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Abstract

This paper presents a simplified methodology of pulse flow turbine modelling,
as an alternative over the meanline integrated methodology outlined in pre-
vious work, in order to make its application to engine cycle simulation codes
much more straight forward. This is enabled through the development of
a bespoke non-adiabatic pressure loss boundary to represent the turbine ro-
tor. In this paper, turbocharger turbine pulse flow performance predictions
are presented along with a comparison of computation duration against the
previously established integrated meanline method. Plots of prediction de-
viation indicate that the mass flow rate and actual power predictions from
both methods are highly comparable and are reasonably close to experimen-
tal data. However, the new boundary condition required significantly lower

computational time and rotor geometrical inputs. In addition, the pressure
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wave propagation in this simplified unsteady turbine model at different pulse
frequencies has also been found to be in agreement with data from the liter-
ature, thereby supporting the confidence in its ability to simulate the wave
action encountered in turbine pulse flow operation.

Keywords: Turbocharger, Turbine, One-dimensional, Non-adiabatic

pressure loss, Unsteady flow, Modelling

1. Introduction

Turbocharging is regarded as one of the key elements in the success of
downsized internal combustion engine systems, an effective strategy towards
COs emissions reduction. These days, a turbocharger is no longer restricted
to its conventional application, but in various other usages such as turbo-
compounding [1], electrically assisted [2, 3] and steam turbocharging [4],
where the turbine will often operate at more extreme conditions. In all
cases, the process of engine-turbocharger matching during the development
stage plays a significant role towards achieving the best possible system per-
formance, in terms of minimizing fuel consumption while maintaining good
transient response. In current industry practice, engine modelling does not
consider the full unsteady analysis of the turbocharger turbine, but instead
treats it as a quasi-steady device. While this traditional approach can pro-
vide adequate simulations of the engines steady state engine performance,
its deficiencies become apparent when attempting to accurately predict tran-
sient response [5], especially so when the desire is to predict the benefit of
turbocharger technologies such as twin scroll turbines. Numerous unsteady

turbine models have been developed over the years, yet none of these models
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have been widely implemented into commercial one-dimensional engine cycle

simulation codes, mainly due to the associated complexity.

1.1. Background study

Commercial one-dimensional engine cycle simulation software tools model
the turbocharger turbine by following a quasi-steady approach (turbine inlet
and outlet are considered as the points where the flow conditions are experi-
mentally measured). However, due to the reciprocating nature of the engine,
the flow entering the turbine is of a pulsating nature, the form of which varies
depending on engine speed, displacement, number of cylinders, etc. Over the
last fifty years, several researchers have investigated this phenomenon, show-
ing that during each engine cycle the instantaneous mass flow measured at
the turbine inlet does not follow the steady-state characteristic, but instead
forms an unsteady hysteresis loop, particularly at lower pulse flow frequencies
[6-17]. The unsteady characteristic was also found (experimentally [16] and
analytically [18]) to vary in accordance with turbine inlet pulse frequency.
However, detailed experimental flow field investigations of the turbine [19]
suggest that the rotor itself does operate in quasi-steady manner (compared
to the turbine stage as a whole), and this has been analytically supported
by Strouhal number analyses [16, 20] and 3D CFD [21-23]. This leaves the
turbine volute as the primary source of the observed unsteadiness.

The major deficiency of a quasi-steady turbine model is therefore the
lack of a spatial dimension (or dimensions), and the consequent inability to
account for the flow dynamics taking place within the turbine volute during
pulsating flow operation. Ref. [23] further highlighted the deficiencies of a

quasi-steady turbine model where the temperature dependent heat transfer
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and mechanical losses do not vary according to on-engine conditions but are
restricted to the measured “apparent” steady-state characteristic [24]. Thus
modelling improvements have been obtained by incorporating, as a first step,
the volume of the volute in a 0D or “filling-and-emptying” approach [25], and
taking it a step further by explicitly modelling the volute as a one-dimensional
form to additionally capture pressure wave action effects [23, 26-33].

In order to model the quasi-steady and unsteady characteristics of the tur-
bine rotor and volute respectively, an adiabatic pressure loss (APL) bound-
ary and a series of 1D tapered (non-constant cross-sectional area) pipe ducts
have previously been considered [30, 34]. Once calibrated for steady flow
conditions, this type of unsteady turbine model has shown its ability to cap-
ture the wave action phenomena under pulsating flow operation, reflected in
the swallowing capacity hysteresis prediction and the correct variation trend
against growing pulsating flow frequency [18]. Although this model showed
satisfactory unsteady mass flow prediction, prediction of instantaneous tur-
bine power was less convincing. In an attempt to improve power prediction
[35], a turbine meanline model was integrated into the 1D model. From
the established flow state, the meanline model makes a performance predic-
tion using a number of empirical loss relations, which are in turn based on
knowledge of the turbine geometry and operating parameters. Validation at
different pulse flow frequencies suggested good potential for the integrated
1D-meanline turbine model [36, 37], but this new methodology, although
innovative, has a few potential downsides.

Firstly, the meanline model required detailed rotor geometrical inputs,

e.g., rotor blade angle and tip-to-shroud clearance (this will be discussed fur-
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ther in Section 4). However, rotor geometrical information is rarely accessible
especially during engine-turbocharger matching. Secondly, the instantaneous
turbine power calculation was performed from the already established pul-
sating turbine instantaneous flow field, sampled into a complete pulse cycle
such that the phase synchronization of the instantaneous velocity components
extracted at different locations in the turbine volute can be accomplished
(e.g., the gas flow velocity taken at the volute tongue for instantaneous ro-
tor upstream tangential velocity calculation via the free-swirl relation). Even
though this approach showed good results in cold-flow testing data validation,
such a model may fall short during transient engine modelling in the absence
of continuous complete pulse cycles under constant frequency. Lastly, the
pressure loss boundary used in this methodology to establish the pulsating
turbine flow field was considered to be adiabatic! [38]. This is not the case
in real operating conditions, it makes the downstream flow enthalpy predic-
tion inaccurate and it prevents the model from being used in those operating
conditions in which the downstream gas flow is re-used (e.g., presence of
turbo-compounding systems, second-stage turbocharging, etc.).

In this paper, the development of a non-adiabatic pressure loss (NAPL)
boundary as a turbine rotor boundary will be presented. The formulation
details will first be presented in Section 2, followed by turbine steady-state
performance validation in Section 3. The pulse flow turbine performance
predictions will be compared with the literature unsteady experimental data

[39] and with the meanline integration prediction method [37] (its formula-

'The boundary was originally formulated to model adiabatic flow devices, e.g., valve,

throttle, gauze, etc., but not a turbine rotor.
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tion will also be briefly discussed in Section 2.5) at four pulsatile frequencies
of three operating speeds in Section 4. In addition to flow prediction perfor-
mance, the computational time for this NAPL rotor boundary will also be

discussed in Section 5.

1.2. Experimental results

The experimental data used in this paper for model validation was gener-
ated in the cold-flow turbine test facility available at Imperial College Lon-
don. The test facility features a low-inertia, high-speed permanent magnet
eddy-current dynamometer as the loading device [39] and a rotary disc pulse
generator to generate the pulse flow at different frequencies [9]. The tur-
bocharger turbine studied here is of a single-entry mixed-flow turbine type
in which the rotor was designed by [15] and coupled to a commercial nozzle-
less turbine volute. The steady and pulsating flow turbine performance has
been experimentally evaluated at six operating speeds from 27.0 to 53.7
rps/vK [39]. Four pulse frequencies have been considered, viz., 20, 40, 60
and 80 Hz which correspond to the typical operating range of a medium-size
four-stroke diesel engine. For the model prediction validation, three operat-
ing speeds will be considered, i.e., 27.0, 43.0 and 53.7 rps/\/K and all four
flow frequencies at these selected speeds will be analysed.

Since the experiment was conducted at cold-flow conditions (i.e., with-
out the presence of a combustor but with only a small amount of upstream
heating to avoid condensation at the turbine exit), the effects of heat transfer
and bearing loss can be suppressed. This effectively eliminated the additional
complexity that may have presented, e.g., the non-uniform heat flux in heat

transfer as a result of volute cross-section [40-42], and the variation of lubri-
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cant viscosity and bearing loss at elevated temperature [43, 44]. Therefore,
the experimental data can be considered as purely the turbine aerodynamic

performance.

2. Mathematical Model

2.1. Computational domain

The unsteady turbine model domain has undergone a series of advance-
ment throughout the previous works on this subject, viz. from a single
constant cross-sectional area pipe of equivalent volume representing the tur-
bine volute, to sections of tapered pipes with equivalent area variation and
volume changes, before multiplying the number of rotor entries to resemble
more realistic flow entry into the rotor wheel [30, 34-37]. As a consequence
of the new model domain which required more detailed volute geometrical in-
formation, the quality of the prediction improved significantly. For instance,
the varying cross-sectional volute model area made the prediction of dimen-
sional parameters possible whereas only non-dimensional parameters could
be predicted in the initial stage model. The addition of multiple rotor entries
around the volute azimuth angle also proved capable of capturing the actual
phase of the pulsating flow energy transfer into the rotor. These features
are essential to achieve a turbine model that could be easily integrated into
engine software for real time engine simulation.

The computational domain used in this paper follows that used in Ref.
[37], as illustrated in Fig. 1. The turbine volute (inlet to 360° azimuth angle)
is modelled as a series of pipes with varying areas, summarized in Table 1 [45].

The flow from the turbine inlet is assumed to merge into a single pipe from
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four rotor entries located at 90°, 180°, 270° and 360° azimuth angle before
entering the rotor boundary. Previous work assumed a closed end at 360°
azimuth which led to noticeable tertiary oscillation on the pulsating actual
power curve peak at higher pulse flow [36] owing to the artificial pressure wave
reflection at the closed end. The flow re-entrance at the volute tongue from
360° azimuth was neglected (gas flow is assumed to be completely consumed
at the end of the volute) and so gas flow tends to circulate inside volute
domain instead of exiting from the rotor boundary as a result of the absence of
free-swirl modelling.? Although such a simplification may appear unrealistic,

it was found not to deteriorate the mass flow prediction [36, 37].
[Figure 1 about here.|
[Table 1 about here.]

2.2. Numerical method

The gas dynamics code used in this study is based on the conservative

one-dimensional Euler formulation [34], expressed in vector form as

OW  OF(W)
C= 1
ot * Ox * 0 (1)
pF puF 0 0
W=| puF |, FW)=| (pu’+p)F |, C= —p% + | pGF | (2)
peoF' puhgF' 0 —pqF

2The free-swirl modelling would require at least two-dimensional modelling, i.e., mean

flow path and additional radial dimensions.
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The numerical solution discretizes® the governing equations across the
model domain. From a pre-defined initial state, the domain instantaneous
flow state is solved using the classical two-step Lax-Wendroff scheme com-
bined with a TVD (total variation diminishing) flux limiter to ensure a shock-
capturing, second-order accurate flow prediction. The Swamee and Jain fric-
tion model [46] and the Reynolds analogy heat transfer model [47] are used
to evaluate the friction and heat transfer term (G and q) respectively in the
source term vector C.

The model boundaries (located at turbine inlet, exit, between each pipe
segment in Fig. 1, and the rotor boundary to be discussed in the next section)
serve as the closure for the numerical calculation at each pipe domain end.
At each time step, and for a given combination of incident waves (A, and
Ain, in Fig. 2), these boundaries compute and provide information on their
influence on the domain flow state, i.e., the transmitted and reflected waves

(Aout; and Ague, respectively in Fig. 2).
[Figure 2 about here.|

Open-end boundaries have been used at the model inlet and exit. The
experimental instantaneous stagnation pressure and temperature are defined
at the inlet boundary condition which has been set to be anechoic to emulate
the long pipe upstream to the measurement plane in the actual test facility.
Ambient conditions have been defined at the model open-ended exit bound-

ary condition, which has been extended by a dimension equal to the exducer

3The most promising ratio of discretization length over domain diameter has been

recommended to be 0.55 [37] and is used here.
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diameter to allow for turbine downstream pressure fluctuations [37, 47]. Do-
main pipes are connected using an area variation boundary whereas the rotor
entries (at 90°, 180°, 270° and 360° azimuth) are modelled using junction
boundaries [38, 47]. The selection of these boundaries has been validated
in [37] with satisfactory instantaneous flow prediction. The simulation is
executed in transient mode, and is considered to achieve convergence once
sufficiently small changes? in turbine and rotor inlet mass flow rate (less than

0.01%) are observed.

2.3. Non adiabatic pressure loss boundary

The formulation of the NAPL boundary is in reference to the adiabatic
pressure loss (APL) boundary presented by Benson [38] except for the gov-
erning equations. The position diagram of an NAPL device is shown in Fig. 2,
and the gas flow velocity notation is taken as positive for gas flow towards
the boundary. Parameters upstream of the device are denoted with subscript
1 and downstream as 2.

For an APL device, the conservation of energy and continuity equations

across the boundary are expressed as [38]:

Continuity equation:

prurFy = pousFy (3)

4For steady-flow simulation, these changes are monitored over time, whereas in pulse-

flow simulation, these are monitored at the same pulse cycle angle over successive pulses.
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u? ul

h0:h1—|——1:h2—|——2 or (4)
2 2
—1 -1

a?):a%—l—KQ u%:ag—l—ﬁz u3 (5)

In order to realistically represent a rotor, the conservation of energy across the
boundary must be associated with an additional stagnation enthalpy transfer
term (given as Ahg,y, in Eqn. 6), equal to the specific work transfer from the
rotor wheel. Since it eventually leads to gas flow stagnation temperature loss,
the boundary will be referred as a — non-adiabatic pressure loss boundary.
The continuity equation remains unchanged from the APL device in Eqn. 3

since the mass flow rate is always conserved across the boundary.

R S
ho = hl + ? = hg + ? + Ahturb or (6)
k—1 k—1
Clg = af + 5 u% = CL% + 5 Ug + (K - 1)Ahturb (7>

The pressure loss coefficient through a pressure loss boundary can be defined

as [38]:

K- Ap

2
pLuq

K= (8)

Further defining the non-adiabatic parameter, d which consists of the stag-

nation enthalpy transfer term, Ahgyp as:

o 2Ahturb

2
as

d M? (9)

11



207 It is shown in Appendix A that while simultaneously fulfilling the pressure
28 and stagnation enthalpy loss, an unique boundary upstream Mach number,

200 M at particular flow condition may be obtained by solving:

VEEO+d) + a2 — 40+ d) (bt K2 —a}
2{(b+ d)K2—a}

M} = {2K(b+d) + aa} —

(10)
2 2 4 I
where OL:H_1 b= aM; + M, o = Fg
210 Note that when there is no stagnation enthalpy change across the device,

au i.e., an adiabatic flow process across the boundary (d = 0), Eqn. 10 be-
22 comes identical to that in the APL boundary condition formulation [38, 47].
213 From the derivation in Appendix A, the resultant boundary reflected and

2 transmitted wave characteristics are respectively defined as:

* kr—1 *
* r—1 *
215 The parameter with asterisk superscript are those further normalized by

216 their corresponding entropy level, Ax. The flow direction through the bound-
217 ary can be identified via comparing the upstream and downstream incoming

25 flow characteristics,” i.e.,

5Arbitrarily chosen initially, and corrected if necessary once flow direction has been

established.

12
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Positive flow AL > A (13)

lnl ln2
Reverse flow Aing < Aoy (14)
No flow A, = Aj, (15)

Note that the mathematical calculation of the NAPL boundary is compatible
for reverse flow by switching the boundary upstream and downstream sta-
tions. However, the experimental turbine reverse flow characteristic is rarely
present, hence it is not possible to validate it here. Nevertheless, since the
typical turbine upstream pressure is constantly higher than atmospheric, this
will not raise additional concern. Even if intermittent reverse flow occurred
(e.g., during pulse flow conditions), the associated pressure loss coefficient
would achieve a very large magnitude (corresponding to low Ms, which will
be presented in the subsequent section), i.e., consistent with reverse flow
through the rotor wheel. Thus the flow direction is expected to resume its
conventional direction once the inlet PR has increased above atmospheric.
During no flow conditions, the pipe domain flow characteristics will not be
updated, i.e., the flow does not experience any change. The instantaneous
actual power extracted by the turbine at each time step is then computed

via:

Wact = ml : Ahturb (16)

The solution procedure for the NAPL boundary is identical to the APL

formulation described in [38], thus can be summarized by the generalized

13
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form given in Fig. 3 (in reference to equations in Appendix A). At a partic-
ular time step, the solution for Eqn. 10 can be found through an incremental
search across a range of M, where the convergence is expected to occur,

gradually refining its range after each pass of sub-iteration.
[Figure 3 about here.|

2.4. Solution for pressure loss € non-adiabatic parameter

The pressure loss coefficient, K for an APL boundary is typically char-
acterized against the boundary upstream Reynolds number or downstream
Mach number at different solidities,® which are obtained empirically from
steady flow testing [38]. For a turbocharger turbine, a similar solution has
been shown possible [48] and the pressure loss coefficient curves are grouped
according to turbine reduced operation speeds, Ng, as shown in Fig. 4a. Like-
wise, the enthalpy change, Ah¢,p in the non-adiabatic parameter, d of the
NAPL boundary can be characterized against the empirical steady-flow per-
formance data from which it will be instantaneously interpolated according

to local flow conditions prior to pulsatile operation.
[Figure 4 about here.]

Since the pressure loss coefficient, K and non-adiabatic parameter, d are
both functions of the flow state and turbine operating speed, their influence

on the new flow state can be summarized as in Fig. 5.

SThe ratio of blocked area to the total cross-sectional area exposed to gas flow at the

boundary.
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[Figure 5 about here.|

The steady-state calibrated boundary data for the subject single-entry
nozzleless turbine is shown in Fig. 4. The calibration procedure involved in-
crementally searching for the unique combination of pressure loss coefficient,
K and stagnation enthalpy loss, Ahiy,p that would match the steady-flow
performance within tolerance. The pressure loss coefficient, without the con-
sideration of enthalpy change across the rotor boundary [37], has been plotted
in Fig. 4a to give a sense of how the inclusion of the non-adiabatic parame-
ter affects the turbine model flow state. It is apparent in the non-adiabatic
process, for a given turbine PR, the downstream Mach number is always
lower than that calculated assuming an adiabatic process, and the difference
increases with turbine PR (higher Ms). This is because the loss in gas flow
stagnation enthalpy further reduces the gas flow energy. Nonetheless, the
shifted Mach number points still fall on a unique speed line curve, which
corresponds to the turbine MFP-PR characteristic at that particular speed.

In order to account for different operating temperatures to which the
turbine rotor may be subjected, the calibrated specific enthalpy change for
the non-adiabatic parameter is further reduced by the boundary upstream
stagnation temperature, Ty;. The resultant reduced specific enthalpy change
at different turbine operating speeds is shown in Fig. 4b. Note that this
reduced specific enthalpy change is analagous to the power parameter used
in typical quasi-steady turbine models [38]. A separate hot flow steady-
state simulation is also performed in Section 3 to validate this normalization

method, by comparing the turbine non-dimensional performance parameters.

15
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2.5. Meanline integration method

Throughout this paper, the new model predictions will be constantly
compared against the established meanline integration method prediction
[37] apart from the experimental data. For this reason, this methodology
will be briefly discussed in this section. The meanline integration method
uses the same model domain as in Fig. 1. Similar to the previous section, the
subscripts 1 and 2 here denote the rotor boundary upstream and downstream
stations respectively. From the converged flow state at the rotor boundary,
the meanline integration method first obtains the “averaged” flow condition

among the four rotor entries in Fig. 1, i.e.,

4
M= Thewy (17)

entry=0
.\ F
P = Z %trypentry (18)
entry=0 1
L m
T = Z ;Zry Tentry (19>
entry=0

The rotor inlet velocity is then constructed, from which the rotor inci-
dence and passage losses will be considered according to the formulation in

[49, 50], respectively defined as

16
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I %Kincidence (Wl sin B/)Q if 5/ < % (20>
incidence —
%I(incidencevvl2 (% + |5,‘ - %) lf ﬁ/ 2 %
1 .
Lpassage = §Kpassage [ng C082 (|61 - Zoptl) + WQQ} (21)
where 8" = B1 — Poiade; — fopt
—1.98 - tan 6,
A dgpr = tan™ |2 L
e fopr = tal {Z(l - 1.982)}

The turbine instantaneous actual power in this case is evaluated from
the velocity triangle changes across the rotor boundary minus the clearance
loss (due to rotor tip clearance) [51] and disk friction loss (the viscous loss

between rotating rotor and stationary volute) [52], i.e.,

Waet = 1111 (U1Co, — UzCo,) — (Letearance + Laisk friction) (22)
(UrCo, — UsCiy) —Clearijce Bl
Leicarance = T v (23)
T2
Laisk friction = 0.02125 - Urpy (24)

(01U17“1)0'2
mq _—
u

3. Steady-state Performance Validation

Comparison of the steady-state cold-flow turbine swallowing capacity,
MFP and actual output power, W, predictions against experimental data
is given in Fig. 6. The meanline integration method predictions are the same

as those presented in previous works [36, 37]. The comparison between the
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turbine MFP predictions (evaluated using Eqn. 25) generated by the NAPL

boundary and the meanline integration method is given in Fig. 6a.

ml V TOl

Po1

MFP = (25)

Both methods show good agreement with the experimental data with
an inaccuracy of less than 5% throughout a wide range of operating PR and
different turbine operating speeds. For the actual power prediction in Fig. 6b,
the meanline method showed larger deviation from the experimental data at
the lower turbine operating speed (27.0 rps/ \/K) since the rotor passage loss
coefficient was only calibrated at 43.0 rps/ VK turbine speed. This suggests
that the turbine losses experience smaller changes towards higher operating
speeds as compared to lower speeds. This observation is also consistent
with the calibrated reduced specific enthalpy curves in Fig. 4b for the NAPL
boundary method where the 43.0 and 53.7 rps/ VK curves lie closer to one
another than the 27.0 rps/ VK speed. The NAPL boundary method on the
other hand, showed no deviation larger than £5% throughout all steady-state

simulation cases since it was calibrated at all three operating speeds.
[Figure 6 about here.]

The hot-flow steady-state simulation was also performed to identify the
validity of the characterized reduced specific enthalpy (Fig. 4b) at a different
operating temperature. A turbine upstream stagnation temperature of 700 K
is used in the hot-flow steady-state simulations (instead of ~340 K in cold-

flow conditions). Since only the turbine aerodynamic performance will be
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examined here, it is assumed the turbine operates under adiabatic conditions
(i.e., without external heat transfer as if it is perfectly insulated) despite
working under hot gas flow conditions. With such an assumption, the turbine
non-dimensional parameters (viz., MFP and total-static efficiency) will equal
those for cold flow conditions.

The turbine MFP, mass flow rate, total-static efficiency and the actual
power are presented in Fig. 7 in comparison to the cold-flow predictions and
experimental data. The turbine non-dimensional mass flow parameter, MFP
is identical (Fig. 7a) regardless of the operating temperature, yet the hot-flow
mass flow rate is expectedly lower than under cold-flow operation (Fig. 7b).
The lower mass flow rate is due to the lower gas flow density at the higher
temperature, and the mass flow variation against operating temperature is
governed by the non-dimensional MFP. Likewise, the actual output power at
hot-flow conditions is also comparably higher than during cold-flow operation
(Fig. 7d), yet its ratio to the gas flow isentropic power — the total-static
efficiency between different operating temperatures is exactly alike (Fig. 7c).
The hot-flow simulation indicated that the calibrated turbine performance
parameters at the rotor boundary (Fig. 4) are capable of accounting for
different turbine operating temperatures, which is crucial during on-engine

simulation.

[Figure 7 about here.]

4. Pulse Flow Performance Prediction

The unsteady turbine model pulse flow performance predictions will now

be presented at four pulse flow frequencies (20-80 Hz) at 27.0, 43.0 and 53.7
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rps/ VK turbine speeds. The unsteady turbine model predictions will be
compared to the pulsating flow experimental data [39] and the predictions
by the meanline integration method [37].

Fig. 8 shows the comparison of the turbine instantaneous mass flow rate
predictions by both the NAPL boundary and meanline integration methods
against the experimental data at 20-80 Hz pulse flow and at all three turbine
operating speeds. The magnitude of the mass flow pulses is higher at higher
turbine operating speeds. At a glance, both the NAPL boundary and the
meanline integration methods deliver equally good mass flow rate predictions
with the primary fluctuation magnitude and pulse phase matched reasonably
well with the experimental data. A similar trend can be observed at all pulse

frequencies.
[Figure 8 about here.|

The comparison of the instantaneous actual power prediction between
the NAPL boundary and the meanline integration method against the ex-
perimental data is shown in Fig. 9. Again, the predictions by both methods
are fairly similar, in terms of actual power magnitude and pulse features.
Crucially, the NAPL boundary is also capable of capturing the actual en-
ergy transfer phase into the rotor wheel. Note that the instantaneous actual
power curves in Fig. 9 are illustrated in their as-recorded phase, i.e., without
any phase-shifting. This will appear to be out-of-phase to the instantaneous
mass flow curves in Fig. 8. Similar to the mass flow curve, the magnitude of
the actual power pulses increase with turbine operating speed. Nonetheless,

there are a few noticeable discrepancies between these two predictions, e.g.,
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the slight difference in the secondary fluctuation and its features (markedly
at 130-190° pulse cycle at the higher turbine operating speed in Fig. 9). The
temporal fluctuations seen in the meanline prediction (around 30-60° pulse
cycle) at higher pulse flow frequency and turbine speed are not visible in the

curve from the NAPL boundary method, nor in the experimental data.
[Figure 9 about here.|

Both prediction methods also showed similar a departure trend from the
experimental data, i.e., the actual power primary peak at 53.7 rps/ VK speed.
Such a mismatch is probably due to the fact that the flow component ap-
proaching the rotor is no longer operating in a quasi-steady manner at this
operating range. From meanline method analysis [37], it was discovered that
the rotor upstream absolute flow angle remained largely constant through-
out the pulse cycle which was somewhat inconsistent with the relevant CFD
findings [53] which showed the rotor upstream absolute flow angle changing
up to 20°. In order to capture this flow phenomenon, the tangential velocity
(swirl) component must be modelled separately, which is only possible via
the two-dimensional modelling mentioned earlier in Section 2.1, and is out of
scope of this work. After all, the model developed here is to be incorporated
into a conventional one-dimensional engine gas dynamics code, hence the
consistent gas dynamics governing equations set (Eqns. 1 and 2) has been
maintained, as well as its dimension.

The instantaneous predictions in Figs. 8 and 9 can be further quantified
as prediction deviation density plots in spectral form, to assess the prediction

quality with regards to the empirical data and between prediction methods.
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The instantaneous mass flow rate and actual power prediction deviations
(Mgey and Wdev) are computed using Eqns. 26 and 27 respectively. The pre-
diction deviations are normalized by the maximum mass flow/actual power
of the corresponding operating condition since the pulse magnitude varies
according to operating speed and pulse flow frequency. The density plots
of model prediction deviation are shown in Figs. 10 and 11. The abscissa
shows the percentile of the deviation whereas the ordinate represents the
number (density) of instantaneous prediction points falling within a particu-
lar deviation range. To give a sense of the prediction performance at different
operating speeds and pulse frequencies, the histograms in Figs. 10 and 11 are

further broken down into operating speed and pulse frequency constituents.

Maer (%) = W x 100% (26)
€XPmax.
. Wae - actex
Wiew (%) = —pred P 100% (27)
WaCteXPmax.

[Figure 10 about here.|
[Figure 11 about here.]

The distribution plots of instantaneous mass flow rate prediction devia-
tion given in Fig. 10 for the meanline and the NAPL boundary methods are
highly comparable. In fact, the mean =+ standard deviation (rigey £ 07, ) for
the meanline and the NAPL boundary prediction methods are 1.4% =4 8.2%
and 0.8% £ 8.3% respectively. Since this is a percentage error, the ideal value

would be nil, meaning no deviation from experimental results. In this case,
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the NAPL boundary method yielded a lower deviation of mean at 0.8% as
compared to the 1.4% resulting from the meanline integration method. An-
other aspect of this data is the standard deviation, which provides a sense of
the spread of this error percentage. Fig. 10 shows that the instantaneous mass
flow deviations from the experimental data given by both solution methods
have a comparable spread. It can also be seen that the mass flow rate predic-
tion quality across different operating speeds and pulse frequencies are also
fairly consistent between both prediction methods, illustrated by the more
or less similar histogram sub-section height and their distribution pattern
between Fig. 10a and 10b.

Similar considerations as the mass flow can be made for the instanta-

neous actual power prediction (Fig. 11). The mean £ standard deviation

(I/VdeV + aWdev) for the meanline and the NAPL boundary predictions meth-
ods are 1.9% =+ 13.5% and 0.8% = 12.8% respectively. Again, the mean pre-
diction deviation from the NAPL boundary method showed slightly higher
adherence to the experimental data than the meanline integration method,
ie., 0.8% against 1.9%. The spread of instantaneous actual power predic-
tion points are generally wider than for the mass flow prediction in Fig. 10,
owing to the mismatch of the actual power peak at higher turbine speeds
illustrated in Fig. 9. Nevertheless, due to lesser tertiary fluctuation at these
pulse peaks in the NAPL boundary method, the deviation spread in Fig. 11b
is marginally narrower (12.8%) than the meanline method (13.5%) from their
corresponding means. Fig. 11 also shows that the actual power prediction
performance of both the NAPL boundary and meanline integration methods

are comparable at different pulse frequencies and turbine speeds, indicated
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by the largely similar histogram sub-section heights and their distribution
pattern between Figs. 11a and 11b.

The histogram distribution in Figs. 10 and 11 have been found not to
follow a normal distribution via a normality test particularly towards the
tail ends of the distribution curve, thus limiting the validity of any further
statistical analyses that may be performed. Nevertheless, such a highly popu-
lated deviation plot around zero deviation is still a good indication of turbine
model performance. Furthermore the NAPL boundary method formulated
in this paper, i.e., a relatively simple method of achieving an unsteady tur-
bine model in a conventional one-dimensional engine gas dynamic code, has
been shown to deliver highly similar predictions to the meanline integra-
tion method — a more theoretical method of evaluating turbocharger turbine
actual power yet more tedious and sophisticated to accomplish.

Another important comparison aspect to be taken into consideration is
the amount of model inputs required by the meanline integration and NAPL
boundary methods. Table 2 summarizes the performance parameter and geo-
metrical information needed in setting up the unsteady turbine models using
these two boundary methods. In both methods, the steady-flow performance
maps (for model performance tuning/rotor boundary characterization) and
volute geometry along azimuth angle (for constructing the domain in Fig. 1)
are mandatory. While the NAPL boundary method requires only the rotor
inducer and exducer flow area (in order to define the boundary area ratio, «
in Eqn. 10), the meanline integration method demands more detailed rotor
dimensions (i.e., blade number, angles, diameters and clearance gap as indi-

cated in the lower-half of Table 2) in order to evaluate the four losses under
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consideration (Eqns. 20-24). Hence, the comparisons in Table 2 and Figs. 8-
11 indicate that the NAPL boundary method can be a more favourable choice
in achieving the same quality of pulse flow prediction without the need for

extensive rotor geometry measurements.
[Table 2 about here.]

4.1. Unsteady pressure propagation

Fig. 12 shows the unsteady pressure wave propagation along the model
domain (using the NAPL boundary method) at 43.0 rps/+/K turbine speed
for the 20-80 Hz pulse flow cases. Instantaneous static pressure is recorded at
eight locations along the model domain, viz., turbine inlet, 0°, 45°, 90°, 135°,
180°, 225° and 270° azimuth angle. The mean/cycle-averaged static pressure
for each pulse frequency case at these particular locations is also given in the
legend of each subplot. In general, it can be seen that the pulse flow shape
and magnitude experiences the largest change between the turbine inlet and
45° azimuth angle (from Figs. 12a to 12b), with the mean static pressure
remaining nearly constant throughout the remainder of the turbine volute
with a small gradual drop in its magnitude.

At higher pulse frequency, the magnitude of the secondary peak becomes
closer to the primary pulse as the gas flow travels further downstream into the
turbine volute due to the associated wave action activity. Such observation
shows that the nozzle-shaped volute amplifies the pulse magnitude as the gas
flow cross-sectional area gradually gets smaller. This also helps to explain
the presence of the strong secondary peak beyond 120° pulse cycle in the

experimental measurement plane mass flow profile at 80 Hz flow while the

25



488

489

490

491

492

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

test facility rotary pulse generator [8, 9, 39] only generates one triangular
pulse within each 0-360° pulse cycle. It is worth mentioning that the finding
in Fig. 12 is also in line with the experimental instantaneous volute pulsating

pressure traces reported in [11].
[Figure 12 about here.|

The realistic wave action prediction indicates that the combination of the
turbine model domain (in Fig. 1) and the NAPL rotor boundary is capable
of capturing the major flow structures within the turbocharger turbine un-
der pulsating flow. Such a model capability is indispensable during engine
simulation since any pressure (wave) reflections from the rotor boundary and

volute domain will affect the back pressure (restriction) on the engine model.

5. Computation time comparison

Although it has been shown, from a prediction quality perspective, that
the NAPL boundary method can be an effective substitute for the meanline
integration method in evaluating the unsteady turbine actual power, it is still
worthwhile to analyse the feasibility of solving the difficulty of the meanline
integration method mentioned in Section 1.1 in the future work. For this
assessment, the computational time performance of these two methods will be
compared, i.e., another vital criterion of an effective unsteady turbine model
in an engine gas dynamic code, since engine model analyses are typically
performed transiently.

The computational time comparison will emphasize the time required in

obtaining the boundary pressure loss coefficient and non-adiabatic parameter
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since the remaining computational steps (updating the flow field character-
istics and flow propagation in the turbine domain) are identical regardless
of which method is used. The computing time comparison is carried out
for three different turbine steady-state constant pressure ratios (PR = 1.3,
1.6 and 1.9) at 43.0 rps/\/K turbine operating speed. In this way, the ro-
tor upstream tangential velocity in the meanline integration method can be
evaluated easily without any conflict in the phase-difference. Different PR
operating points will result in different flow states across the rotor boundarys;
hence the actual computation time is expected to be slightly different.

Fig. 13 presents the actual averaged computing time for the meanline and
the NAPL boundary methods executed on a conventional desktop worksta-
tion. The averaged values are taken over five computation cycles (time steps).
The focus here is on the relative computing time difference between these
methods, labelled as percentile in Fig. 13. In general, the NAPL boundary
requires approximately 38.6% less computational time compared to the mean-
line integration method, and the difference becomes larger towards lower op-
erating PR (to as much as 44.6% at PR = 1.3). The longer computational
time of the meanline method is due to its procedural step in solving the
meanline loss equations (Eqns. 20-24) which consist of several implicit itera-
tions whereas for the NAPL boundary method, the procedure involves only
the linear interpolation in obtaining the reduced specific enthalpy change and
pressure loss coefficient data from Fig. 4. Such a difference in computing time
is not negligible considering that one-dimensional gas dynamic simulations

are often transient and the time step can be rather small” depending on the

"In the case of the pulse flow analyses presented in Section 4, the time step can be as
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model domain complexity. Moreover throughout the pulse cycle under stud-
ied (which replicates the exhaust pulse flow a turbine may be encountered
during on-engine operation), the gas flow PR is at a low magnitude for most

instance.
[Figure 13 about here.|

This assessment although brief, has shown that the NAPL boundary
method is capable of matching the same level of accuracy of turbine perfor-
mance prediction as that using the meanline integration method in a shorter
computational time. Therefore, the use of the meanline model in engine
modelling could be limited to extrapolating the conventionally narrow man-
ufacturer’s steady-state turbine maps (such as those practised by [54]). In
the occasion where detailed rotor geometrical information is not accessible,
a physically-based method of extrapolating turbine performance maps [55]
may be used. Instead of typical polynomial-based methods employed in con-
ventional engine simulations, these turbine map extrapolation methodologies
provide a more physically realistic trend of turbine performance variation par-
ticularly towards very low and high PR range. The broadened steady-flow
performance maps can then be used in characterizing the NAPL boundary
(i.e., obtaining the pressure and enthalpy loss curves in Fig. 4) for engine

transient simulation use.

6. Conclusion

In this study, the following conclusions may be drawn:

small as 1 ms.
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1. A non-adiabatic pressure loss (NAPL) boundary has been formulated

for evaluating the pulse flow turbocharger turbine actual power as an

alternative to the meanline integration method reported in previous

study [37].

. The formulation of the NAPL boundary is based on the adiabatic coun-

terpart, but with the inclusion of a turbine work transfer — gas flow

stagnation enthalpy loss term.

. The unsteady turbine model is calibrated against steady-flow perfor-

mance data, and the non-dimensionality of boundary data has been

verified via hot steady-flow simulation.

. The NAPL boundary method showed highly comparable predictions

with the meanline integration method and experimental data at differ-
ent pulse flow frequencies and operating speeds. This is despite the sim-
plification of not evaluating the turbomachinery losses in real-time, but
relying on instantaneous interpolation of the pre-characterized bound-

ary data.

. As such, the NAPL boundary method required less computational time

compared to the meanline integration method — by 38.6% on average.

. The NAPL boundary method required significantly less rotor geomet-

rical inputs in comparison to the meanline integrated method. This

enhanced the overall model applicability.

. The pulse pressure trace in the model domain closely resembles the

literature empirical data trend [11], thus confirming the validity of the
finite unsteady turbine model domain in resolving the physical wave

action taking place in pulsating flow conditions.

29



582 8. It is suggested that the systematic use of numerical turbine models

583 in engine simulation codes will be possible by using the conventional
584 meanline model/physical-based extrapolation method to broaden the
585 conventionally narrow turbocharger turbine steady-flow maps (instead
586 of the typical numerical extrapolation method). The widened perfor-
587 mance map can then be used to obtain the unsteady model boundary
588 data/parameter (as described in this paper) for on-engine simulation.
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Nomenclature

a

A

™

= 3 N = T Q"o

MFP

NAPL

PR

speed of sound (m/s)
dimensionless speed of sound
dimensionless entropy level
source vector

rotor tangential velocity
non-adiabatic term

specific internal energy (J/kg)
cross-sectional area (m?)

flux vector

friction source term

specific enthalpy (J/kg)

loss coefficient /pressure loss coefficient
loss

mass flow rate

Mach number

pseudo-non-dimensional mass flow parameter

dimensionless speed parameter
non-adiabatic pressure loss
pressure (Pa)

pressure ratio

specific heat transfer rate (J/kg - s)
temporal dimension

temperature (K)

velocity (m/s)
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Greek letters

> x> w ©

s

Q

Subscripts
0

1

2

blade

B

c

clearance

d

dev

disk friction
entry

exp

hub

boundary cross-sectional area ratio
relative flow angle (rad)

increment /changes

ratio of specific heats

Riemann variable

density (kg/m?)

standard deviation

absolute flow angle (rad)

gas flow dynamic viscosity

total or stagnation value

upstream of subject station
downstream of subject station
parameter associated to rotor blade
parameter associated to boundary
corrected form of parameter
parameter associated to clearance loss
derived parameter

prediction deviation

parameter associated to disk friction
parameter associated to rotor entry
experimental value

dimension at rotor hub



U dimensionless velocity /rotor tangential velocity
W  state vector

W relative velocity

W,. work transfer (kW)

x spatial dimension

Z blade number

Superscript

* values normalized with respect to entropy level

32

in
incidence
max

n

out
passage
pred

ref

tip

turb

incoming or incidence parameter
parameter associated to incidence loss
maximum value

uncorrected form of parameter
outgoing or transmitted parameter
parameter associated to passage loss
prediction value

reference value

dimension at rotor tip

parameter associated to turbine
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Figure 3: Flow diagram showing the solution procedure for the generalized pressure loss

(APL and NAPL) boundary.
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profiles at three turbine operating speeds.
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Figure 5: Influence chart showing the relationship between boundary losses, domain ex-
isting and new flow states.
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Figure 10: Distribution plot of instantaneous mass flow rate prediction deviation, Mgey
according to pulse flow frequency and turbine operating speed.
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Figure 12: Pulse pressure distribution around model domain at (a) turbine inlet, (b) 0°,

(c) 45°, (d) 90°, (e) 135°, () 180°, (g) 225° and (h) 270° azimuth angle.
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Table 1: One-dimensional turbine model domain geometry.
Hydraulic diameter Cumulative length

Location

Turbine inlet 67.7 0
0° azimuth 57.2 181.35
90° azimuth 49.1 292.95
180° azimuth 41.1 397.65
270° azimuth 30.3 494.15
360° azimuth 10.5 579.15
Turbine exit 75.0 659.15

Table 2: Comparison of model inputs between meanline integration and NAPL boundary
method.

Rotor boundary method Meanline integration NAPL boundary
Steady-flow performance
PR vs. MFP map v v

PR vs. Total-static efficiency/
v v

actual power map

Volute geometry

Volute inlet area v v

Volute exit area

\
\

Rotor geometry

Inducer area

Exducer area

Inducer blade angle

Exducer blade angle

Inducer tip diameter

Exducer tip diameter

Exducer hub diameter

Blade number

Inducer tip-to-shroud clearance
Exducer tip-to-shroud clearance

N N N N SENENENEN

v'= required
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Appendix A. Derivation of NAPL boundary

In this section, the detailed derivation for non-adiabatic pressure loss
(NAPL) boundary will be presented. The derivation procedure is based on
the methodology presented by [38]. From the:

Continuity equation (Eqn. 3):
p1u1F1 = pQUQFQ (Al)

Energy equation (Eqn. 5):

-1 —1
ap = aj + 52 uj = a3 + 52 us + (5 — 1) Ahyyn (A.2)

Pressure loss coeflicient (Eqn. 8):

k- Ap

K =
Pluf

(A.3)
Rearranging energy equation (Eqn. A.2) with Mach number definition M = %

gives

2Ahyrh 1

2 ) 2
as _,-;71M1

2 2 2
24 M,
(ﬂ) T R (A4)
a2 — + Mj

and combining the continuity equation (Eqn. A.1) with ideal gas equation

definition a? = % yields

p2_ Fioap My
y4i Fy a; M,
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s0 Rearranging the pressure loss coefficient definition (Eqn. A.3) with the ideal

sor  gas definition gives

pi—p2\ 1
K= — or A6
< b1 ) M12 ( )
D2

= =1- KM} (A7)
b1

o2 Combining Eqns. A.4-A.7 give an expression that relates the boundary up-
03 stream and downstream steady flow Mach number to its pressure loss coef-

s ficient, K, i.e.,

St M 28k, 1 _ (5)2 M} (A8)
2o+ M? aj 4 M} F) M3 -KM2®
605 Equation A.8 appears in second order polynomial equation form. By

s0s simplifying the constant terms (or at least assuming they remain unchanged

sor over a particular time step), the solution for Eqn. A.8 can be expressed as

VEEG+d) +aa)2— 40+ d){(b+dE? —a}
2{(b+ K2 —a}

M} = {2K(b+d) + aa} —

(A.9)
2 2 gurt F\?
where a=_—— b=aMj+ M, d= 2 M? QZ(E
608 The boundary starred Riemann variables, A (flow characteristics nor-
eo malized by entropy level, Aa) are defined as
. * * k—1 *
Incoming Ay, = Ap + TUB (A.10)
. * * k—1 *
Outgoing Aing = A8 — 5 Un (A.11)
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s10 Equation A.10 can be further rearranged as

*

g _ k—1Uj

k—1
=1 M, A12
A > A, T2 v (A.12)
An
hence Ap = - (A.13)
1 + RTMB
s Upstream of the boundary, B = 1; Mg = M;; downstream, B = 2; Mg =
s2 —M;. Therefore for B = 2, the non-dimensional speed of sound (again,
a3 normalized against its entropy level) is
Ain
. (A14)
1 ‘I’ HTMQ
ST ST
e Since A} = (p1 ) and A5 = <p2 ) , hence
Dref Dref
A;:<@> A (A.15)
P2
sis  Combining Eqns. A.6, A.14 and A.15 yields
1 =[x
Al= | —— 2 A.16
= (rtem) [ 19
s16  From Eqn. A.4:

Zoe M| M2

m2_%+w+ci 1
Ay)

(A.17)
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where

A
d 2Ahturb AT AAl Al AA2
— = and — = —— = — - —=
M22 CL% A; 22 A, AAl
AA2

From Eqns. A.6 and A.15, the boundary upstream-to-downstream non-
dimensional speed of sound, A}, can be related to the boundary pressure loss
coefficient and the solution of upstream Mach number from Eqn. A.9 (that

implicitly accounted for the non-adiabatic process) as

r—1
At 1 T
e Al
Al <1 — KM%) (A.18)

By combining Eqns. A.17-A.18, the entropy change across the boundary is
defined as

NI

r=1
Aag (LN |t (A.19)
An, 1 — KM} %+M§+# '

2

and the corrected downstream entropy level due to entropy difference across

boundary is

An
Ay, = (A_;) Ax, (A.20)
1

The un-corrected boundary downstream inlet characteristic, normalized

by the corrected downstream entropy level is given as

AL = n (A.21)

48



627

628

629

630

631

632

633

634

635

636

The remaining normalized flow variables, i.e., Uy and Uj are obtained

from

Up = M, - A (A.22)

where A7 is evaluated from Eqn. A.16 and Aj from Eqn. A.14 using Aj,, =
/\;*n2 computed from Eqn. A.21. The derived value of the upstream inlet

flow characteristic against which flow convergence across boundary will be

compared against is therefore

* k—1 *
ot (1555001 o

Lastly, the corrected downstream incoming characteristic due to the entropy

change is expressed as

Nins, = Ay, + A3 (A, = Ay, ) (A.25)

and the corresponding boundary upstream and downstream outgoing char-

acteristics are

Kk—1
)\outl == AAl (AT - TUl*> (A26>

k—1
>\0ut2 = AAQC <A; - 9 ;) (A27>
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