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the turbocharger (12). The test stand (10) includes a throttle device (31) disposed upstream of an inlet of the compressor (16) of the
turbocharger (12). The method also includes the steps of varying an area of the inlet with the throttle device (31) to change density of
the continuously flowing gas at the inlet ot the compressor (16) and establish a choked-tlow condition for extending the thermodynamic
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METHOD OF EXTENDED THERMODYNAMIC TURBINE MAPPING
VIA COMPRESSOR INLET THROTTLING

BACKGROUND OF INVENTION

1. Field of Invention

[0001] The present invention relates generally to thermodynamic turbine mapping for
turbochargers and, more specifically, to a method of extended thermodynamic turbine mapping

via compressor inlet throttling for a turbocharger.

2. Description of the Related Art

[0002] It is known to provide a turbocharger for an engine of a vehicle such as an
automotive vehicle. An automotive turbocharger typically consists of a compressor and a turbine
on a common shaft supported by bearings in a center housing. The turbocharger extracts some
of the energy in the exhaust gas, and transfers this power to the compressor. The compressor
increases the intake air density, and thereby the engine power. Turbocharger performance is
usually presented in maps using corrected performance variables. The corrections are important
since the performance maps are otherwise only valid for the conditions under which they were
measured. Turbocharger performance may be measured on an engine in a test stand.

[0003] It is also known to provide extended thermodynamic turbine mapping of a
turbocharger. Extended turbine maps are needed as inputs to numerical engine power
simulations. Extended thermodynamic turbine maps provide more accurate inputs to engine
power simulations. In the absence of extended thermodynamic turbine maps, existing
thermodynamic maps are extrapolated, and this practice is inaccurate, leading to false
assumptions about turbocharger-engine system performance. Existing methods to obtain
extended thermodynamic turbine maps require expensive equipment or dedicated facilities.

[0004] It is further known to provide a method for functional testing of turbochargers.
An example of such a method is disclosed in U.S. Patent Application Publication No.

2014/0007663 to Berger. In this method, exhaust gas turbocharger are subjected to pressurized
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gas and operated thereby. The test turbocharger is integrated in a testing device and is subjected
by means of this testing device only in a pulse-like manner to a gas, preferably compressed air,
wherein from the dynamic behavior of the test turbocharger resulting from the at least one gas
pressure pulse, potential errors are determined.

[0005] However, it is desirable to accurately characterize turbine performance over a
wide range of expansion ratios. To accomplish this, it is known to provide a compressor closed
loop unit (CCLU) as a means to extend thermodynamic turbine maps for turbochargers.
However, this CCLU is more expensive and complex to retrofit to existing gas test stand, which
is undesired. Further, current extended thermodynamic turbine maps obtained on conventional
gas stand test stands can only span a narrow subset of the expansion ratio.

[0006] Therefore, it i1s desirable to provide a new method to obtain extended
thermodynamic turbine maps for turbochargers on existing gas stand test benches. It is also
desirable to provide a method that is capable of changing an inlet density for a compressor of a
turbocharger to extend thermodynamic turbine maps for turbochargers. It is further desirable to
provide a method that can be implemented on any conventional gas test stand at low cost. Thus,
there is a need in the art to provide a method of extended thermodynamic turbine mapping via

compressor inlet throttling for a turbocharger.

SUMMARY OF THE INVENTION

[0007] The present invention provides a method for extending thermodynamic turbine
mapping of a turbocharger. The turbocharger includes a turbine and a compressor. The method
includes the steps of providing a steady-state turbocharger gas test stand configured to flow
continuous gas to the turbocharger. The test stand includes a compressor inlet run having a
throttle device disposed upstream of an inlet of the compressor of the turbocharger, and varying
an area of the inlet with the throttle device to change density of the continuously flowing gas at
the inlet of the compressor and establishing a choked-flow condition for extending the
thermodynamic turbine mapping of the turbocharger.

[0008] One advantage of the present invention is that a new method of extended
thermodynamic turbine mapping for a turbocharger is provided. Another advantage of the
present invention is that the method obtains these maps on existing gas stand test benches using a

low-cost retrofit.
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[0009] Other objects, features, and advantages of the present invention will be readily
appreciated as the same becomes better understood after reading the subsequent description

taken in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figure 1 is a diagrammatic view of a gas test stand for carrying out a method,
according to one embodiment of the present invention, of extended thermodynamic turbine
mapping for a turbocharger.

[0011] Figure 2 1s a diagrammatic view of compressor load inlet throttling for the
turbocharger used with the gas test stand of Figure 1.

[0012] Figure 3 is a graph of a thermodynamic turbine map used with the method of
extended thermodynamic turbine mapping for the turbocharger used with the gas test stand of
Figure 1.

[0013] Figure 4 is a graph of orifice sizing for the method of extended thermodynamic

turbine mapping for the turbocharger used with the gas test stand of Figure 1.

DETAILED DESCRIPTION OF THE INVENTION

[0014] Referring now to the figures, where like numerals are used to designate like
structure unless otherwise indicated, a gas test stand is generally indicated at 10 in Figure 1 is
used for carrying out a method, according to one embodiment of the present invention, of
extended thermodynamic turbine mapping for a turbocharger, generally indicated at 12. In one
embodiment, the gas test stand 10 is a gas stand test bench having a turbine side 14 and a
compressor side 16 shown in dotted lines. It should be appreciated that, for simplicity, only a
few components of the turbocharger 12 are illustrated for carrying out the method of extended
thermodynamic turbine mapping for the turbocharger 12.

[0015] As illustrated in Figure 1, the turbocharger 12 includes a rotatable turbine wheel
18, a rotatable shaft 20 connected to the turbine wheel 18, and a rotatable compressor wheel 22
connected to the shaft 20. The turbine side 14 of the gas test stand 10 includes the turbine wheel
18 and the compressor side 16 includes the compressor wheel 22 with the shaft 20 extending

therebetween. It should be appreciated that the turbocharger 12 is conventional and known in the
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art. It should also be appreciated that an example of a turbocharger is disclosed in U.S. Patent
No. 8,632,304 to Sweetland et al., the entire disclosure of which is hereby expressly incorporated
by reference.

[0016] Referring again to Figure 1, the gas stand test bench 10 is used to support the
turbocharger 12 and to carry out the method of extended thermodynamic turbine mapping for the
turbocharger 12. In one embodiment, the compressor side 16 of the gas test stand 10 includes a
compressor outlet measurement section 24 fluidly communicating with the compressor wheel 22
and a compressor outlet throttle valve 26 fluidly communicating with the compressor outlet
measurement section 24. The gas test stand 10 also includes a compressor inlet measurement
section 28 fluidly communicating with the compressor wheel 22 and a compressor inlet run 30
fluidly communicating with the compressor inlet measurement section 28. The compressor inlet
run 30 includes a throttle device, generally indicated at 31. The gas stand test bench 10 includes
a compressor mass flow device 34 fluidly communicating with the compressor inlet run 30. It
should be appreciated that compressor inlet pressure is throttled down by installing the
compressor inlet run 30 in front or upstream of the compressor of the turbocharger 12 under test.

[0017] Referring to Figure 2, one embodiment of the compressor inlet run 30 is shown.
The compressor inlet run 30 includes a compressor inlet pipe 32 and the throttle device 31 1s
disposed in the compressor inlet pipe 32. In one embodiment, the throttle device 31 is a fixed
orifice 34 or a plurality of interchangeable fixed orifices 34 of different size or diameter. In one
embodiment, the orifice 34 is generally annular and circular in shape. In one embodiment, the
orifice 34 may be formed in an orifice plate 38. In another embodiment, the orifices 34 may be
formed in a plurality of interchangeable orifice plates 36. It should be appreciated that the
orifice 34 has a minimum orifice diameter to reach a target compressor operating point of the
compressor of the turbocharger 12.

[0018] In another embodiment, the throttle device 31 is a compressor load throttle valve
assembly 38. The compressor load throttling valve assembly 38 includes a valve member 40 that
is movable relative to the orifice 34. In one embodiment, the valve member 40 is generally
tapered or frustoconical in shape. It should be appreciated that this shape preserves uniformity of
flow entering the compressor of the turbocharger 12, which is required to accurately measure

boundary conditions at the compressor inlet.
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[0019] The compressor load throttling valve assembly 38 includes an actuator 42 coupled
to the valve member 40 to move the valve member 40 relative to the orifice 34 to vary an annular
orifice area 44. It should be appreciated that, in one embodiment, the actuator 42 moves the
valve member 40 axially relative to the orifice 34 to vary the annular orifice area 44.

[0020] The compressor inlet run 30 also includes an upstream pressure tap 46 provided in
the inlet compressor pipe 32 upstream of the orifice 34 and a downstream pressure tap 48
provided in the inlet compressor pipe 32 downstream of the orifice 34 and both communicating
with the interior of the compressor inlet pipe 32. It should be appreciated that, except for the
compressor inlet run 30 having the throttle device 31, the remainder of the gas test stand 10 is
conventional.

[0021] In operation of the compressor load throttle valve assembly 38, a continuous flow
of air travels from upstream through the orifice 34 and downstream through the compressor inlet
pipe 32. The valve member 40 is moved axially relative to the orifice 34 to vary the annular
orifice area 44. It should be appreciated that orifice area 44 is used to extend the thermodynamic
turbine map for the turbocharger 12. It should be appreciated that the valve member 40 restricts
flow, thereby decreasing pressure. It should further be appreciated that the valve member 40 is
closed enough relative to the orifice 34 to produce quasi-choked flow at a target compressor
operating point and this causes the compressor of the turbocharger 12 to operate in a partial
vacuum, lowering the required drive power and extending the thermodynamic turbine map to the
left.

[0022] In operation of the gas test stand 10 for the turbocharger 12, flow of continuous
gas is provided to the turbocharger 12. The gas continuously flows from a source to the
compressor mass flow measurement device 34. From the device 34, the gas continuously flows
to the compressor inlet run 30 and through the throttle device 31 disposed upstream of an inlet of
the compressor wheel 22 of the turbocharger 12. In the compressor inlet run 30, varying the area
of the inlet with the throttle device 31 changes a density of the continuously flowing gas at the
inlet of the compressor of the turbocharger 12 and establishes a choked-flow condition for
extending the thermodynamic turbine mapping of the turbocharger 12. The compressor inlet
pressure is throttled down by the throttle device 31 in front of the compressor of the turbocharger
12 under test. In one embodiment, the valve member 40 i1s moved relative to the orifice 34 such

that the orifice 34 is closed enough to adjust the flow rate of the gas and produce a quasi-choked
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flow at the target compressor operating point. This causes the compressor of the turbocharger 12
to operate in a partial vacuum, lowering the required drive power and extending the
thermodynamic turbine map (Figure 3) to the left. It should be appreciated that the compressor
outlet throttle valve 26 is used to monitor the outlet to allow a larger turbocharger to operate
efficiently as smaller rates. It should also be appreciated that the throttle device 31 varies the
airflow at the compressor inlet run 30.

[0023] Referring to Figure 3, a graph 50 of a thermodynamic turbine map for the
turbocharger 12 is shown. The graph 50 has a left vertical axis 52 of turbine input power (W), a
horizontal axis 54 of expansion ratio (T-S), and a right vertical axis 56 of turbine efficiency
(PTS). The graph 50 also includes plots 58 60, 62, and 64 of turbine input power, turbine
efficiency, polynomial curve (turbine input power), and polynomial curve (turbine efficiency),
respectively. It should be appreciated that at least 10% change in loading is needed to provide a
meaningful extension of the thermodynamic turbine map. It should also be appreciated that the
orifice approach only extends a low side of the turbine speedline and the low side tends to be
where the turbine speedline curvature is hardest to accurately extrapolate.

[0024] Referring to Figure 4, a graph 66 of orifice sizing is shown. The graph 66 has a
vertical axis 68 of minimum volume flow rate to reach quasi-choked condition (m%/s) and a
horizontal axis 70 of orifice actual diameter (mm). The graph 66 includes a plot 72 of a 2™ order
polynomial curve to illustrate the required minimum orifice diameter to reach a target
compressor operating point M = 0.9 of the turbocharger 12.

[0025] Accordingly, the present invention provides a method for extending
thermodynamic turbine mapping of the turbocharger 12. The method includes the steps of
providing a steady-state turbocharger gas test stand 10 configured to flow continuous gas to the
turbocharger 12. The test stand 10 includes a compressor inlet run 30 having a throttle device 31
disposed upstream of an inlet of the compressor of the turbocharger 12. The method also
includes the steps of varying an area of the inlet with the throttle device 31 to change a density of
the continuously flowing gas at the inlet of the compressor and establishing a choked-flow
condition for extending the thermodynamic turbine mapping of the turbocharger 12.

[0026] The present invention has been described in an illustrative manner. It is to be
understood that the terminology which has been used is intended to be in the nature of words of

description rather than of limitation.
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[0027] Many modifications and variations of the present invention are possible in light of
the above teachings. Therefore, within the scope of the appended claims, the invention may be

practiced other than as specifically described.
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What is claimed is:

1. A method for extending thermodynamic turbine mapping of a turbocharger (12),
the turbocharger (12) including a turbine (14) and a compressor (16), said method comprising the
steps of’

providing a steady-state turbocharger gas test stand (10) configured to flow continuous
gas to the turbocharger (12), the test stand (10) including a throttle device (31) disposed
upstream of an inlet of the compressor (16) of the turbocharger (12); and

varying an area of the inlet with the throttle device (31) to change a density of the
continuously flowing gas at the inlet of the compressor (16) and establishing a choked-flow

condition for extending the thermodynamic turbine mapping of the turbocharger (12).

2. A method as set forth in claim 1 including the step of providing a compressor
inlet run (30) including a compressor inlet pipe (32) and the throttle device (31) disposed in or
with the compressor inlet pipe (32).

3. A method as set forth in claim 2 including the step of providing the throttle device
(31) as a fixed orifice (34) in or with the compressor inlet pipe (32).

4. A method as set forth in claim 2 including the step of providing the throttle device
(31) as a plurality of interchangeable orifices (34) of different sizes and interchanging the

orifices (34) in or with the compressor inlet pipe (32).

S. A method as set forth in claim 4 including the step of providing the throttle device
(31) as a plurality of interchangeable plates (36) for the plurality of orifices (34) and
interchanging the plates (36) in or with the compressor inlet pipe (32).

6. A method as set forth in any one of claims 1 and 2 including the step of providing

the throttle device (31) as a compressor load throttle valve assembly (38).
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7. A method as set forth in claim 6 including the step of providing the compressor
load throttle valve assembly (38) as a movable valve member (40) and an actuator (42) coupled

to the valve member (40) to move the valve member (40).

8. A method as set forth in claim 7 including the step of moving the valve member
(40) toward the inlet to produce a quasi-choked flow at a target compressor operating point of the

turbocharger (12).

9. A method for extending thermodynamic turbine mapping of a turbocharger (12),
the turbocharger (12) including a turbine (14) and a compressor (16), said method comprising the
steps of’

providing a steady-state turbocharger gas test stand (10) configured to flow continuous
gas to the turbocharger (12), the test stand (10) including a compressor inlet run (30) having a
compressor inlet pipe (32) and a throttle device (31) disposed in the compressor inlet pipe (32)
upstream of an inlet of the compressor (16) of the turbocharger (12); and

varying an area of the inlet with the throttle device (31) to change density of the
continuously flowing gas at the inlet of the compressor (16) and establishing a quasi-choked-
flow condition at a target compressor operating point of the turbocharger (12) for extending the

thermodynamic turbine mapping of the turbocharger (12).

10. A method as set forth in claim 9 including the step of providing the throttle device

(31) as a compressor load throttle valve assembly (38).

11. A method as set forth in claim 10 including the step of providing the compressor
load throttle valve assembly (38) as a movable valve member (40) and an actuator (42) coupled

to the valve member (40) to move the valve member (40).

12. A method as set forth in claim 11 including the step of moving the valve member

(40) toward and away from the inlet.
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13. A method as set forth in claim 9 including the step of providing the throttle device
(31) as a fixed orifice (34) in or with the compressor inlet pipe (32).

14. A method as set forth in claim 9 including the step of providing the throttle device
(31) as a plurality of interchangeable orifices (34) of different sizes and interchanging the

orifices (34) in or with the compressor inlet pipe (32).

15. A gas test stand (10) for carrying out a method for extending thermodynamic
turbine mapping of a turbocharger (12), the turbocharger (12) including a turbine (14) and a
compressor (16), said gas test stand (10) configured to flow continuous gas to the turbocharger
(12) and comprising;

a compressor inlet run (30) having a compressor inlet pipe (32) and a throttle device (31)
disposed in the compressor inlet pipe (32) upstream of an inlet of the compressor (16) of the
turbocharger (12);

wherein the throttle device (31) is one of a fixed orifice (34), a plurality of
interchangeable orifices (34) of different sizes, and a compressor load throttle valve assembly
(38) including a movable valve member (40) and an actuator (42) coupled to the valve member
(40) to move the valve member (40), varies an area of the inlet to change a density of the
continuously flowing gas at the inlet of the compressor (16) and establishes a choked-flow

condition for extending the thermodynamic turbine mapping of the turbocharger (12).

10



WO 2018/031440 PCT/US2017/045682

AMENDED CLAIMS
received by the International Bureau on 05 January 2018 (05.01.2018)

1. A method for extending thermodynamic turbine mapping of a turbocharger (12),
the turbocharger {12) including a turbine (14} and a corapressor (16}, said method comprising the
steps of:

providing a steady-state turbocharger gas test stand {10} configured to flow continuous
gas to the turbocharger (12), the test stand {10} including a throttle device (31} disposed
upstream of an inlet of the compressor (16) of the turbocharger (12}; and

varying an annular area of the inlet with the throttle device (31) to change a density of the

continuously flowing gas at the inlet of the compressor {16) and establishing a choked-flow

condition for extending the thermodynamic turbine mapping of the turbocharger (12},

2 A method as set forth in claim 1 including the step of providing a compressor
inlet run (30) including a compressor inlet pipe (32) and the throttie device (31) disposed in or
with the compressor inlet pipe (32).

3. A method as set forth in claim 2 including the step of providing the throttle device

(31) as a fixed orifice (34) in or with the compressor inlet pipe (32).

4, A method as set forth in claim 2 including the step of providing the throttle device
(31} as a plurality of interchangeable orifices {34) of different sizes and interchanging the

orifices (34) in or with the compressor inlet pipe {32).

11
AMENDED SHEET (ARTICLE 19)
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5. ~A method as set forth in ¢laim 4 including the step of providing the throttle device
(31} as a phuality of interchangeable plates (36) for the plurality of orifices (34) and

interchanging the plates (36) in or with the compressor inlet pipe (32).

6. A method as set forth in any one of claims 1 and 2 inchnding the step of providing

the throttle device (31) as a compressor load throtile valve assembly (38).

7. A method as set forth in claim ¢ including the step of providing the compressor
load throttle valve asserbly (38) as a movable valve member (40) and an actuator (42) coupled

to the valve member (40} {0 move the valve member (40) axially relative to the inlet,

8. A method as set forth in elaim 7 including the step of moving the valve member
(40} toward the inlet to produce a quasi-choked flow at a target compressor operating point of the

turbocharger (12).

g, A method for extending thermodynamic turbine mapping of a turbocharger (12),
the turbocharger (12} including a turbine (14} and a compressor (16), said method comprising the
steps of:

providing a steady-state turbocharger gas test stand {10} configured o {low continuous
gas to the turbocharger (12), the test stand (1€} including a compressor inlet run (30) having &
compressor inlet pipe (32} and a throttle device (31} disposed in the compressor inlet pipe (32)

upstream of an inlet of the compressor (16) of the turbocharger (12); and

12
AMENDED SHEET (ARTICLE 19)
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varying an annular area of the inlet with the throitle device (31) to change density of the
continuocusly flowing gas at the inlet of the compressor (16) and establishing a quasi-choked-
flow condition at a target compressor operating poiut of the turbocharger (12) for extending the

thermodynamic turbine mapping of the turbocharger (12).

10, A method as set forth in claim 9 including the step of providing the throttle device

(31} as a compressor load throttle valve assembly (28),

it A method as set forth in claim 10 inchuding the step of providing the compressor
toad throttle valve assembly (38) as a movable valve member (40) and an actuator (42) coupled

to the valve member (40) to move the valve member (40),

12. A method as set forth in claim 11 including the step of moving the valve member

{40 axially toward and away from the inlet.

13, A method as set forth in claim 9 including the step of providing the throtile device

{31} as a fixed orifice (34} in or with the compressor inlet pipe (32).

14. A method as set forth in claim 9 including the step of providing the throtile device
(31} as a plurality of interchangeable orifices (34) of different sizes and interchanging the

orifices (34) in or with the compressor inlet pipe (32).

13
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15, A gas test stand (10} for carrying out a method for extending thermodynamie
turbine mapping of a turbocharger (12), the turbocharger (12) including a turbine (14) and a
compressor {10), said gas test stand (10) configured to flow continuous gas o the turbocharger
(12} and comprising:

a compressor infet run (30} having a compressor inlet pipe (32) and a throttle device (31}
disposed in the compressor inlet pipe (32) upstream of an inlet of the compressor (16} of the
turbocharger (12

wherein the throttle device (31) is one of a fixed orifice (34), a plurslity of
interchangeable orifices (34) of different sizes, and a compressor foad throttle valve assembly
{38} including a movable valve member (40} and an actuator (42) coupled to the valve member
{40) to move the valve member (40} axially relative to the inlet, varies an annular area of the
inlet to change a density of the continuously fowing gas at the inlet of the compressor (16) and
establishes a choked-flow condition for extending the thermodynamic turbine mapping of the

turbocharger {12},

14
AMENDED SHEET (ARTICLE 19)
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STATEMENT UNDER ARTICLE 181

After entry of this Amendment, claims 1-15 are pending in the application. Claims 1,

7,9, 12, and 15 are hereby amended. Claims 2-6, 8, 10, 11, 13, and 14 are unchanged,

Respectfislly submitted,
HOWARD & HOWARD ATTORNEYS PLIC

Date: Januaey 85, 2018 {Daniel H. Bliss/
Daniel H. Bliss, Registration No, 32,398
450 West Fourth Siveet
Roval Oak, MT 480672557
{248) 645-1483

15
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