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Abstract

The paper describes a way to a 1-D central streamline model of a
radial turbine flow, suitable for twin-scroll description and based on
approximation of real physics of flow mixing and energy
transformation. The original 1-D model of a single scroll turbine,
described earlier in numerous SAE papers, has been amended by
twin-scroll nozzles (both vaneless or with blade cascades) and mixing
of individual partitions of flows upstream of additional vaneless
nozzle and an impeller. This model is transferable to 1-D unsteady
simulations as it is (i.e., using quasi-steady approach) or using 1-D
unsteady solvers. It has suitable features even for more detailed
description of turbine flows and energy transformation. The first
results of pulse influence on turbine maps delivered expected results
consisting of complicated interaction between individual losses.

The model itself is not fully predictive, using experimentally or in
CFD found loss coefficients, but it is suitable for extrapolation of
experience from similar systems before detailed CFD simulation or
experiments are done. The new model can be used especially
transferring turbine features found during mapping back to the design
stage at a turbocharger manufacturer.

The features of twin scroll turbines call for appropriate optimization
of turbines for high pulsation factor, as they are currently used for
twin-scroll four cylinder engine turbochargers (two cylinders with
360° distance between pulses). The results of turbine matching
should be used as a feed-back for turbine design.

Introduction

High low-end ICE torque of turbocharged and massively downsized
engines calls for efficient boost pressure control, which causes issues
especially at Sl engines featuring high exhaust gas temperatures.
There is a natural way of turbine self-control at low mass flow rates,
consisting in the use of relative high pressure pulsations, if engine
speed is reduced — [1]. It strengthened high-pulsation exhaust
manifolds, which improve exhaust gas energy transfer especially
while engine runs at reduced speed — [8]-[10]. The small volume of
this manifolds and possible interference of pressure pulses between
exhausting cylinders call for pulse manifolds with in-time separated
exhaust periods. Therefore, manifolds divided into branches
connected to multiple turbine inlets are used. In the case of radial
turbine, mostly twin-scroll design is used in automotive applications,
although even quad-entry turbines can be found in the medium-speed
engine business. The experience with partial admission from axial
turbines and from momentum mixing in pulse-converters is inspiring
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—[6], [71, [40] and [41], but it calls for taking specific features of
mixing in radial twin scroll into account.

The lack of turbine maps, if twin scroll or divided scroll is used for
radial turbine stator entry, is well-known. Many attempts were done
to find them from the measurements at a turbine steady-flow test bed
in a suitable form for turbine matching by simulation. Recently,
specific test facilities were built. Test results are available at turbine
manufacturers, mostly as confidential data. Published results can be
found, e.g., in [34], [36] or [39], especially for asymmetric turbine
scrolls.

The nature of in-turbine processes at possibly separated boundary
layers and blade tip leakages — [5], [11], Coriolis acceleration field
[5] and transonic conditions [2] is rather complicated for direct and
sufficiently fast 3-D simulation, since the needs for mesh density are
extraordinary high. Therefore, simulation approaches offer wide
range of models, based on 1-D or 3-D, e.g., [16] - [19], [23] — [26] or
recently on [35], [36] and [38]. 3-D seems to be a solution for the
future, but still it needs the same calibration as 1-D does. Moreover,
the detailed geometry data are not usually released by turbocharger
manufacturers. Time requirements of 3-D simulations are still rather
far from optimization feasibility.

The physical modelling using experiments at a specific test bed with
pulsating flow is useful for qualitative understanding, e.g., [12] —
[15]. Since the gas at a test bed is often cold, and the pulses are not
similar to working engine conditions, this method cannot yield final
results for other engine sizes, especially if not associated with
analysis of in-turbine phenomena. The combination of different
depths of physics with experiments is needed [21] - [26] and
dedicated experiments, as in [22] or [27], are worthwhile.

The attempts to respect the features of twin- or multiple-entry
turbines are still on the half-way, if map-based model is to be used as
a black-box. The measurements of detailed maps for twin-entry
turbines are costly and time consuming, if different flow rates,
pressure ratios or even temperatures at both entries should be
respected during measurements — e.g. [34]. The interpolation in maps
at simulated engine has to be done in iterative way, since the turbine
mass flow rate capacity depends not only on a pressure ratio in a
simulated branch but also on the mass-flow rate in the other partition.
Moreover, any lookup-map based on interpolation suffers from lack
of physical fundamentals, since the mixing processes take place
inside a turbine at governing pressure differences significantly
different from turbine inlet pressures, used , e.g., in [39]. Using of a
turbine model, composed of two (nearly) independent turbines with
the same speed, has to be amended by a virtual cross-link between



partitions to take the other partition pressure waves into account.
Even in this case, the pressures governing a mixing process are not
respected well and the orifice area has to be calibrated — [28].

In the past, several models were developed for simulation of unsteady
1-D flow in a radial turbine including the influence of centrifugal
force in an impeller — e.g., [3], [9] or [16]. The current state-of-the-art
offers well-proven 1-D solvers, sufficiently opened for the purposes
intended by this task — e.g. [29]. There is no need to re-develop
them, especially if they are integrated to the whole engine and
powertrain model. This procedure is based on experience with similar
approach to pressure-wave supercharger or Roots blower modelling
applied to larger system — [32] or [33].

This situation yielded the motivation for the current research,
amending the results described in [23] — [26]. The well-proven
system of unconventional use of already developed 1-D modules with
control capabilities was applied, as described, e.g., in [26] or [29].
The use of 1-D solver modules is easier, if the solver contains
boundary conditions with momentum mixing, as in flow splits of GT
Power [28].

Turbine Physical-Based Model

Turbine impeller and leakages are modelled according to principles
described in [23] and applied to 1-D solver in [24] — [26] but
amended by a twin scroll entry, e.g., Figure 1.

The model is aimed at

e  generating steady flow, twin-scroll turbine map for
comparison and possible calibration by steady-flow
experiments at a turbine test bed; unlike in the current
systems, no interpolation between partial admission maps is
needed;

e using calibrated inputs for external procedure to 1-D
pressure waves simulating codes as a boundary condition
with lumped parameters at the end of exhaust manifold
branches, linking them with the adjacent common low-
pressure exhaust pipe; in this case, the model is able to
yield fast acting iterative procedure; the results are mass
flow rates in both branches in dependence on pressures
immediately upstream of turbine inlets and downstream of
turbine outlet; the side effects are simulation of both
instantaneous efficiency and power of a turbine;

e  being described directly by modules of 1-D solver, like GT
Power; it enables the user respecting of pressure waves
inside a turbine system, as used for single scroll turbine in
[25] - [26].

There are other layouts of parallel multiple entry turbines, which can
be transformed to this model, e.g., vaneless nozzles followed by a
mixing zone or by a combination of mixing zone and additional
bladed nozzle. Any vaneless nozzle is equivalent to a bladed one after
calibration of exit angle, which is in this case pressure dependent,
nevertheless. The standard assumption that the flow keeps its angle
from a radius (the result of angular momentum and mass
conservation) is correct only if density does not change too much,
i.e., not close to Mach number equal to one.

Other solutions, using serial twin-entry scrolls (one scroll for an
angle of 360°/number of scrolls) may be described using the same
principles, although in a different way considering angle of attack at
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the impeller. The difference between parallel and serial partitions
connection is in mixing of both partition flows: in the former case,
the mixing takes part mostly upstream of an impeller, in the latter one
mixing proceeds in an impeller. The position of mixing area is thus
used to distinguish between both cases.

In the most frequently used case, a twin scroll consists of inlet pipes
followed by two nozzle-formed vertexes. In reality, they are vaneless
or with blades, in general adjustable ones. At the end of inner wall
and after partial expansion reducing both pressures in a scroll
partitions, mixing of both flows is realized by a joint of both pipes.
Another nozzle may follow, in reality could be vaneless or bladed
again. After it, the standard model of an impeller and leakages,
described in [23] and applied to 1-D in [26], is used.

Separated vaneless or
bladed nozzle rings

Vaneless
mixing zone

Figure 1. A scheme of parallel twin entry scroll with bladed nozzles and a
vaneless mixing zone.

For this layout, a simplified algebraic model assuming steady flow
has been developed together with 1-D unsteady model, using
modules and modified solvers from GT Suite.

Algebraic Center-Streamline Model of a Twin-Scroll
Radial Turbine

Although the basic equations are the same as described in [26], the
structure of the model is completely different, which allowed for
implementation of a mixing zone and fast iterative solution. The
equations are solved for both mass flow-rates at entries as
independent variables together with known stagnation temperatures
at inlets and static pressure at a turbine impeller outlet.

The solution starts at turbine outlet and proceeds in a counter-flow
direction upwind. The Newton-Gauss method, combined with
additional iterations for loss coefficients, is used for finding static and
stagnation pressures and temperatures in upwind direction. It is not
possible without iterations, of course, since at least inlet stagnation
temperatures have to be kept at fixed values. The outlet temperature
has to be estimated to start upstream calculations. It is corrected at
the end of procedure to inlet temperatures. Inlet stagnation pressures
are the direct output of the numerical procedure. If fixed pressure
ratio maps have to be found (unlike the case of standard turbine map
measurement), another iteration to keep pressure ratio fixed is
needed.



The backward going iteration is based on impeller total enthalpy
conservation (including potential energy in the field of centrifugal
force, so called rothalpy). Constant pressure thermal capacity is
assumed to be independent of small temperature differences,
therefore, reference temperature for zero enthalpy does not occur in
the energy conservation equation. Now, leakage along impeller
blades is assumed (all leakage flow leaves the impeller blades
upstream of an interblade channel). Then, using known mass flow-
rate and state downstream of impeller, energy conservation yields
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The last equation may be solved using Newton’s method for
unknown static pressure ratio:

= . ¥ 2
P | © 1) M (pa ]A’,
k| 21| += k|—=1| =P
P T[ Paj Z{Aﬂ/’s] "L P

-1 2

y=KX* +K,x ¥ =P

1 2 (2)
ﬂ:—Kflle R
dx K K

—x - Yi

X|+1 i dy
(&)

The yet unknown correction coefficients have to be iterated since for
the sake of simplicity they are not included into derivative. It is
possible, but since the iteration converges fast, it is not needed to do
it in a separate loop. Moreover, as described below, there are other
inevitable needs for iteration loops combined with basic Newton
procedure. Using the definition of expansion efficiency and relations
between stagnation or total and static states, the correction by
multiplier may be applied.
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Taking into account that relative velocity at inlet to the interblade
channel for a standard impeller is radial one and outlet velocity is
defined by average angle of blades, the cross-section areas with a
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normal parallel to average flow direction corrected to blade thickness
obstruction are found from the basic turbine geometry.

Using this backward going procedure, all velocities and relative
stagnation state variables can be simply found now at impeller inlet
(i.e., after incidence loss took part). The basic assumption for parallel
scroll partitions calls for a complete flow mixing upstream of
impeller. Unlike in existing models, in which energy conservation,
i.e, mixing of enthalpies is taken into account — [35] or [38], the
momentum exchange creates fundamental part of the physically
based model as described below. Otherwise the losses of kinetic
energy, which are typical for any mixing with momentum
conservation, can be respected in appropriate way by changes of
discharge coefficients in dependence on mass flow rate ratios, which
calls for additional iterations. The incidence loss reference velocity
needs not to be approximated. Nevertheless, other iteration is needed
since the relative tangential velocity before incidence loss takes part
has to be found. That is why the following procedure starts with
scroll outlets mixing. The individual mass flow rates and stagnation
temperatures at scroll partition inlets are assumed to be fixed (and
mutually different in general). The following relations without
superscripts are applied for both scroll partitions — [23]
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The scroll partitions outlet velocities can be found if static outlet
pressure is known. Let’s assume it for a moment.
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Now partition outlet velocities and both tangential and radial
components (using known exit angles) can be found.

If immediate mixing is assumed at radius of scroll partitions outlet
with no pressure change (it can be corrected by calibration coefficient
Kim), the momentum conservation yields — [23]
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These equations complicate the iterations substantially but they are
fundamental for appropriate modelling of physics of losses inside at
twin-scroll turbine. Since momentum flux depends on mass flow rate
and velocity itself, it is dependent on velocity squared as kinetic
energy is. The common velocity of mixed flow means, nevertheless,
that kinetic energy is dissipated by mixing (as it is in the case of
impact of plastic bodies). The exact mixing model has to take into



account the velocities after expansion in twin scroll, i.e., it cannot be
applied if detailed model of expansion in turbine is taken into
account. This is the basic difference between recently published,
lumped parameter models (except for [36] and the current model,
having been developed since 2002 — [23]-[27]).

The described model can be simply changed for the case with a wall
splitter of scrolls elongated up to impeller inlet. In such case,
individual angles of attack to impeller vanes are respected for both
partial flows and momentum mixing equation takes into account
radial velocity components only (similar to the first equation of ( 6)).

Using known velocity components, the incidence angle relative to
impeller blades can be found. The difference between radial relative
velocity in impeller before and after the incidence loss can be
respected by changing radial velocity (due to density difference and
possible area reduction) without any change of relative tangential
one:
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Then knowing relative stagnation pressure at impeller inlet after
incidence loss, the previous relation yields

Preiozn = Preiozi +§I,incp2lw22I (8)

Static pressure and temperature at relative flow for impeller before
incidence loss occurs can be found from standard, well-known
relations.

Knowing the state parameters in the gap between a nozzle ring and an
impeller, leakages at both shroud side and the impeller disk (hub
side) may be found. Without these flows, the calibration of model
may be impossible since the kinetic energy losses influence both
flow-rates and efficiency in one direction (high losses — low flow-rate
and poor efficiency), while leakage increases flow-rate with
simultaneous reduction of efficiency.
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As a result, we have now two relations for T,y, namely the basic
static and stagnation temperatures and (5 ). However, the latter one
was deduced with assumption of exducer exit temperature T3. The
difference between those results has to be used for correction of T.
This creates the last iteration, improved by numerical Newton method
approximation.

At the end of the whole cycle, the definition of expansion efficiency
is used for finding total pressure at partition inlet from pressure at
partition outlet
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The additional nozzle between joining of both scroll partitions and an
impeller is added in a similar way as described for this basic model.

Before the turbine power is calculated, windage losses of an impeller
should be deduced from the total head obtained in expansion.

Then, turbine power can be found from mass flow-rate and specific
power, usually from the equations of Stodola (difference of total
enthalpies) or Euler (angular momentum conservation) using
parameters at impeller inlet and exit in absolute (i.e., fixed in space)
coordinate system — [26].

The outlined procedure is being completed by the treatment of
possible transonic flows, limiting the velocities to sonic ones and
changing accordingly pressure ratios, and by the backflow conditions
for very high centrifugal forces in comparison to pressures available.
No issues occurred during the preparation of those adjustments. In
the case of backflow, the mixing equations are simplified since there
is only single flow entering the turbine and flow splitting occurs
instead of flow joining. The momentum mixing is replaced by
conservation and the common pressure in the node of flow split. The
losses for a backflow are calibrated by a backflow discharge
coefficient.

The described model can be implemented into GT Power as an
external procedure or it can be used separately for evaluation of
experiments, finding calibration coefficients and prediction of twin-
scroll turbine maps.

..[ Scroll Flow Split FS'1 )_>[ Scroll Flow Split FS2

Impeller
Leakage 1"

Turbine Turbine
Nozzle N2/ Impeller

Flow Split/ Leakage 2

Scroll Flow Split FS"1

Turbine

Scroll Flow Split FS"2

Turbine

Scroll Flow Split FS"3

1”[ Impeller
Flow Split Leakage 1”

Impeller —

Stator P2

Turbine
Impeller RP 2

Figure 2. General unsteady model of a parallel twin scroll turbine with basic
modules transferable to 1-D solver.



1-D Unsteady Flow Model of a Twin-Scroll Radial
Turbine

As mentioned earlier, the modules of 1-D code were used in a
specific structure with additional control elements to simulate details
of flow in different parts of a system similar to the one shown in
Figure 1.

The scheme of transformation of the model according to [26] into 1-
D model is presented in Figure 2. Both scroll partitions may be
divided into interconnected pipe or flow split modules and the outlet
flows are subjected to mixing in the following flow splits or — better
—joints. In currently available model, the serial splitting of a scroll
partitions is significantly reduced. The model uses only one pipe and
flow split per partition (i.e., no FS2, 3, etc.) and one pipe for impeller
with external acceleration RP. The mixing in a turbine nozzle flow
split takes part upstream of an impeller, as used in N1°-N1"". The
layout, in this case transferred to GT Suite modules, is presented in
Appendix, Figure 22.

The rest of the model, starting with Stator-Impeller stagnation state
transformation P1, is the same as being referred to above, i.e., using
transformation of stagnation states from steady coordinate system to
rotating one, done in a specific orifice module with virtual heat
transfer to change stagnation enthalpy appropriately (respecting
impeller speed and inlet/outlet velocity triangles) and in a 1-D pipe
RP1 — Figure 2 — under influence of centrifugal acceleration in
dependence on impeller speed. The effective areas of connecting
orifices are controlled according to the calibration data, listed in look-
up tables or regression functions.

The turbine torque is integrated along a center streamline from local
angular momentum changes, as described in details in [26]. Other —
energy based — methods are not so simply applicable since the local
drop of enthalpy and local mass flow rate has to be respected due to
accumulation of mass and energy inside a turbine during unsteady
flow operation.

Prediction of Turbine Maps

It should be stressed that the maps shown here are used in this
case to demonstrate the changed turbine features and thus
contribute to better understanding of the complicated matter
only, not to define the turbine features for 1-D solver, as, e.g., GT
Power and interpolate between them. That is why the presented
model offers capability of direct simulation inside a 1-D engine
simulation model without interpolating between prepared maps.
The map prediction is important for model calibration, using the
results from a turbocharger test bed, which is done by optimization
code, as described in [24].

The 1-D solver input is in the case of 1-D modelling based on
detailed modular model, which adds the power delivered by sections
in appropriate physically accurate location, not at upstream of the
turbine using inappropriate pressures or enthalpy heads.

Definition of a Twin-Scroll Turbine Parameters

Before the results are presented, the definitions of turbine map
parameters have to be stated since it is not unambiguous, especially
considering in reality non-existing perfect turbine state.
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Enthalpy Head at a Turbine

Enthalpy head enables the calculation of turbine power. It is possible
to use the Euler equation or a total enthalpy head. Then the usable
enthalpy head and turbine power are obviously for a single scroll
turbine:
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A reduction to leakage influence is involved. An ideal expansion
velocity ¢ and - for comparison - the apparent one c provide
information for the isentropic efficiency and the blade tip velocity
ratio BSR.

If a twin-scroll is used, the real turbine parameters are changed in an
expected way
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The issue is created by parameters of ideal turbine since they do not
exist and have to be defined. Enthalpy head can be averaged using
weighting by mass flow rate in a very natural way.
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There is no simple procedure for averaging of pressure ratio.
Approximately it can be weighted by mass flow-rate, as well, since
the pressure difference creates the significant part of enthalpy head
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More physically accurate procedure is averaging according to the
enthalpy head, mass flow rate and total inlet temperature after
mixing, i.e.,
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The numerical exercise shows that both averaging methods are not
very different, the difference not exceeding 5%. For the mass flow
rate averaged pressure ratio, Saint-Vénant-Wantzel equation is not
directly suitable, since it cannot be solved for pressure ratio in closed
form. The approximation was done using ( 15 ). Then, averaged
discharge coefficient for the whole turbine is defined, if Saint-
Vénant-Wantzel relation is applied for the ideal case without losses
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Examples of Maps for Twin-Scroll Turbines with
Partial Admission

The examples of dimensionless maps for a small turbine, used later in
a 3.05 dm® engine (Table 1) are presented in Figure 3 (turbine
discharge ratio at low area rack position 0 with fixed turbine
reference area for rack = 1, therefore low values of discharge
coefficient) or Figure 4 (turbine total-to-static isentropic efficiency).
The results were calculated using virtual turbine model based on GT
Power modules - Figure 2 — coupled to a steady flow turbine test-rig
simulated as well in GT Power. Fixed pressure ratio with different
pressure differences between scroll partitions was defined for a
virtual turbine inlet, namely uniform distribution without partial
admission and pressure differences between branches 1.5 bar,
keeping averaged pressure ratio fixed. The model of a single scroll
was compared to twin scroll uniform admission case, as well.

0.6 PR=3.3Twinp 1.5
PR = 3.3 Twin
e S o = P iy PR = 3.3 Single
055 | S TEEmee . ~PR=22Twinp15
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—_ -x-PR =2.2 Single
=05
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9
2
5
S 0.45
[
0
©
=
2 04
[=]

0.35

0.3 : : : : ‘
0 0.2 4 0.6 0.8 1
BSR [1]

Figure 3. Total averaged discharge coefficient for a small turbine in
dependence on blade speed ratio, rack position zero (closed vanes) with fixed
pressure (mass-flow rate of 0.02 — 0.1 kg/s) and different distribution of
pressure between entries (pressure difference 1.5 bar adjusted to the same
mean pressure as in the case of full admission) compared to a single scroll
case.
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The results are nearly identical for both single scroll and twin scroll
models in the case of uniform gas admission to both partitions, which
was used as an initial test case of consistence of original single scroll
and newly developed twin scroll model. This consistence check is
very important because both GT Power models are completely
different. E.g., twin scroll model uses momentum mixing modules
not used in a single scroll model, which caused mentioned small
differences.

The changes of turbine total discharge coefficient and turbine
isentropic efficiency in case with non-uniform admission are clearly
visible at different pressure ratios in presented example. Moreover, at
low pressure difference between partitions neither discharge
coefficient nor the efficiency is significantly reduced, since turbine
achieves higher pressure in better supplied partition, which is of
advantage for low rack position. After the pressure difference goes up
to 1.5 bar, the differences change the trend in expected way, as
demonstrated for efficiency in Figure 4.

The averaging of pressure ratio and ideal expansion isentropic
velocity is subjected to imperfections due to compromised definitions
ineq. (14 )-(16), especially for a mass flow rates. That was why
SAE maps are also introduced here. They feature the same trends, as
presented for another (larger) turbine in Figure 5 and Figure 6. The
efficiency totally changed the trend in dependence on pressure ratio
due to changed turbine reaction. With the same dimensions of
exducer, the impeller is relatively large if one of scroll partitions is
almost closed. The trend is confirmed by experiments in [39]. If an
exducer is too small for full admission, the efficiency at partial
admission may even exceed efficiency for full admission if pressure
ratio is high enough — see [39]. That is why the prediction from
physically based model is so meaningful.
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Figure 4. Isentropic efficiency for a small turbine in dependence on blade
speed ratio, rack position zero (closed vanes) with fixed pressure (mass-flow
rate of 0.02 — 0.1 kg/s) and different distribution of pressure between entries.

In both cases, total averaged maps were presented. There is no
problem to calculate maps of this type for separated scroll partitions.
Then, no questions about relevance of pressure ratio or ideal
expansion velocity occur. This approach was used for a “0-D” map
simulation described in the following chapter.
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Figure 5. SAE Map — reduced mass flow-rate and isentropic efficiency for a
larger turbine at equal distribution of flow between entries.
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Figure 6. SAE Map — reduced mass flow-rate and isentropic efficiency for a
larger turbine at fixed flow of 0.01 kg/s in one entry, variable flow from 0.05
till 0.5 kg/s in the other one.

Simulation of Engine with a Twin-Scroll Turbine

A four-cylinder turbocharged engine with the main data according to
Table 1 was simulated at a speed of 2 000 r.p.m. with two different
exhaust manifolds and two approaches to a turbocharger turbine
specification.

Table 1. Basic parameters of a simulated engine.

Displaced volume 3054 cc
Bore 90 mm
Stroke 120 mm
Number of cylinders 4
Ignition order 1-3-4-2
Single scroll manifold volume 1.1dm?
Twin scroll partition A cyls. 1+4 0.8 dm®
Twin scroll partition B cyls. 3+2 0.5 dm?
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The first manifold was a simple symmetric single-pipe, all-cylinders
connecting to collector of 1.1 dm® volume for a single scroll lay-out.
The other one was an asymmetrical two-pipe, twin-scroll manifold
with branches described in Table 1 and presented as a GT Power
model in Figure 23.

To find the features of newly developed model, comparison of
different modelling approaches to a twin-scroll turbine was done. The
full 1-D model for both branches and partitions was compared to a
lumped-parameter 0-D model, based on a virtual test bed results at
equal admission to both scroll partitions. Turbine was divided into
two sections with a half flow-rate capacity. The model was calibrated
to reach the same A/F ratio with both approaches.

The simulations were done for several operation modes at high load
of approximately 12 bar of bmep at 2 000 r.p.m., high A/F ratio
(relative A/F of 2, closed rack position) with bsfc of 244 g/kw/h and
turbine inlet temperature of 800 K, high load — high rack position
mode with relative A/F of only 1.75, bmep of 9.5 bar approximately,
bsfc of 230 g/kW/h and the same turbine inlet temperature and finally
for low load, high A/F (relative A/F approx. 4.5, closed rack
position), bsfc 435 g/kW/h and turbine inlet temperature of approx.
565 K only.

Twin scroll with this standard 0-D map approach for a half of a
turbine does not respect any influence of the joint manifold branch.
The mass flow rates in Figure 7 - Figure 8 reflect this feature by
higher mass flow rate, especially just before the next branch pressure
wave comes. On the other hand, deeper pressure decrease at the end
of exhaust pulse is featured by this 0-D approach - Figure 9 - Figure
11. It is obvious that those phenomena work against each other.
Therefore, the physics of 0-D model is not realistic. The difference in
pressures and mass flow rates leads to different turbine power and
consequently to different turbocharger speed, as demonstrated in
Figure 14 - Figure 16 and in Figure 13.

0-D model can be empirically repaired by adding a throttled cross-
link between both manifolds upstream of a turbine, as recommended
by Gamma Technologies — [28] and used in [39]. The throttle area
has to be changed for different operation conditions, however,
because the connection of flows is done, in reality, at non-existing
pressure difference.
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Figure 7. Mass flow rate in both partitions of a twin scroll using different
turbine models. Bmep approx. 12 bar, 2 000 r.p.m., boost pressure approx. 2.8
bar.



Figure 8. Mass flow rate in both partitions of a twin scroll using different
turbine models. Bmep approx. 1.8 bar, 2 000 r.p.m., boost pressure approx.
1.4 bar. See Figure 11.
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Figure 9. Pressures at both twin-scroll turbine entries A and B for different
models (1-D and lumped parameters 0-D) and bmep approx. 12 bar, 2 000
r.p.m., boost pressure approx. 2.8 bar.

The mass flow rate would be still too high in this case using realistic
turbine flow area found by steady-flow experiments, since the
counter-acting influence of the pressure pulse from the other
manifold does not exist in this model. That is why the turbine test bed
results have to be calibrated by experiments at an engine.
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Figure 10. Pressures at both twin-scroll turbine entries A and B for different
models (1-D and lumped parameters 0-D) and bmep approx. 9.5 bar, 2 000
r.p.m., boost pressure approx. 1.65 bar.
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Figure 12. Blade speed ratio for both turbine scroll partitions at bmep approx.

12 bar, 2 000 r.p.m., boost pressure approx. 2.8 bar in dependence on turbine
model.

The fully physical model, on the other side, takes the phenomena
inside a turbine into account. The counteracting or — in some cases —
ejecting effect of the other manifold pulse caused by momentum
exchange is respected at least qualitatively. The comparison of
parameters is finished by BSR curves in Figure 12, where no
significant differences occurred.
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Figure 13. Predicted turbocharger speed in dependence on turbine model.
Bmep approx. 12 bar, 2 000 r.p.m., boost pressure approx. 2.8 bar.
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engine load, high A/F ratio. Bmep approx. 12 bar, 2 000 r.p.m., boost pressure
approx. 2.8 bar.
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The integral parameters of turbines include beside turbine speed
Figure 13 and power for different engine loads and rack positions in
Figure 14 - Figure 16 the isentropic efficiency, as well. The values of
it, evaluated from an averaged ideal expansion velocity, are
comparable only for lumped parameters model, however. The
accumulation capacity in the case of full 1-D model leads to apparent
values, as is obvious from Figure 17 (see also measurement data in

[27]).
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Figure 18. Mass flow rate in both partitions of a twin scroll and in a single
scroll turbine. Bmep approx. 12 bar, 2 000 r.p.m., boost pressure 2.8 bar.

The investigated features of a full 1-D model are currently being
subjected to testing at an experimental six cylinder engine and at a
specific facility with divided inlets to a twin scroll turbine. The
qualitative analysis of the results has allowed finding interesting
differences, significantly supporting the philosophy of a full 1-D. The
necessary extrapolations of turbine maps can be done quite naturally,
no additional artificial modifications of the engine model are needed.

The full 1-D model may be important for appropriate prediction of
initial conditions for a transient load acceptance. The natural
extrapolation of parameters seems to be worthwhile for those
practically important cases, in which the differences between real and
simulated boost pressures are not important (pressures being close to
atmospheric ones in any case) but the starting turbocharger speed
influences the transient response significantly.
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Figure 19. Pressures at inlets to both partitions of a twin scroll turbine and at a

single scroll turbine. Bmep approx. 12 bar, 2 000 r.p.m., boost pressure
approx. 2.8 bar.

After those introductory tests, the model was used for comparison of
a single and twin scroll layouts of turbine at a four cylinder engine.
Selected examples are in Figure 18 - Figure 21 for mass flow rate,
pressures upstream a turbine, BSR and turbine power. The presented
cases for high load, closed rack position are qualitatively the same if
load or rack position is changed.
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Figure 20. Blade speed ratio for both turbine twin scroll partitions and for a
single scroll turbine at high load: bmep approx. 12 bar, 2 000 r.p.m., boost
pressure approx. 2.8 bar in dependence on turbine model.

26000

e X 1-D Twin Scroll A+B

24000

22000

20000

Power [W]

18000

16000

‘. — L] — L] I1
14000 \ 1-D Single Scroll

-180 -90 0 90 180 270 3-60 450 540
Crank Angle [deg]

Figure 21. Turbine power for a twin scroll turbine and a single scroll turbine.
High load. Bmep approx. 12 bar, 2 000 r.p.m., boost pressure approx. 2.8 bar

Page 10 of 14

The results confirm the well-known feature of pulse exhaust system
and twin scroll turbine. The power transferred from a cylinder is

much higher in branches connected to a twin scroll, which is obvious
from Figure 21.

At the other side, the pumping work is increased, as well, which
influences bsfc especially while closing rack position. In the case of
12 bar of bmep at 2 000 r.p.m., high A/F ratio (relative A/F of 2,
closed rack position) bsfc was increased from 234 to 244 g/kW/h
switching from a single scroll to twin one. Opening a turbine for high
rack position with relative A/F of only 1.75 and bmep of 9.5 bar
approximately, bsfc was increased only moderately from 230 to 232
g/kW/h. Finally, for low load, high A/F (relative A/F approx. 4.5,
closed rack position), bsfc was changed from single scroll 400
9/kW/h to nearly 430 g/kW/h using twin scroll lay-out.

Those preliminary results will be generalized to other engine speeds
and configurations of exhaust manifold and compared to dedicated
experiments in a near future. The results have been already achieved
but they are still confidential.

Procedure of Model Calibration

As described above, both algebraic central streamline quasi-steady
model and full physically based model with wave phenomena inside
all parts of turbine have been developed. Both models were tested in
1-D solver, aiming at replacing the necessity to interpolate in turbine
maps for different partial admission and taking into account the real
unsteadiness of turbine flow in the latter case. Nevertheless, the
models are not fully predictive if not calibrated before use.

The procedure, tested up to now for the case of single scroll model is
based on the following steps:

e testing of a turbine at real, steady flow test bed with
different level of partial admission;

e simulation of virtual turbine maps for different partial
admission cases using quasi steady or unsteady physical
model at virtual turbine test bed at the same operating
conditions as above;

e optimizing the turbine model tuning parameters by genetic
algorithm, as described for a single scroll model in [24] and
[26]; assessment of errors by comparing virtual turbine
maps and measured real turbine maps;

e  direct use of calibrated models in 1-D simulation, using all
features of complete unsteady engine model; the model
replaces in this case standard maps of a turbine, yielding
directly the turbine mass flow rate and power in

dependence on pressures and inlet temperatures in turbine
environment.

Summary/Conclusions

A model of a twin scroll turbine using central streamline 1-D
approach has been developed for both steady and unsteady partial
admission flows. The model is currently available for parallel scroll
partitions but its layout makes it possible to extend it to serial scrolls
just by changing mixing location of both scroll flows.



The newly developed really physically based twin scroll turbine
model has been tested on a four cylinder engine model with single
and twin exhaust manifolds from the point of view of reliability and
extrapolation capacity. The numerical features and qualitative
predictive capabilities are satisfactory. The model needs some
additional modifications, e.g., taking reversed flows at very low
admission ratios into account. Nevertheless, even the current state of
the model is sufficient for its practical implementation up to high,
supercritical pressure ratios.

The model has been tested by dedicated experiments but the results
are still confidential. The qualitative comparison can be published
only at this time. Experiments have been recently carried out on a six
cylinder, twin manifold engine. A specific test bed with distributed
flows to a twin scroll turbocharger is already prepared.

The implementation into 1-D commercial codes, e.g., GT Power can
be done for both models without significant problems. It can create
an efficient tool for optimization of downsized highly dynamic
engines, based on physics of unsteady flow and thus insensitive to
changes of a current engine layout.

A comparison of the presented turbine model with a map based
quasi- steady turbine is being prepared for further studies.
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Definitions/Abbreviations
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flow area [m?]

velocity of sound [m.s™]

vane axial width [m]

correction to compressibility [1]
absolute velocity [m.s]
isobaric specific heat capacity
[.kgt.K?Y

velocity after isentropic expansion of a total enthalpy head,

ideal expansion velocity [m.s™']
diameter [m]

specific enthalpy [J.kg ]

tuning coefficient [1]

torque [N.m]

mass, mass flow rate (with dot)
[kg, kg.s™]

speed [min™]

power [W]

pressure [Pa]

Reynolds number [1]

specific gas constant [J.kg™.K™]
radius [m]

specific entropy [J.kg.K™]
temperature [K]

circumferential velocity [m.s?]
relative velocity [m.s™]

blade tip velocity ratio u,/c,[1]
number of blades [1]

angle of absolute velocity (measured
from radial or axial direction) [deg]
angle of relative velocity (measured
from radial or axial direction) [deg]
pressure ratio <1 [1]

isentropic efficiency [1]

kinetic energy loss coefficient [1]
isentropic exponent [1]

power input coefficient [1]
discharge coefficient

kinematic viscosity [m2.s™]
pressure ratio >1 [1]

density [kg.m™]

shear stress [Pa]

flow function [1]

angular velocity [rad.s™]

SUBSCRIPTS

a
app
comp
F

axial
approximation
compressible
friction
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| impeller

inc incidence, angle of attack
incomp incompressible

K compressor

leak leakage

N nozzle ring, vaneless turbine scroll&nozzle
nom: nominal, at maximum efficiency
r radial

red reduced

rel relative flow

S isentropic

sep flow separation

vent windage

T turbine

t tangential

vi vaneless

0 total or stagnation state

1 inlet

2 outlet or nozzle ring outlet

3 impeller outlet

¢ blade root

“ blade tip

ACRONYMS

bmep  brake mean effective pressure
bsfc brake specific fuel consumption
BSR blade speed ratio u/c

CR centripetal radial

CRT centripetal radial turbine

ICE internal combustion engine
VG variable geometry

VGT variable geometry turbine
WG waste-gate
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Figure 22. Simplified model of a GT Power inlet scroll model for an unsteady flow inside a scroll and mixing of both flows after partial expansion.
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Figure 23. The scheme of a four-cylinder engine model with pulse exhaust manifold consisting of two partitions (ignition order 1-3-4-2) coupled to a twin entries
according to Figure 22.
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