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Tip Leakage Flow in a Radial In� ow Turbine
with Varying Gap Height

R. Dambach and H. P. Hodson†

University of Cambridge, Cambridge, England CB3 0DY, United Kingdom

Tip leakage � ow in a radial in� ow turbine is investigated for two different uniform clearances of 0.6 and 1.2% of
span. The clearances are typical of radial turbines for industrial applications. Measurements were also performed
for increased axial clearances (6 and 7% of span), while the radial clearance was kept constant. Static pressure
and hot-wire measurements in the gap region con� rmed an earlier � nding by the authors that the tip leakage � ow
behaviour in a radial turbine is interdependent with the scraping � ow. Changes in the nature of tip leakage � ow
with increasing tip clearance height seem mainly to occur in regions where the scraping effect is important. The
mass � ow over the tip of the present radial in� ow turbine was quanti� ed for all four clearance con� gurations. The
measurements revealed that the relative casing motion drags an approximately constant amount of scraping � uid
from the suction side to the pressure side irrespective of the gap height, if the tip gap height to width ratio is above
a critical value. The modeling of the effect of scraping in the inducer seems necessary if a successful prediction of
the mass � ow and, hence, loss is attempted in the future.

Nomenclature
CD = discharge coef� cient
C p = reduced static pressure coef� cient
M = momentum
m = mass � ow rate
p = static pressure
p0 = stagnation pressure
p = reduced static pressure, p 1

2
q U 2

R = scraping ratio
S = blade length
Sm = meridional length
s = span (blade height)
t = tip gap height (z-axis)
U = blade speed
v = velocity
w = blade thickness (y-axis)
c = local blade angle (camber line)
h = circumferential coordinate
k = tip gap height-to-width ratio, t / w
q = density

Subscripts

n = blade normal
p = passage
sf = scraping � ow
tf = pressure driven tip leakage � ow
3 = rotor inlet

Introduction

T HE tip leakage � ow in radial in� ow turbines is different from
that in axial � ow turbines. The stage ef� ciency of radial tur-

binesgenerallysuffersless froman increasein tip clearancethan that
of axial turbines. Tests undertaken on various rig facilities showed
that there is about a 1% penalty on radial turbine ef� ciency for each
1% increase in tip clearance1 3 (see also Japikse and Baines4 for a
brief overview). In the case of axial turbines, Sjolander5 suggests
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that there is on average a 2% decrease in stage ef� ciency for each
1% increase in tip clearance height.

Dambach et al.6 have indicated that the different ef� ciency gra-
dient for tip leakage losses is due to the effect of the relative casing
motionon the tip leakage� ow in radial turbines.Scraping� ow (� ow
that adheres to the casing in the relative frame) interacts with the
tip leakage � ow (driven by the over-tip pressure difference) near
the tip gap on the suction side. The two � ows oppose each other
in a turbine. Because most studies of tip leakage � ow in axial tur-
bines have been undertakenwithout considering the relative casing
motion, relatively little is known about the scraping effect. It is gen-
erally argued that the relative casing motion has a negligible effect
on leakage � ow in an axial turbine, although some authors admit
the need to collect more data in rotating test rigs (e.g., Yaras and
Sjolander7 and Kaiser and Bindon8). Therefore, it is not surprising
that the scraping effect on tip leakage � ow in radial turbines was
only considered relatively recently.

Dambach et al.6 have shown that in the case of a radial turbine
the relative casing motion can no longer be neglectedbecauseof the
comparatively large tip radius at inlet to the rotor. Figure 1 shows a
schematic of velocity components near the casing in the tip region
of the present turbine. All velocity components are drawn to scale
for the design � ow coef� cient. The blade normal component of tip
leakage � ow was calculated from the pressure difference at 90%
span. The blade parallel componentof velocity on the pressure side
is the isentropic velocity at 90% span. The casing is moving with
the blade tip speed U in the tangential direction.

According to Fig. 1, Dambach et al.6 have divided the tip leakage
� ow in a radial turbine into three regions. Near the leading edge,
the blade tip speed is large, and hence, the relative casing motion
normal to the blade is important [radial turbine blades at inlet are
often radial (i.e., c 0) for structural reasons]. Hence, in the � rst
region (the inducer) the tip leakage � ow near the casing is opposed
by a large scraping � ow component. As the � ow moves toward the
trailing edge, three changes occur. First, the relative casing motion
decreaseswith decreasingradius. Second, the blade normal compo-
nentof scraping� owbecomesless importantas the local bladeangle
at the tip begins to increase.Third, the tip leakagevelocity becomes
stronger as the blade loading over the tip increases (as observed in
Fig. 1). Measurementshave shown that all of these three changesre-
duce the strengthof the scraping� ow relative to the tip leakage� ow.

On the basis of these measurements, Dambach et al.6 introduced
the concept of a scraping ratio de� ned as

R
D pover-tip

1
2
q U 2 cos2 c

(1)
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Fig. 1 Projection of a stream surface showing the important parame-
ters for tip leakage � ow.6

where D pover-tip is the driving pressuredifferenceover the blade tip.
They reported that for R < 1 scraping � uid is dragged through the
gap, whereas for R > 1, the dragged scraping layer inside the gap
could not be captured anymore.

The objectivesof this paper are to investigatethe tip leakage � ow
and to understand the scraping effect for a large clearance variation
and to quantify the mass � ow rate over the tip.

Experimental Apparatus
The experiments were performed in a large-scale, low-speed ra-

dial in� ow turbine. Air at atmospheric conditions is drawn through
the turbine by a centrifugal fan. The mass � ow rate is controlled
by a throttle situated downstream of the turbine. Figure 2 shows
a schematic of the radial in� ow turbine. The test facility has been
described in detail by Huntsman and Hodson.9,10

All measurements were performed at the design condition as de-
scribed by Huntsman and Hodson.9 The tip � ow was examined at
seven different chordwise positions and four different gap heights.
Table 1 summarizes the most important parameters for this particu-
lar study in the tip gap region.

The tip gap height of the radial in� ow turbine was designed to be
a uniform percentage of the local blade height (0.6% of span). All
previous investigations have been conducted with this clearance.
As part of the present investigation, the clearance was increased
from 0.6 to 1.2% of span by modifying the blade tips. To increase
the axial clearance only, a similar approach to that of Futral and
Holeski1 was chosen. Shims were located between the rotor casing
and the radial section containing the nozzles. The location of the
shims in the present study resulted in moving the shroud wall of
the rotor, thus introducing a backward-facingstep in the interspace
between the stator and the rotor.

Because this paper compares tip leakage� ow measurementswith
and without shims, the effect of the shims on the � ow through the
rotor is brie� y addressed. Roelke and Rogo11 tested the change in
overall performance when moving the shroud wall of the nozzle
guide vanes. This procedure introduced an axial step between the
stator and rotor shrouds similar to the setup in the present facility,
but without increasing the axial clearance of the rotor. According
to Roelke and Rogo,11 the change in ef� ciency from the peak value
to the value at 50% nozzle � ow area was approximately 3.5%. As-
suming a linear behavior, inserting eight shims (total thickness of
8 mm) in the present test rig would contribute to about 0.45% loss
of overall ef� ciency (for a nozzle area increase of 5.9%), due to
the step alone. This is about 1

6 th of the measured loss of overall
ef� ciency for the same increase in axial clearance.

The four different gap con� gurations together with the labeling
conventionadopted for the paper are summarized in Fig. 3. Gap A0
indicates the design clearance of 0.6% of span and gap A8 is the
same clearance with eight shims inserted. Gaps B0 and B8 indicate
the clearance of 1.2% of span with zero and eight shims inserted,
respectively.

Table 1 Leading parameters for the test
section at the design point

Parameter Value

Rotational speed 450 rpm
Mass � ow rate 4.5 kg/s
No. of rotor blades 14
Average blade normal thickness at the tip 8 mm
Meridional chord at the casing 460 mm
Rotor inlet radius 609 mm
Rotor exit radius at the tip 445 mm
Rotor inlet angle (mean � ow) 18.4 deg
Rotor exit angle at the tip (mean � ow) 72 deg
Pressure side tip corner radius 0.25 mm

Fig. 2 Schematic of the radial in� ow turbine test facility.

Fig. 3 Tip gap height for four clearance con� gurations.

Experimental Techniques
Static Pressure Measurements at the Rotor Casing

The static pressure at the casing was measured at 21 locations
between 9 and 100% of meridional blade length. The pressure tap-
pings were located at a nominally constant h value. The logging of
the static pressure data was triggered by a once per revolution trig-
ger pulse. The time-mean, steady-state pressure level was obtained
using a Scanivalve pressure switch. The unsteady pressure varia-
tion was measured with a Kulite XCS062 pressure transducer in the
same location (frequency responseof 125 kHz). Between 18 and 23
measurements were taken over the width of the blade. The � uctu-
ating pressure (ac coupled) was subsequently added to the steady
pressure for each pressure tapping and ensemble averaged over 50
passages.

Hot-Wire Traverses into the Tip Gap

A single axis hot wire was employedin the gap region to examine
the � ow� eld between the blade tip and the casing. The hot wire was
mounted upon a two-axis traversegear, which allowed the sensor to
turn around its own axis and to move into the gap in the spanwise
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Fig. 4 Rotation of the single axis hot wire above the blade tip.

direction. These traverses were performed at 9, 21, 34, 46, 58, 71,
and 88% of meridionalblade length.Hot-wire traverses into the gap
consisted of 33 points in the radial direction and about 40 points
across the width of the blade (frequency response of 125 kHz).
Where the gap height exceeded 4 mm, up to 52 radial points were
measured. A measurement was triggered once per revolution, and
the traces were ensembled over 80 rotor cycles. At each radial im-
mersion, the hot-wire was rotated around its axis to six different
angular positions ranging from a 0 (hot wire in the direction of
the meridionalvector) to a 150 deg, as indicated in Fig. 4. The six
sensorpositionsformed three differentpairs.To deduce the absolute
� ow angle, the two hot-wire pairs were chosen with most equal ve-
locity readings, and the angle was calculated with a linear blending
function. The velocity magnitude was deduced from the hot-wire
position most perpendicular to the absolute � ow angle, once the
� ow angle was known.

Errors due to Calibration, Data Acquisition and Processing

Errors due to calibration and signal randomness introduce an
uncertainty, especially when transforming the measured absolute
velocities into the relative frame. At Sm 21%, where the absolute
tip � ow anglewas close to 90 deg, the maximumerror on the relative
velocity inside the gap was 4% of the local tip speed, and the
maximum error on the relative angle was 10 deg. For all other
measurement locations, the error on the relative velocity was less
than 3% of the local tip speed, and the error on relative angle was
less than 4 deg.

The tangential resolution guaranteed that the error due to spatial
averaging was negligible inside the tip gap region. Outside the gap
region, where steep velocity gradients occurred, a maximum error
of 8% of the blade speed was estimated due to spatial averaging.

Results and Discussion
In the following, the � ow features of tip leakage � ow for varying

gap height are analyzed. First, the driving pressure difference over
the tip is investigated for different gap height. The tip leakage � ow
features are then presented for the inducer, that is, 0% < Sm < 22%,
and for the midsection, that is, 22% < Sm < 60%. Hot-wire experi-
ments in the gap region of the exducer, that is, 60% < Sm < 100%,
showed that the tip leakage � ow pattern did not change signi� cantly
with varying gap height in this region. For the sake of brevity, re-
sults in the exducer are not presented here. A theory is proposed
to explain the different tip leakage � ow behavior for varying gap
height. Finally, the tip gap mass � ow is quanti� ed.

Pressure Distribution in the Tip Gap Region

One of the aims of studying the effect of varying tip gap height
on the tip leakage � ow in a radial turbine was to keep all other tip
leakageparametersconstant.Figure5 shows the loadingdistribution
for threedifferent tip gap con� gurations.No pressuremeasurements

Fig. 5 Reduced static pressure coef� cient at the casing.

are availablefor gap A8. To present the data Dambach et al.6 de� ned
the reduced static pressure coef� cient

Cpstatic

p ( p03 q U3VH 3)
1
2
q U 2

3

(2)

To obtain Fig. 5, the minimum and maximum pressures were taken
from the ensembled data of the 20 different static pressure traces.
All values were averaged over three blade passages. The minimum
and maximum pressures were not necessarily located at the suction
side or on the pressure side. The location of the maximum pressure
did extend as far upstream of the gap as y / w 3, where y / w is the
fraction of blade thickness, that is, y /w 0 at the suction side and
y / w 1 at the pressure side.

Figure 5 shows that for the present purpose the imposed loading
at the casing (and hence the drivingmechanismfor tip leakage � ow)
was not signi� cantlyalteredfor a largevariationof the tipgapheight.
This is especially signi� cant in the inducer, where the clearance
changed by a factor of 5–7 (see Fig. 3). As far as is known, such a
result has never been reported for the case of rotating turbines. A
similar result was reported from linear cascade work by Sjolander
and Amrud12 and Bindon.13 Bindon13 indicated that the pressure
changes at the pressure side corner of the blade, but that the bulk
of the mass � ow appears to experience the same driving pressure
difference for a variety of clearances.

The precedingresult has important implicationsfor the modeling
of the tip gap mass � ow because Dambach et al.6 showed that the
pressure loading at 90% span is very similar to that at the casing.
It means that the over-tip pressure difference, which is fed into a
tip gap mass � ow model, can be simulated by an Euler calculation
without tip clearance.

Tip Leakage Flow Pattern in the Inducer

Figure 6 shows blade normal velocity vectors at 21% Sm , that is,
in the inducer, for three different gap heights. It can be observed
that much scraping � uid is dragged from the suction side to the
pressure side in the case of the smallest gap A0. As the gap height
is increased (drawings are not to scale), the scraping � ow occupies
less of the gap height. For gap B0, Fig. 6b shows that a third of
the gap height is still � lled with scraping � uid at y /w 1. The
presence of scraping � uid inside the gap results in an area reduction
for the tip gap � ow, and the tip gap mass � ow rate is substantially
reduced in this part of the radial turbine. For the biggest gap B8, the
scraping � uid only occupies a small proportion of the gap height,
as observed in Fig. 6c. Nevertheless, the draggingeffect of scraping
remains present because R is smaller than 1 (R 0.7).

Figure 7 shows the static pressure at the casing for the differ-
ent gap heights. Dambach et al.6 reported that the pressure drop
for gap A0 that takes place outside the gap near the suction side
is related to the stagnating scraping � ow (in accordance with an
earlier argument by Rains14). This was con� rmed by the blade nor-
mal velocity vectors (see Fig. 6a), which showed that the scraping
momentum was reduced near y /w 0. As the gap height was in-
creased in the present project,more tip leakage � ow passed through
the gap. For gap B0, Fig. 7 shows that the pressure begins to drop
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a) Gap A0, 0.6% t/s

b) Gap B0, 1.2% t/s

c) Gap B8, 5.9% t/s
Fig. 6 Blade normal velocity vectors determined from hot-wire mea-
surements at 21% Sm.

Fig. 7 Reduced static pressure coef� cient at 21% Sm.

at y /w 1.25, and part of the pressure drop is now related to the
tip leakage � ow. Figure 6b shows that the scraping momentum is
approximately constant through the gap. For the biggest gap B8,
Fig. 7 shows that the � ow begins to accelerate much earlier into
the gap. The potential effect of the tip leakage � ow extends now to
almost two blade thicknesseseither side of the blade. A distinct tip
leakage jet leaves the gap, as observed in Fig. 6c.

Tip Leakage Flow Pattern in the Midsection

As the scraping ratio R becomes larger than 1 (at 46% Sm ,
R 1.6), the tip leakage � ow begins to dominate over the scrap-
ing � ow. Figure 8 shows blade normal velocity vectors at 46% Sm

for three different gap heights. Dambach et al.6 showed that the ac-
celeration of the tip leakage � ow extends up to the gap exit in the
case of gap A0 (see Fig. 8a). They distinguished between a � rst
acceleration of the tip leakage � ow into the gap and a second ac-
celeration inside the gap. The second acceleration is caused by the
blocking effect of scraping, which is located close to the gap exit
for gap A0 (see the dividing stream surface in Fig. 8a). For gaps
B0 and B8, Figs. 8b and 8c show, however, that the acceleration is
completed soon after entry into the gap.

a) Gap A0, 0.6% t/s

b) Gap B0, 1.2% t/s

c) Gap B8, 2.7% t/s
Fig. 8 Blade normal velocity vectors determined from hot-wire mea-
surements at 46% Sm.

Fig. 9 Nondimensionalized tip leakage � ow momentum at 46% Sm .

The effects noted in Fig. 8 can be more readily observed in Fig. 9,
where the tip leakage � ow momentum at 46% Sm is displayed.The
average tip leakage � ow momentum is de� ned as

M t f
1
t

t

0

q vnvn dz only for vn > 0 (3)

where positive vn is in the direction of the rotation. Figure 9 shows
that, for gap A0, the tip leakage � ow accelerates up to the gap exit.
For the bigger gaps B0 and B8, the acceleration of the tip leakage
� ow is completed at about 0.6y /w (the turning of the � ow into near
blade perpendiculardirection is completed earlier at about 0.8y / w
for both gaps B0 and B8). Figure 9 also indicates that the second
acceleration inside the gap does not occur for gaps B0 and B8.
This reveals a fundamental difference in tip leakage � ow behavior
between gap A0 and gaps B0 and B8.

Figure 8 also shows that some scraping � ow is dragged into the
gap on the suction side, but most of the scraping � ow is blocked
off at the gap exit for all three gap con� gurations. Dambach et al.6

referred to these two effects as the dragging effect and the blocking
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effect of scraping.Little of the draggedscraping � uid leaves the gap
on the pressure side, but most of it is diverted by the tip leakage
� ow inside the gap. Nevertheless, the dragging effect of scraping
affects the velocity pro� le of the tip leakage � ow inside the gap.
Figure 8a shows a very nonuniform spanwise distribution of the tip
leakage � ow inside the tip gap (0 < y / w < 1). It is believed that this
is due to two mixing regions between the tip leakage � ow and the
scraping � ow near the casing and between the tip leakage � ow and
the boundary-layer� ow near the blade tip surface.As the gap height
is increased, a more uniform pro� le for part of the tip leakage � ow
can be seen in Figs. 8b and 8c. This seems to be another indication
that the tip leakage � ow pattern is different for gap A0 compared to
gaps B0 and B8.

To obtain a qualitative estimate of the mixing process in the gap
region of the midsection, rms values from hot-wire measurements
are presented in Fig. 10. The rms of the velocity is de� ned as

rms( D t )
1
N

N

n 1

[V (n, D t ) V ( D t )]2 (4)

where V( D t ) is the ensemble mean of the signal. The measure of
random � uctuations in the signal includes those associatedwith the
homogenous isotropic turbulence, as well as any spurious random
noise present in the data acquisition system. It is reasonable to as-
sume that the latter remains approximately constant for different
experiments and is small. In the following only the component of
the rms in the direction of the � ow is presented and the rms values
are given as a percentage of the local blade tip speed.

For the smaller gap A0, Fig. 10a indicatesa strongmixingprocess
inside the upper half of the gap toward the casing. As has been
observed in Fig. 8a, this is due to the dragging effect of scraping on
the tip leakage � ow. In the lower part of the tip gap, tip leakage � uid

a) A0, 0.6% t/s

b) B0, 1.2% t/s

c) B8, 2.7% t/s
Fig. 10 Contours of rms as a percentage of local blade tip speed de-
termined from hot-wire measurements at 46% Sm.

at low values of rms makes its way up to about 0.4y / w , before it
begins to mix with the scraping � uid from the top and the boundary
layer of the blade tip surfacefrom underneath.At gap exit (y /w 0)
the region of high rms values indicates the interaction between the
tip leakage � ow and the scraping � ow outside the gap (the blocking
effect of scraping). The mixing region due to the blocking effect
coincides with the location of the dividing stream surface at gap
exit as observed in Fig. 8a.

For the bigger gaps B0 and B8, Figs. 10b and 10c indicate a large
portion of low rms tip leakage � ow, and at least part of this low-
turbulence � uid makes its way to the gap exit. The mixing regions
inside the gap (due to the dragging effect) and at gap exit (due to the
blockingeffect) are more intense compared to the smaller gap A0. It
is believed that this is due to a stronger tip leakage � ow momentum
as observedin Fig. 9. Figure10calso indicatesthat themixing region
near the blade tip surface becomes more important for a bigger gap
size. This couldbe due to the effect of the pressureside corner radius
to tip gap height ratio, which is about 4.5 times smaller for gap B8
compared to gap A0 (see Heyes et al.15). In summary, Fig. 10 gives
yet another piece of evidence that the tip leakage � ow behavior for
gap A0 is different from that for gaps B0 and B8.

Different Tip Leakage Flow Behavior as a Function
of Gap Height: Explanation

This section attempts to explain why the interaction between the
tip leakage � ow and the dragged � uid near the casing is different for
gap A0 compared to the largergaps B0 and B8. To do so, a few pub-
lished results that were obtained under stationary, incompressible
conditions are brie� y reviewed. The one by Rains,14 who examined
the pressure at the casing for different tip gap height to width ratios
k , remains a very relevantwork. His measurementswere performed
using a two-dimensionalhydrofoil in a water tunnel without a mov-
ing endwall. Based on the experimental results, Rains14 concluded
that inertia effects inside the gap are dominant for k > 1

6 and that a
potential � ow pressure distribution is established at that ratio.

Reporting on cascade measurements, Bindon16 showed that the
tip leakage � ow at exit may not be completely mixed out, but can
consist in part of an isentropic jet. On the basis of these exper-
iments, Heyes et al.15 proposed their partial mixing model for tip
leakage� ow in axial turbomachineryand suggested that the amount
of mixing achieved inside the gap depends on the Reynolds num-
ber of the tip leakage � ow and on the tip gap height to width ratio
k . Based on results by Lichtarowicz et al.,17 who investigated the
variation of ori� ce discharge coef� cients with ori� ce length, they15

assumed that the mixing of the tip leakage would take place af-
ter the vena contracta between 1.5t and 6t . Hence, according to
Heyes and Hodson,18 complete mixing of the tip leakage � ow in-
side the gap only occurs for gap con� gurationsof k < 1

6 . Their � nd-
ings and the results of Rains14 suggest that the value k crit

1
6 is

a threshold for viscous effects inside the tip gap of a stationary
cascade.

The relevant values of k for the present investigation are sum-
marized in Table 2. It is not known how the relative casing motion
affects the critical value of k . However, the differentbehavior of tip
leakage � ow and scraping � ow for the gap A0 may occur because k
is smaller than k crit for both the inducer and the midsection, that is,
for 0 < Sm < 60%, where a varying gap height makes a difference
to the tip leakage � ow pattern.

Figure 11 shows the two situations, that is, k < k crit and k > k crit .
In the case where k is smaller than k crit , the entire tip leakage jet
mixeswith the scraping� ow(completemixing).Hence, the scraping

Table 2 Values of ¸ for different gap con� gurations

Sm

Gap 9% 21% 34% 46% 58%

A0 0.146 0.125 0.116 0.144 0.155
B0 0.208 0.230 0.265 0.292 0.322
B8 1.203 1.125 0.901 0.651 0.549



DAMBACH AND HODSON 649

Fig. 11 Schematic of tip leakage � ow behavior for different values
of ¸.

� ow that enters the gap from the suction side is in contact with
low-momentum � uid for some distance into the gap. In the case
where k is larger than k crit , the tip leakage � ow only partially mixes
with the neighboring scraping � ow, and the boundary layer on the
blade tip surface remains distinct (partial mixing). In this case, the
scraping � ow is always in contact with the high-momentum tip
leakage jet.

It appears from Fig. 11 that the ratios of k and R are parameters
that need to be taken into account for modeling purposes. Table 2
suggests a critical value of k in the range between 1

6
and 1

5
for the

rotating case. It is possible that the tip leakage jet would experience
full mixing for higher values of k in the rotating case because the
scraping � ow partially blocks the tip gap. Hence, for low values of
R, ratio k crit might be higher for the rotating case compared to the
stationary case.

Tip Leakage Mass Flow

Tip leakage mass � ow at tip gap exit consists of pressure-driven
tip leakage � ow and scraping � ow. The tip gap mass � ow can be
obtained by integrating the relative normal velocity pro� le over the
height of the gap. The velocity at the blade tip surface is set equal to
the nearest measured velocity inside the gap. The pressure-driven
tip gap mass � ow at gap exit was calculated using

m tf Stip

z0

0

q vn dz (5)

where z 0 is at the blade tip surface, z z0 is the height where the
blade normal velocity is equal to zero, and Stip is the blade length at
the blade tip. Equally the scraping � ow could be calculated using

msf Stip

t

z0

q vn dz (6)

Figure 12 shows integrated values of scraping � ow (as a per-
centage of passage mass � ow) for all four gap con� gurations. The
passage mass � ow rate per unit meridional chord for all of the tests
described here corresponds to 700 g/ms. The amount of scraping
� ow that passes from the suction side to the pressure side decreases
almost linearly toward the midchord. Essentially no more scraping
� ow passes through the gap from about 40% Sm downstream for
all gap con� gurations. It appears that a relatively constant amount

Fig. 12 Integrated scraping mass � ow rates from hot-wire measure-
ments.

Fig. 13 Discharge coef� cient at tip gap exit for different gap con� gu-
rations.

of scraping � ow is dragged through the gap independentof the gap
height provided k is greater than k crit .

Figure 13 shows an experimentally determined discharge coef� -
cient for pressure-driven tip leakage � ow for each of the four gap
heights.The dischargecoef� cient is de� ned as the ratio of the actual
pressure-driven mass � ow at gap exit divided by the ideal tip gap
mass � ow as follows:

CD
m tf

Stip t 2( D p / q )
(7)

The measured pressure difference over the tip D p was calculated
between the maximum and minimum pressure at the casing (see
Fig. 5). The preceding de� nition of the discharge coef� cient can
also be seen as a measure of the viscous effects on the tip gap mass
� ow in a radial turbine.

In the inducer and the midsection (between 0% Sm and 60% Sm ),
Fig. 13 con� rms that the scraping effect signi� cantly reduces the
discharge coef� cient for the small gap A0 and the medium gap B0.
Results for gaps A8 and B8 indicate larger values of CD in the
inducer and the midsection compared to the gaps A0 and B0. This
is because the scraping effect occupies a relatively small part of the
large clearance height, and its effect on the pressure driven mass
� ow is much reduced. If it can be assumed that tip leakage loss is
proportionalto the dischargecoef� cient (see Yaras and Sjolander7),
Fig. 13 suggests that the scraping effect reduces tip leakage loss
near the inducer. Hence, the blade tip speed and the local camber
angle are important parameters if tip leakage loss in radial in� ow
turbines is in any way to be predicted.

Conclusions
The present study has shown that the driving pressure difference

over the gap remains relatively constant for a large variation of the
gap height. This is an important result for modeling the tip gap
� ow with numerical tools. It also means that an inviscid pressure
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difference can be used in a future tip gap mass � ow or tip leakage
loss model for radial turbines.

The nature of tip leakage � ow in a radial turbine was found to
be different depending on the tip gap height-to-width ratio k . The
measurements in the gap region of the inducer have revealed that a
relatively constant amount of scraping � ow is dragged through the
gap fordifferentgap heights,once the criticalvalueof k is exceeded.
If the gap height is small enough, the entire gap is occupied with
scraping� ow. The measurementsin the gap regionof the midsection
have shown that the tip leakage � ow mixes with the neighboring
scraping � ow and the boundary layer on the blade tip surface inside
the gap.Full mixingoccursif k is belowthecriticalvalue,and partial
mixing occurs if k is above the critical value. The critical value of
k appears to be close to the value reported for stationary cascade
results, for example, k crit

1
6
.

The discharge coef� cient at gap exit has been quanti� ed for four
different clearance con� gurations. The scraping effect reduces the
discharge coef� cient in the inducer and to some extent in the mid-
section of the radial turbine for all four gap con� gurations. Conse-
quently, the scraping � ow is an important parameter to determine
the tip gap discharge coef� cient and, hence, tip gap loss in radial
in� ow turbines.
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1997–01, pp. 1–24, 1997, von Kármán Inst. for Fluids Dynamics, Rhode
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