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Tip leakage loss characterization and modeling plays an im-
portant role in small size radial turbine research. The mo-
mentum of the flow passing through the tip gap is highly re-
lated with the tip leakage losses. The ratio of fluid momen-
tum driven by the pressure gradient between suction side and
pressure side and the fluid momentum caused by the shroud
friction has been widely used to analyze and to compare dif-
ferent sized tip clearances. However, the commonly used
number for building this momentum ratio lacks some vari-
ables, as the blade tip geometry data and the viscosity of the
used fluid. To allow the comparison between different sized
turbocharger turbine tip gaps, work has been put into find-
ing a consistent characterization of radial tip clearance flow.
Therefore, a non-dimensional number has been derived from
the Navier Stokes Equation. This number can be calculated
like the original ratio over the chord length. Using the results
of wide range CFD data, the novel tip leakage number has
been compared with the traditional and widely used ratio.
Furthermore, the novel tip leakage number can be separated
into three different non-dimensional factors. First, a factor
dependent on the radial dimensions of the tip gap has been
found. Second, a factor defined by the viscosity, the blade
loading, and the tip width has been identified. Finally, a fac-
tor that defines the coupling between both flow phenomena.
These factors can further be used to filter the tip gap flow,
obtained by CFD, with the influence of friction driven and
pressure driven momentum flow.

Nomenclature
Latin Letters
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a Fitting constant

b Fitting constant

BSR Blade Speed Ratio

¢ Fitting constant

CFD Computational Fluid Dynamics
dr Radial integrator

IGV Inlet Guide Vane

i Incidence

! Length

m  Mass flow

M Momentum

N Rotational speed

NS Based on Navier Stokes equation
PS Pressure side

p Pressure

R Momentum ratio non-dimensional number
Re Reynolds number

SS  Suction side

T Temperature

TE Trailing edge

t Total or stagnation conditions
VGT Variable Geometry Turbine
W Power

y*  Nondimensional wall distance
Subscripts

ax. Axial component

eff. Effective

filt. Filtered

fl. Fluid

geom. Geometry

in Inlet

out Outlet



red. Reduced numbers

s Static conditions

sh.  Shroud

surf. Value on surface

tip Blade tip

turb. Turbine

Greek Letters

Stator blade angle

Incidence angle in rot. ref. frame

Blade surface angle, isentropic exponent

Difference

Increment

Efficiency

Tangential component

Corresponding pressure ratio

Blade speed ratio

Angular velocity

Density

Viscosity

ymbols

Positive direction

— Negative direction
Averaged value

1 Perpendicular
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1 Introduction

While turbocharging is commonly used in conventional
diesel engines to increase the intake pressure, it is more and
more required for downsizing purposes in gasoline engines
to meet increasingly tightened exhaust gas restrictions by
governments worldwide. In the turbocharging system, the
turbine experiences highly unsteady flow conditions in con-
sequence of the pulsating flow generated by the cylinder ex-
haust of the reciprocating combustion engine. Furthermore,
urban driving that gains continuously importance can lead
to additional unsteadiness due to acceleration and decelera-
tion of engine and turbocharger axis [1, 2]. Thus, the turbine
operates most of the times under off-design conditions [3]
where the overall internal flow is rather unknown. As the
turbine is attached to a compressor that acts as a brake with
a very limited braking torque range at any given rotational
speed it is difficult to obtain measurements under these off-
design conditions. However experimental procedures have
been developed to measure in this zone [4, 5, 6, 7], extended
maps are not commonly available yet. Nevertheless, vari-
ous extrapolation models have been published to extrapolate
narrow measurement maps [8, 9, 10]. This kind of models
often rely on submodels to estimate losses like passage or tip
leakage losses.

Due to the typically small size of turbocharger radial tur-
bines, they have rather small blade tip gap to blade tip radius
ratios. This makes the turbocharger turbine efficiency espe-
cially prone to tip leakage losses as confirmed by Kammeyer
et al. [11]. Hence, the modeling of the losses and a detailed
knowledge of the main physical effects are of high interest
for one dimensional modeling and turbine design. Due to

the aforementioned off-design operation of the turbine, mod-
els valid over a wide range of operating conditions, from low
pressure ratios to high pressure ratios and from low rotational
speed to high rotational speed, are in demand. Several one-
dimensional models predicting tip leakage losses have been
published. The model introduced by Kammeyer et al. [12]
is based on an empirical approach and is able to predict effi-
ciency losses at design points dependent on geometrical in-
formation as the ratio of the tip gap to the tip width or to
the rotor tip radius. In one-dimensional turbocharger turbine
modeling the tip leakage loss model presented by Baines [13]
is widely used.

Dambach et. al [14, 15, 16] highlighted the importance
of pressure driven tip leakage flow and friction driven tip
leakage flow, which goes in opposing direction. Researchers,
as in [14, 17], stated that the tip leakage related loss can
mainly be correlated with the mass and momentum passing
through the tip gap. Furthermore, it was shown that the ratio
of pressure induced momentum to friction induced momen-
tum can qualitatively predict locations of higher and lower
efficiency losses over the tip. However, this rather simple
correlation does not own geometrical information, so that
important conclusions might be undiscovered.

The consistent modeling of the reciprocal effect of op-
posing flow patterns in the tip region over wide range of
speeds and blade loadings can be challenging. The physi-
cal model described in [18] can model tip leakage mass flow
and momentum which has further been correlated to obtain
tip leakage losses for one-dimensional extrapolation models.
While this model also relies on general geometrical informa-
tion, it uses fitting coefficients to model the complex com-
position of contrarious fluid flows though the tip gap over a
wide range of speeds and pressure ratios. Thus, an estima-
tion for changed geometries before building, measuring and
applying the model is not possible yet.

The objective of this paper is to find an aerodynami-
cally based correlation that can predict the momentum ratio
of friction and pressure induced flow for changed geome-
tries and for a wide range of operating conditions, that can
be used in one dimensional modeling and further analysis.
Therefore, the simulated data base has been presented and
shortly analyzed. Following, the new correlation for the tip
momentum ratio has been derived. Finally, results and pos-
sible fields of application are shown.

2 CFD Setup & Validation Results

As data basis for the following analysis CFD results of
operating conditions in a wide range have been used [19]
and further simulations have been executed. The analyzed
turbine is a commonly sized turbocharger turbine with vari-
able stator vanes. The geometrical details have been listed in
Tab. 1 and related nomenclature of geometrical parameters
have been shown in Fig. 1.

All simulations have been solved with the segregated
solver in Star-CCM+ 12.04. Steady RANS simulations have
been used where the turbulence has been calculated by k-
SST model [20], which has been recommended for radial



Stator
Blade number 11
Blade angle o 62.95° (60 %)
(VGT opening)

Rotor
Blade number 9
Inlet radius rtip in 20.05 mm
Outlet radius riip out 19 mm
Outlet blade angle Yoy 59°
Inlet tip clearance Aryp in 0.36 mm
Outlet tip clearance Arijp ouc 0.4 mm
Axial tip clearance 13 mm
length (ip.ax.)
Leading edge thickness AB  0.0195 rad

Table 1: Turbine geometry
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Ar
e tip,out
(.r tip,out |
|
5
z £
=
0 T'tip,in
Ar tip,in
Blade angle

Figure 1: Tip geometry nomenclature

turbocharger simulations [21, 22, 23]. A polyhedral mesh
with fine prism layer resolution on the wall has been used
to resolve the boundary layer. An overall wall y* value of
around 1 has been obtained. A detailed mesh analysis, the
simulation setup to achieve CFD results at very low pressure
ratios and its validation is described in detail in [19]. The
mesh convergence in the tip region was analyzed separately
by doubling the mesh density without a considerable change

in the tip leakage flow mass flow and momentum, which are
mainly investigated in this paper.

Simulations have been executed at four different speed-
lines from a low reduced speed of 1710 rppm /K% up to a high
reduced speed of 6715 rpm/K> while the VGT opening is
set to 60 %. Each speedline has been simulated over a wide
range to get a complete picture of flow conditions that can
occur during transient driving conditions. The line of high-
est reduced speed has been further calculated with several
tip gap geometries. The tip gap height has been increased by
50 % and decreased by 50 % as it can be seen in Fig. 2. The
original shroud has been maintained and only the rotor blade
has been adjusted for this modification.

(a)

Figure 2: Tip gap geometry variation: (a) 50 % Arip ref.;
(b) 75 % Artip ref.; (€) 100 % Argp ret.; (d) 150 % Arip ref.

Figure 3 and Fig. 4 show simulated turbine efficiency
according to Eqn. 1 and reduced turbine mass flow of simu-
lated cases in comparison with experimentally obtained data.

Tt,in - Tt,out
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Experimental measurements in an extended range have
been realized by using an IGV upstream the inlet of the com-
pressor wheel to convert the compressor into a centrifugal
turbine like it has been explained in [6]. This way it was pos-
sible to maintain the rotational speed with power produced
by the compressor wheel and to measure up to running points
where the turbine even consumes energy and thus, owns neg-
ative efficiencies as they were reported by other researchers
[5,7,24].

Experimental variations in the VGT positioning are in-
herent to the VGT moving mechanism. For the validation
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Figure 3: Efficiency of simulated and measured running
points at: (a) 1710 rpm/K%3; (b) 3890 rpm/K%3; (c) 4890
rpm/K%3; (d) 6715 rpm /K%

of the CFD method the VGT opening was stepwise changed
until the experimental mass flow was achieved in the running
point of highest simulated pressure ratio at 3890 rpm/K%>
[19]. As this procedure is time consuming and a changed ge-
ometry for each speed line is not desired for the analysis the
VGT has been maintained at the same position. Although
this might cause small differences between experimental and
CFD model VGT opening, the qualitative behavior of effi-
ciency and mass flow curve have been well reproduced by
CFD over the entire range of the 3 highest speeds. At the
lowest speed, efficiencies estimated by CFD are within the
measurement errors, which are naturally high at points of
low power output and small expansion ratios.
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Figure 4: Reduced mass flow of simulated and measured run-
ning points at: (a) 1710 rpm/K%3; (b) 3890 rpm/K%3; (c)
4890 rpm/K%; (d) 6715 rpm /K

3 Tip Leakage Flow Analysis

The comparison of CFD results with different tip gap
heights shows that this geometry change can influence sig-
nificantly the turbine efficiency and rather less reduced mass
flow like it has also been stated in [11]. From the wide range
data it can further be seen that the difference in efficiency
diminishes towards very low pressure ratios/high BSRs with
varying tip gap height. According to [14] the tip leakage
flow is mainly dominated by pressure driven leakage flow
(positive direction in relative frame according to Fig. 5) and
friction driven flow through the tip gap (negative direction
in relative frame according to Fig. 5). The CFD results are
consistent with the observation that tip leakage mass flow in



Figure 5: Definition of positive and negative tip flow.

positive direction decreases due to lower blade loading. Nev-
ertheless, the relative part of negative tip mass flow “p in-
creases going towards operating conditions with low Toads
[18]. Thus, increasing parts of the mass flow are not used for
enthalpy extraction.

In Fig. 6 and Fig. 7 profiles of specific mass flow in
blade normal direction through the tip gap are shown for two
running points (marked blue in Fig. 3 (b) at 3890 rpm/ K%3).
The first shows a running point close to design condition with
low incidence. The later shows the flow at off-design condi-
tion and a high mean inflow incidence 3 of —51°. Since, the
flow profile close to design conditions looks rather undis-
turbed the diminishing influence of wall friction can be ob-
served towards higher chord length. The higher radius in the
inducer of the radial turbine causes faster relative shroud ve-
locity. This generates a stronger fluid dragging effect in the
inducer. Hence, the maximum specific mass flow increases
continuously up to a chord length of around 0.7. Looking at
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Figure 6: Tip leakage flow profiles of low negative incidence
inlet flow over the tip gap at 3890 rpm/ K% and a My, of
1.37

the profiles in Fig. 7 a clear influence of the incidence flow
can be seen. Maximums of positive specific mass flow seem
to decrease by the contrariwise inflow momentum. On the

one hand side, losses generated by positive tip flow might be
reduced. On the other hand side, new losses are introduced
by entropy increasing negative tip flow. Due to the pulsat-
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Figure 7: Tip leakage flow profiles of high negative incidence
inlet flow over the tip gap at 3890 rpm/K®> and a iy, of
1.29

ing flow in a turbocharger turbine, the turbine can operate in
zones of extremely high incidences. This and the complexity
of the tip leakage flow at design and off-design conditions
highlights the importance of understanding the dynamic of
this loss generating process.

Equation 2 for the tip loss coefficient Y, that has been
proposed in [17], is widely used in the literature to correlate
the relative tip velocity w with produced losses.

- J0.5- p-wJ_vtip~wiﬁpdr
Higrb. - Ahg

@

Dambach et. al [14] showed experimentally that the ratio of
chordwise positive and negative momentum behaves qualita-
tively as the specific tip loss coefficient over the chord length.
Thus, it has been recommended to formulate the momentum
ratio of both leakage flows for characterizing tip flow as:

o Mtip,+ _
Mtip7—

Ap(ps ss)
pw?rl cosy?

3

Here, the only needed fluid number is the surface pressure
difference between SS and PS close to the wall, which makes
this number easy to use.

In Fig. 8 pressure profiles for the with red circles marked
running points of Fig. 3 (d) have been presented over the
chord length. While the pressure profile changes rather less
when the gap height is reduced, blade loading at the tip can-
not be conserved in the same quality when the tip gap is 50 %
increased.
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Figure 8: Surface pressure profiles at 95 % span for four dif-
ferent tip gap geometries at 6715 rpm/ K% and 60 % VGT
opening (red circle in Fig. 3 (d))

Further, the simulated specific momentum trough the tip
gap over a line at constant chord length has been processed
from the CFD data according to Eqn. 4 and Eqn. 5 in positive
and negative direction.

r(WL,tip:O)
Mtip,spec.,+ = P-W tip - W tip dr. )

Ttip

Tsh.
P WL tip WL tip dr, (5
WL‘tip:O)

Mtip,spec.,f =
"

The simulated momentum ratio Rcgp has following been cal-
culated by:

M

p,spec.,+

Rcpp = — . (6)
Mtip,spec:‘,f

In Fig. 9 the ratio R has been plotted over the chord
length in comparison with Rcpp for the running points with
different tip gap configurations in red circles from Fig. 3 (d)
(with different y-axis for Rcpp and R). It can be seen that
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Figure 9: Momentum ratios R (Eqn. 3), Rcrp (Eqn. 6)
for four different tip gap heights at 6715 rpm/K%> and 60 %
VGT opening (red circles in Fig. 3 (d))

R misses the simulated momentum ratio Rcpp by one mag-
nitude. However, the ratio R gives a rather good qualitative
prediction of the maximum location of the simulated mass
flow ratio over the chord length for the first two tip gap se-
tups of 50 % and 100 %. Since the pressure profile is the only
input data from the fluid and no detailed tip geometry data is
required for calculating R, it also fails to predict the momen-
tum ratio growth with increasing tip gap height. With the
tip gap configuration of Aryp, = 150% the momentum ratio
experiences an unexpected rise at around 0.6 chord length.
At such a relatively high tip gap height the flow seems to be
less dominated by the pressure gradient and high values of
Rcrp are reached by passing flow momentum from the blade
passage that cannot be guided by the turbine blades. Further-
more, it can be seen in Fig. 9 that all Rcpp profiles experi-
ence a sudden drop towards the turbine inlet. This drop has
four main sources:

1. Higher shroud friction influence due to angle between
blade and rotational axis (blade surface angle ) in the
inducer [14].

2. Slightly higher shroud radius and thus, increased shroud
friction [14].

3. High impact of inflow momentum due to negative inci-
dence.

4. Swapped pressure gradient due high negative incidence
and flow separation at the leading edge.



The incidence flow through the tip gap causes an entropy
increase and can be considered as additional loss. Further-
more, the determination of related mass flow and momen-
tum is rather challenging since the aforementioned effects
are mixed.

4 Method for Tip Leakage Flow Characterization

For one dimensional modeling and for design purposes
it can be important to distinguish friction and pressure driven
effects in the tip leakage flow from other effects as incidence
flow or blow by and to be able to estimate the quantity of
this loss generating flow phenomena dependent on geometri-
cal details. Since the mentioned momentum ratio correlates
qualitatively well along the chord length with estimated loss
productions but misses to predict the qualitative change in
momentum ratio when geometry is changed, the correlation
of both momentum flows has newly been derived in the fol-
lowing.

4.1 Novel Momentum Ratio
Starting from the Navier Stokes equation in a cylindrical
rotational reference frame Eqn. 7 has been simplified under
; .0 9 9
the assumptions: 35, 55, 5 Wr = 0.

owg owg WgOwg  WWg owg
P (at”farﬂae WZaz)
1dp
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Lw(’ar)rz*ﬂ 0 238 a2 ]
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Based on this assumption and a calculation applying various
substitutions, solving the resulting inhomogeneous differen-
tial equation with non-constant coefficients and integrating
over the tip gap led to Eqn. 8 and Eqn. 9. The derivation has
been done in [18].
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Here, the leading effects of wall friction and pressure
difference between SS and PS have already been separated
to model the mean relative velocity of the negative and pos-
itive tip leakage flow. Furthermore, the geometrical terms
(including r, and ryp) have been concentrated into one fac-
tor. Next, the momentum ratio has been defined as:

w2
Rus = B2 20 (10)
p- tlpef

Substituting Eqn. 8 and Eqn. 9 in Eqn. 10 the novel

momentum ratio can be described as:

2 2
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—1n [ Fsh 2p A8
Fiip Wcosy

(1)

It can be seen that only the viscosity and the pressure on SS
and PS are required from the flow to calculate the ratio. The
viscosity has been assumed to be rather constant here. Sim-
ulation results have shown that the density ratio is close to
1. For the purpose of simplicity and for later analysis the
following nomenclature has been chosen for the purely ge-
ometry dependent factor and the “fluid” factor:

2 _y2 2
tip S P Tsh.
Rgeo. = 2 —1n (r)
|: skzx ‘211p +1 ( t1p>:| Feh. tip
ip
(12)
114Ppsss)
Ry = 2 A8 (13)
wcosy
P+
Rns = — 'Rgeom. ‘R, (14)

It is worth highlighting that Rz would result in ex-
tremely high values, if AB would be defined by the small
blade thickness. This might be the case because % =0
has been assumed deriving the final equations. This is an
assumption for developed flow, which is apparently not the



case after the short distance of a tip gap. However, this as-
sumption overcomes estimating a flow profile at tip gap inlet
to obtain a gap flow profile at the outlet and makes the solu-
tion of the Navier Stokes equation much easier, while main-
taining the main trends. Thus, A® must be understood as an
effective flow length AB.¢ and has been analyzed in more
detail.

4.2 Effective Flow Length
The momentum ratio obtained from the CFD simula-
tions has been used to calculate the effective flow length:

11
P+ Rgeom. ] iﬁAP(Ps,ss)

ABefr =
et p— Rcrp wcosYy

(15)

AB.fr. is expected to behave as the discharge coefficient
appearing in publications about flow characterization of flow
through an orifice [25] and thus, can be characterized by
means of the Reynolds numbers of both flow directions:

+ Wi ,0,+ - Arg
Re, = —P P lp,
u

(16)

_ P— O rsh, - Argip - cosy
u

Re_ 17

It has been found out that plotting AB.¢ over the ratio

Re_ . . . .
B 76 gives a clear trend for all simulated points as Fig. 10
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Figure 10: Fitting of AO. values

Here, average values from 0 % to 100 % chord length
have been used to reduce complexity. Towards off-design
condition the aforementioned influence of the incidence flow
momentum on the momentum ratio causes higher values of
the mean effective inflow length and explains the deviation
from the overall trend for those points. The global trend is
independent of the tip gap height Aryp, the rotational speed
Nreq. and of the overall turbine pressure ratio Tyb. .

Since friction and pressure driven effects have been de-
coupled to obtain the ratio Rns, the relation in Fig. 10 repre-
sents the coupling of both flows due to fluid friction. ABc,
is increasing with rising rotational speed (increase of friction
layer and reduction of effective area for pressure driven flow)
and is decreasing when T, (and thus Ap ps ss)) is increas-
ing. Apparently, the relation of ABg is dependent on itself,
when Eqn. 16 is calculated with the proposed formula in
Eqn. 8:

Re_
ABer. = f ( 71 Aﬁeff.)> ~ (18)
The data can directly be fitted with an exponential equa-
tion as it can be seen in 10. However, this would only al-
low an iterative solution, what causes difficulties in the fur-
ther analysis and conclusions. Since an analytical solution is
aimed ABO.¢, has been fitted with a simple parabolic function:

b
Re_

ABetr. = a- 16 | -
Re/

Following, the analytical solution of Rns can be ob-

(19)

tained by substituting Eqn. 19, Eqn. 16, Eqn. 17 in Eqn.
11 and considering A as ABcgy :
12
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It can be seen that the factor Reeom. has been extended
and changes its exponent as well as Ry . Additionally, a third
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non-dimensional factor arises. This factor consists of geom-
etry data and fluid information to model and is needed (to-
gether with aforementioned modifications of the equation) to
model the interaction between wall friction flow and pressure
driven flow.

S Model Results & Discussion
5.1 Model Fitting

By means of a nonlinear fitting the MATLAB coded
model has been fitted towards the chordwise Rcpp values
of all simulated points including all tip gap configurations.
The fitting coefficients have been obtained as a = 1250 and
b =1.23. Mean values of each tip gap and running point
of Rcpp have been reproduced in good quality for the most
analyzed points as it can be seen in Fig. 11.
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Figure 11: Mean values for momentum ratio Rys with sim-
ple exponential function (Eqn. 19)

The two points marked in 11 are those of highest mass
flow #itred. rurb. and biggest tip gap configuration. In these
conditions the proposed model underestimates the mean mo-
mentum ratio Rys. This could be caused by operating close
to choke condition and thus increasing simulated momentum
flow through the tip gap.

Since the momentum through the tip gap can be related
with the tip clearance losses and good fitting quality has been
achieved for mean values of Rys, the presented correlation
might help to further reduce the number of fitting coefficients
in one dimensional tip leakage models like the one described
in [18]. Furthermore, the dependence on the geometry as
blade angle v, blade radius ry;p, and tip gap height Arygp, al-
lows to increase model sensibility for the analysis and pre-
diction of the tip leakage flow and losses for a bigger range
of unmeasured geometries.

Apart from the capability to obtain good estimations for
the mean value of Rys, the fitted model can be applied to

do further qualitative analysis. In Fig. 12 it can be seen
that the ratio Rng is well predicted over the chord length for
the 50 %, 75 %, and the 100 % tip gap configuration. Rngs
is able to catch the high momentum ratio reduction close to
0, at lower relative chord lengths, that R was not able to pre-
dict. As mentioned before, the characteristic tip leakage flow
with the biggest tip gap is affected by unguided passage flow
momentum. This effect cannot be predicted by the model,
since this is based the blade loading and friction driven flow.
Although this represents a limitation of the chordwise mod-
eling, such values of the tip gap heights are technically less
relevant.
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Figure 12: Momentum ratios R (Eqn. 3), Rcpp (Eqn. 6),
and Rns (Eqn. 20) for four different tip gap heights at
6715rpm/K®> and 60 % VGT opening (red circles in Fig.
3(d)

Concluding, the modeled momentum ratio Rys is able to
reproduce the following trend: there are higher parts of pres-
sure driven momentum flows through the tip gap, when the
tip gap becomes bigger, even when the blade loading changes
only slightly or decreases.

5.2 Momentum Ratio Analysis

While a non-dimensional analysis of the factors Ry et
require further assumptions of the blade loading or rotational
speed, the newly gained factors Rgeom. eft. Of Eqn. 20 can
be analyzed only dependent on geometry variations. Since
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the mixed ratio Rpx cfr. has further variables as density ra-
tio, blade angle correlations and radial velocity, assumptions
and simplifications have had to be made for continuing the
analysis. While the impact of the density and the blade an-
gle have been neglected (= 1), a constant angle velocity of
14347 rad/s (U, = 300m/s) has been assumed. For ana-
lyzing the overall impact of geometry changes on the mo-
mentum ratio, the newly gained ratio Rpix effr. With the afore-
mentioned assumptions has been multiplied with Reeom. eff.
as it can be seen in Fig. 13. The factor Rgeom. eff. * Rmix,eff.

increases exponentially with decreasing tip radius ¢, and

. . Arg . .
increasing S This confirms independent from the factor

Tt
Ry eff.» whicﬁ’ includes local blade loading and rotational
speed, a tendency to higher positive leakage momentum and
related losses at lower radius. Thus, front loaded blade de-
signs are in favor of a minimization of tip leakage losses.

Finally, Fig. 14 shows the entire ratio of Eqn. 20 in de-
pendence of the variables ® and Ap(ps s5), Which are defining
Rp.. As geometry input for ryp, 7sh., and cosy constant values
have been set. Here, the geometry of the chord length with
highest blade loading that has been found for the most CFD
solutions has been taken (with Arg, = 100 %). The high-
est blade loading occurs mostly close to 60 % chord length,
in the exducer section. Also, the highest found blade load-
ing for each simulated running point has been shown against
the radial velocity to highlight the simulated operating range
and relevant values for Rys. To evaluate the validity of the
presented model results, a comparison of the momentum ra-
tios RepD Apmax and Rns apmax at described location has been
shown in Fig. 14. The given trends are well reproduced by
the found correlation.

In Fig. 14 it can be seen that each simulated speed cov-
ers a similar range of Rng from low values (1.7-5.3) up to
values around 40 and higher. While the momentum ratio
is changing rather less at off-design conditions with lower
blade loading, a small increase in the local blade loading
Ap(ps ss) can cause a significant increase of the momentum
ratio and thus, of the tip leakage losses when operating at
high efficiencies and close to design condition. This inherent
sensitivity of the tip leakage momentum ratio on Ap(ps ss)

Rns [-1]

Ap(ps,ss) [ kPa]

4,000 6,000 8,000 10,000 12,000 14,000
®[rad/s]

Figure 14: Model results and validation for the points of
highest Ap(ps ss) per running point. Color: radial velocity
and local blade loading vs. momentum ratio Rns; Dots: simu-
lated rotational velocity and maximum local blade loading in
the exducer for each running point; Small: Momentum ratio
RNs vs. momentum ratio Rcpp at highest local blade loading
close to the tip.

highlights, why the model results at nearly design condition
in Fig. 12 can be considered as relatively good.

5.3 Tip Leakage Velocity Fitting

As in Eqn. 2 many tip leakage loss correlations are based
on the positive tip leakage velocity. By using Eqn. 8 and cor-
relating the effective inflow length with:

ABi. = c- (Re_)". 1)

good fittings have been achieved with CFD data for mod-
eled wyp e+ as it can be seen in Fig. 15. Here, ABcs. does
only depend on the the negative Reynolds number as it has
been defined in Eqn. 17 and the same exponent that has been
found for the momentum ratio can be applied. This way only
one additional coefficient is necessary. The factor ¢ has been
fitted with 2332.

5.4 Incidence Flow Analysis

As highlighted before, incidence flow has significant in-
fluence on the momentum ratio in the rotor inlet and con-
tributes to the tip leakage loss itself. Hence, the evaluation of
this mixed flow effect can be of high importance. Taking ad-
vantage of the already found correlation for the momentum
ratio and positive leakage velocity, the mean negative veloc-
ity and momentum driven by shroud friction can be found
by:

P+ Wtip.6,+.NS

22
p—  Rns @2)

Wtip,9,— NS =
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Figure 15: Fitting of Wy ¢ +: model vs. CFD data

Mip— Ns = PWpo. Ns 23)

In Fig. 16 the chordwise integral of this momentum has been
compared with the same value from the CFD results for the
entire speedline of 3890 rpm/K®3, since this speed has run-
ning points from very low incidence to high negative inci-
dence. Calculating the deviation between both shows clearly
values close to zero when the inflow incidence is low and
rising values towards higher negative incidence. This high-
lights again the validity of the before derived correlations as
well as the capability to use those for further analysis of the
incidence flow. Finally, the filtered incidence flow momen-
tum can be fitted in good quality with 9- (1 —cos(i)) as it
has been demonstrated in Fig. 16.
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Figure 16: Chordwise integral of negative momen-

tum and difference between CFD and model at
3890 rpm /K% and 100 % tip gap opening

6 Conclusions
The main conclusions of the work are highlighted as fol-
lows:

1. Steady state simulations at four different reduced speeds
with three different tip gap variations (four tip gap vari-
ations at highest speed) have been executed in a wide
range of operating conditions.

2. Incidence flow has been identified to influence the tip
leakage specific mass flow and momentum. While it re-
duces the pressure induced specific mass flow in the tip
gap at low chord length, the incidence inflow leads to
an increase of inverse directed specific mass flow, which
causes a further entropy rise.

3. The ratio of friction and pressure ratio driven momen-
tum has been analyzed and it has been stated that avail-
able correlations are not capable of doing quantitative
conclusions of tip leakage flow over the chord length and
neither qualitative conclusions of geometry changes.

4. A new correlation to calculate the momentum ratio
based on the Navier Stokes Equation has been derived.
The equation inherent flow length, here interpreted as
effective flow length, has been fitted dependent on the
ratio of Reynolds nurrllebers build for friction driven and

e_

pressure driven flow — for all analyzed running con-
Re

ditions at design and off-design, from low to high rota-
tional speed, and for varied geometry.

5. It has been demonstrated that the tip leakage flow reacts
sensitive on small changes in the tip close blade loading
when operating close to design conditions. With slightly
higher pressure between SS and PS the momentum ratio
and related losses can increase significantly.

6. One additional correlation has been found to fit the pres-
sure driven velocity, which allows to calculate the im-
pact of friction momentum and to analyze the impact of
the incidence flow momentum.

7. Found correlations can directly been used in efficiency
extrapolation models that rely on tip leakage velocities
or momentums. As demonstrated the correlations can
further been used to analyze mixed flow phenomena in
the tip leakage flow. Also, found trends can be of interest
for turbocharger turbine designer.
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