as well. It is possible to specify either the velocity or the surface
stress vector, At the outlet boundary, which is located far downstream of the
cascade trailing edge plane, the surface stress vector was set to zero in a weighted
Sense. In the case of high Reyno]ds numbers, this so-called traction free condition
is equivalent to a prescribed static pressure distribution. The derivatives of k and
e in the r-direction were set to zero at the outlet plane. To simulate a cascade
with an infinite number of blades, cyclic borrndary conditions for all variables
were applied to the periodic boundaries.

3.4, Convergence and calculation time

Tire memory requirements and the calculation times are usually very high for
tlre finite-element method in the case of three-dimensional flow computations. A
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substantiai improvement can be achieved by the so called segregated solver [8].
This solver uses the following convergence criterion:

ll,;(r) -ń(ź_I)u < 0.001
l1,7(r;) ll

r7(ź) is the so]ution vector of the iteration step ź. ||.|| indicates the root mean
squale of a vector. Convergence was achieved after about 700 steps. The required
CPU-time was about 40 hours on a DEC Alpha 8200 5lĄ4O.

4. Data reductiorr

The downstream plane at rf c,: l..077 comprises a rectangle of pitch by half
span. The resuits are presented at this plane comprising the following local or
pitchwise mass averaged quantities:
Lines of constant pitchwise flow angle:

B{ const.

Lines of constant totai pressure coefficient:

(2)

UptZ COnSL.
źPui,us

(3)

(4)

Secondary flow fleld:
The two-dimensional undisturbed flow fleld downstream of the cascade is often
callec1 a primary flow field. In the present case the direction of the primary flow
field was determined by a method of Traupel [16] to 0ł,ro:38.9". This direction
coincides closely with the tangent to the proflle camber line at the trailing edge.
The secondary flow fleld is then defined as the vectorial difference between the
actual and the primary flow fleld

,l!)z,Sa : u)2 Cos 12 sin(B{ - Bł,rr),
'lI2,S. _ 1p2si1;,y2,

Pitchwise nrass avelaged flow angle:

Bł-
I §ł.rcos^|zsinB{dgl
0

I u2cosl2sinB{d,gt

Pitchwise mass aveTaged total pressuTe coeffi.cient:

J CptzlllzCos12sin B{ d,gl
0

s

t w2cosl2sinlj{dy
0

(5.)

(6)

{7)

ertz: (8)
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5. Results

5.1, Blade pressure distribution

The measured and computed plessule coefficients

p-p7
VD--I- n' łinzui,ut s

(9)

1

0

-,- 
1

comp.
meaS,

0 0.2 o.4 0,6 0.B 1.0

Ę'/" |-1

ia

-3

'-:- 1

Ia

-4
0

-J

-4
00 0.2 o.4 0.6 0.B 1.0

t' /. 1-1

Fig- 6. Comparison between measured and Fig. 7, Comparison between measured and com-
conrputed pressure coefficients Cp at midspan puted pressure coefiicients Cp at the blade tip
,i: /ń : 0.5). Measured values are adopted from (z : r). Measured values are adopted from [15].
iló'.

at midspan (zlh:0.5) and at the biade tip (z: r) ale plotted in Fig. 6 and 7,
respectively, The measured values are adopted from Sjolander and Amrud [15].
The authors investigated a geometrically similar cascade at a blade Reynolds
numbel of Rel,p1;:4.3,105. As mentioned, the blade pressure distributions
are given for a gap width of rf c:2,B6Yo, This is somewhat lower than the gap
nidth of rf c:3.6Yo, for wlrich the main part of the results is presented, The
agreement between measured and computed blade pressure distribution at mid-
span is quite good (Fig. 6). Some differences are visible in the stagnation region.
Orr one lrand, the resojution of steep gradients is ]imited by ihe finite number
of pressure taps, On the other hand, the wall function method, which requires
quasi-one-dimensional flow, fails irr the stagnation region, Further differences are
apparent at the suction side. The plessure coefficients are overpredicted in the mi-
nimum pressuTe region and underpredicted at the rear. General}y, the agreement
between measuled and computed blade plessule distribution is not so good at the
blade tip (Fig. 7) . The minimum plessure peak on the suction side at Ęlf c: a.2
is underpredicted by the computation. This indicates that the strength of the
computed tip leakage vortex is weaker than the measured one. The second suc-
tion peak at Ęlf c:0.6 was attributed by Sjolander and Amrud [15] to a second
tip leakage vortex. The computation supplies only one tip leakage vortex, as can
be seen iIr the pressure distribution. On the pressule side, the pressule coefficients
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are computed generally too low. The gradients near the pressure side corner of the
blade tip are veTy steep. So the pressule taps, which are located a small distance
away from the blade tip, experience a some-what higher pressure compared to the
blade tip.

5.2. Local quantities

Fig. B and 9 show the measured and computed pitchwise flow angles B{. rhe
outlet flow angle of the two-dimensional undisturbed cascade flow was estimated
to Błro : 38.9o. This flow angle was verified in the freestream region by the
present measurement as well as by the computation. The tip leakage vortex is re-
sponsible for the underturning neal the end wall. The highest measured pitchwise
flow angles are about 0ł : 75o. The highest computed pitchwise flow angles are
somewhat lower and are about §ł :70o, The minimum measuTed flow angle in
the overturning region is about Pł :25o, compared to the measured value of
about 0ł :35,.
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Fig. 8, Measured pitchwise flow angles Br+ :
c(nst.

0.00
0.0 o,? o.4 0.6 0.B 1.0

v'/= l-)
Fig. 9. Computed pitchwise flow angles Pf, :
const.

The quality of the energy exchange in the turbine cascade is characterized
by the total pressure coefficient evaluated immediately downstream of the tra-
iling edges. The measured and computed total pressure coeff.cients in the plane
r/cr:1.071 are plotted in Fig. 10 and 11, respectively. The inviscid region of
the downstream flow field is characterized by a zero total plessure coefficient. In
the region of the two-dimensional flow (rlh > 0,3) the total pressure losses are
concentrated in the wake regions. The experiment as well as the computation
indicates a thicker suction side boundary layer compared to that on the pTessure
side. However, the computation gives substantially thicker blade boundary lay-
ers, EsPecially the thickness of the computed suction side boundary laver is very
high. Another high loss region is located in the corner between the blade suction
side and the end wall at a'ls:0.35 and zf h:0.1, respectively. The tip leakage
vortex is responsible for this high loss region.
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Fig. 10. Measured total pressure coefficients
Cj-rc : con,st.
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Fig. 11, Computed total pressure coefficients
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Fig. 12. Measured secondary flow field Fig. 13. Computed secondary flow fie]d

For further visualization of the downstream flow fieid, measuled and computed
secondary flow fields are given in Fig. 72 and 13, respectively. The measured tip
ieakage vortex shows an axisymmetric structure in the plane r/cr:1.071. The
measulement as well as the computation gives approximately the same location
of the vortex center, However, the computed tip leakage vortex shows a highly
non-symmetrical structure. The underturning near the end wall is much stlonger
than the overturning on the opposite side of the center of the vortex.

5.3. Pitchwise mass averaged quantities

In Fig. 14, the pitchwise mass avelaged flow ang}es 1j{ are plotted as a func-
tion of the spanwise coordinate. In the region z lh > 0.3, the estimated flow angle
Eł,r, :3B.9o is verified by the present measulement and the computation. The
measurement as well as the computation gives a maximum underturning of about
20o h the end wail region. Moving away from the end wall. the measurement gives
a maximum overturning of about 3o, No overturning is supplied by the compu-

1.0

* w../W,.u.=

z--.'i
l' l l l

\1'-'.'l
ll
lI
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tation. This result was expected taking the non-axisymmetric structure of the
comPuted tiP leakage vortex into account, Fig, 15 shows the pitchwise mass ave-
raged total Pressure coefficient" 1prz as a function of the spanwise coordinate. In
the region zlh> 0,3, the measuród total pressure coefficilnt is rather constant.
The associated loss is ca]led the profile loss. Toward the end wall, the total pres-
sure loss increases (decreasing total pressure coeffi.cient) and reaches a peak value
at zf h:0.1. This is the location of the center of the tip leakage vortex in span-
wise direction. As expected from the lines of constant total pressure coefficients
(Fig. 11), the computed losses in the region ,/h> 0.3 are clearly too high. This
discrepancy is attributed to the excessive thickness of the computed suction side
boundary layer, In the tip leakage vortex region, the measured and computed
total pressure losses coincide quite well, although the peak of the computed loss
distribution is shifted nealel toward the end wall. However, this correspondence
is accidental, since the strength of the tip leakage vortex is computed too ,weak,
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6. Conclusions

The steady three-dimensional incompressible turbulent flow field in a linear
turbine cascade with a tip gap of 3.6% of the chord was investigated numeri-
cally by a finite-element based Navier-Stokes solver. The kle- model was used to
account for the turbulent behaviour of the flow field. For the verification of the
computation, the flow field immediately downstream of the trailing edge plane
was mea§ured in the cascade wind tunnel. The finite-element method employs an
embedded mesh technique for the meshing of the tip gap region in a very stra-
ightforward mannel. The computational method is able to predict the essential
features of the three-dimensional flow fieid only qualitatively, When the geometry
of the cascade is changed from the simple two-dimensional case and the cascade

o measurement
X computaŁion o measuremenŁ

X computation
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without tip gap to the cascade with tip gap, the complexity of the flow fleld in-
cTeases dramatically. At the same time, the accuracy of the computational results
decreases. In the present case, the suction side blade boundary 1ayer is computed
substantially too high, which results in an overprediction of the profile loss. The
location of the tip leakage vortex is computed quite good, but its strength is pre-
dicted too weak. So the correspondence of the measured and the preclictecl total
pressuTe loss in the vortex region is accidental, It is assurned that the following
Teasons are Tesponsible for the inability of the computational method to predict
the flow field correctly:
The main reason is the so-called numerical diffusion of the l\avier-Stokes code.
An improvement is achieved by a reduction of the streamline upwinding, as it
was shown by Trenłer [17] for the two-dimensional flow in a compTessor cascade.
However, a certain degree of upwinding is necessary to guarantee the numerical
stability of the iteration process.
Further improvement is achieved when the number of nodes is increased, as it was
demonstrated in the two-dimensional case [19]. In the case of the computation of
the flow fleld in a cascade with tip gap, the nodes are usually concentrated in the
tip gap region. Since the totaI number of node points is limited by the available
computer Tesoulces, this results in a coarsę grid in the adjacent blade passage.
This may be the reason for the poor prediction of the suction side boundary layer.
It is further assumed that the strength of the tip ieakage vottex depencls on the
number of node points over the tip gap width.
Another souTce of discrepancies is the kf +turbulence model which is not abie to
take into account the anisotropy of the tip 1eakage vortex. It is expected that an
algebraic turbulence model could improve the computational results. Comparecl
to the two-equation model, the employment of an algebraic turbulence model is
further suggested by the reduced computational costs. Last but not least, the
laminar/turbuient transition is totally neglected by the numerical method.
An improvement of the computational results is desirable, since the flow field at
the trailing edge plane supplies the inlet boundary conditions for the downstream
diffuser.

Manuscript received in April 1998
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Badania eksperyrnentalne i nurneryczne pola przepływu w liniowej
kaskadzie turbiny pTzy uwzględnienitr efektów luztr wierzchołkowego

streszczenle

Artykuł prezentuje badania trójwymiarowego pola przepływu w liniowej kaskadzie turbily ze szczeliną
wierzchołkową. Geometria kaskady odpowiada części wierzchołkowej poruszającego się układu łopatko-
wego turbiny gazowej nowoczesnej konstrukcji. Pięć szczelin wierzchołkowych, wliczając w to szczelinę
o szerokości zero, przebadano eksperymentalnie. Sonda ciśnieniowa z pięcioma otworami przemieszczar.a
była tuż za płaszczyznąkrawędzi spływu. Wyniki eksperymentu wskazują na obecność upływowego wiru
wierzchołkowego. Dalsza pracazwiązanabyła z obliczeniami numerycznymi pola przepływu przez kaskadę
przy lżycill solwera rórvnań Naviera-Stokesa, w oparciu o metodę elementó,w skończonych. Modelo,wanie
przepływu turbulentnego przeprowadzono przy pomocy modelu k - e. Warunki brzegowe na wlocie, tzn.
wartości średnie oraz turbulentne, przyjęto w oparciu o zrr'ietzole pole prędkości na wlocie. Metoda
obliczeniowa jest w stanie przewidzieć iakościowo najważnieisze cechv tró.jwvmiarowego pola przepłvwu.


