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The size of a vane (known also as a nozzle) has a significant impact in the
performance of gas turbine engines because it changes the operating point on
the compressor map. Any change in the turbine vane area rematches the
engine to a different gas generator speed, massflow and compressor pressure
ratio. For instance, increasing the compressor turbine (CT) vane area
while leaving the power turbine (PT) vane area constant has the effect of
decreasing the gas generator speed, massflow and compressor pressure ratio
at constant output power. Conversely, increasing the PT vane area while
leaving the CT vane area unchanged causes the engine to increase in gas
generator speed, massflow and compressor pressure ratio at constant output
power.

Vane matching based on effective flow area is a crucial engine overhaul
procedure for predicting optimm engine performance and achieving optimm
efficiency and energy consumption. Improperly matched vanes cause poorer-
than-expected engine performance, often resulting in engine failure on test,
and increases fuel consumption.

Conventionally, because of the unacceptably high cost and the difficulty of
providing a steady sonic rate gas flow, most engine overhaul facilities use
~a flow rig that measures the vane area at sub-sonic flows. In actual
engine operation, however, the vanes are (or nearly) choked and the gas
velocity at the vane's throat is at (or near) the speed of sound.  Because
of its inability to simulate actual sonic flows the sub-sonic flow rig
provides less accurate and less consistent measurement of the vane's area,
thus compounding the problem of engine rejects due to incorrect vane match.

The present invention has as one of its objects the provision of a method
and an apparatus in which the inaccuracy and inconsistency associated with
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means, and then operating the flow control means to allow a transient flow
of pressurised gas through the restriction from the reservoir, wherein sonic
flow is sustained temporarily at the restriction by maintaining the ratio of
the back pressure of the restriction to the gas pressure in the reservoir
below critical.

According to another aspect of the present invention apparatus for
determining the effective flow area of a restriction in a gas flow passage
conprises a reservoir, means for commmicating the restriction with the
reservoir, flow control means operable to control flow of pressurised gas
through the restriction from the reservoir to allow sonic flow to be
sustained temporarily at the restriction, pressure sensing means to respond
or provide a signal related to the pressure of gas in the reservoir, amd
timer means operéble to provide a signal related to the duration of flow of
gas through the restriction.

The method and apparatus may involve timer means operable to measure the
time interval for a predetermined fall of pressure in the reservoir during
flow of gas through the restriction. Alternatively the timer means may
provide a signal which controls the duration of discharge flow, and the
pressures at the commencement and termination of that flow (or the change of
pressure) being measured by the pressure sensing means.

The invention accordingly provides within its scope a sonic flow rig which
may be operated according to the thermodynamic theory applicable to
transient blowing down the compressed gas content of a tank reservoir to
atmosphere with a vane, nozzle or like restriction located on the reservoir
outlet as a restriction to the gas flow. Sonic flow at the throat of the
vane may be generated by keeping the ratio of the back pressure of the vane
to the gas pressure in the reservoir below critical throughout the duration
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The invention envisages that the transient sonic discharge flow will last

for at least 5 (five) seconds, but will be for less than 80
(eighty) seconds. Preferably the sonic discharge flow has a duration
between 8 (eight) seconds and 15 (fifteen) secords. In consequence of the
limited time period for discharge flow, the volume of the reservoir for flow

* through a restriction of a cross-sectional area between 5 and 25 square
inches (between 32.3 and 161 square centimetres) does not need to be greater
than 1500 cubic feet (42,475,500 cubic centimetres) for a maximum reservoir
pressure of 125 psi (862 kPa).

The method and apparatus of the invention may comprise arranging for flow
through a restriction positioned between the reservoir and flow control
means, or the restriction may be provided downstream of the flow control
means.

The invention teaches use of a reservoir having a maximum operating pressure
of no more than 400 psi (2758 kPa), preferably no more than 125 psi (862
kPa). -

The invention is particularly applicable to sonic discharge through a
restriction which has a cross-section of at least 1 (one) square inch (6.45
square centimetres) and more typically at least 5 (five) square inches (32.3
square centimetres). It is envisaged that the area of the restriction may
be in a range which extends to 25 square inches (161 square centimetres),
or even up to 100 (one hundred) square inches (645 square centimetres).

It will therefore be appreciated that the invention is applicable to
measurement of the area of a gas flow restriction which has an area typical
of that found in gas turbine engines.
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upstream flow rate. The mass flow will remain maximized and the nozzle is
said to be choked.

When M=1, the pressure at the throat of the nozzle is called the critical
pressure and the critical-to-stagnation pressure ratio is called the
critical pressure ratio. For an ideal gas the critical pressure ratio is
a constant, dependent on the specific heats of the gas. Sonic flow through
a nozzle is generated when the ratio of the back pressure to the upstream
stagnation pressure is equal to or less than the critical pressure ratio.

In a tank (reservoir) blowdown system where a nozzle restricts the gas flow,
the nozzle is clioked when the ratio of the back pressure of the vane to the
gas pressure in the tank is less than the critical pressure ratio.
Assuming an isentropic expansion of the gas, the governing thermodynamic
formula for the effective flow area of the vane is:

-2 ('”f )(H:m -1

ot
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where;

A is the effective area of the vane (or nozzle or other restriction),
V  is the volume of the tank (reservoir),

t is the blowdown time,

Pi is the initial absolute pressure of the gas in the tank,

pf is the final absolute pressure of the gas in the tank,
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7i is the initial absolute temperature of the gas in the tank,
R is the specific gas constant,
y is the ratio of the specific heats of the gas.

The vane area may be directly calculated from the above formula by
substituting the pressure, temperature and time data taken from the flow
n. ‘R and Y are constants specific to the particular gas being used.
The volume of the tank should have been previously measured by either the
gravimetric or volumetric method.

Alternatively the vane area may be obtained by performing a back-to-back
calibration with a master nozzle that has a previously known effective flow
‘area. In this method the master nozzle and the test vane are flowed
consecutively in the sonic flow rig at identical tank initial pressure and
final pressure. Since R, vy, pi, pf and V remain constant between the two
runs the effective flow area of test vane can be calculated from the
following formula:

A= Anted T .
rm/ﬂ

where:

A is the effective flow area of the test nozzle;

Am is the effective flow area of the master nozzle,

tm is the blowdown time of the master nozzle,

Tim istheinitialteuperatmeofihegasinﬂzetaxﬂ:dxmingthemaster
nozzle run, _

tt is the blowdown time of the test nozzle,

Tit is the initial temperature of the gas on the tank during the test
nozzle run

The sonic flow rig apparatus of the invention is suitable for measuring the
effective flow area of the vane or like restriction of gas turbine engines
at choke conditions. It may consist of a reservoir (tank) that stores a
large volume of compressed gas. The vane may be installed on a holding
fixture that is mounted in the discharge pipe very close to the reservoir
outlet. The discharge pipe may terminate in a silencer. The reservoir
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and discharge pipe may be instrumented with sensitive pressure transducers
and temperature probes. A computer system may be provided to scan the
output from the transducers/probes at a very rapid sampling rate.

6

After charging to pressure the tank may be allowed to blowdown its
pressurised gas content by opening a fast acting on-off valve in the
discharge 1line. While collecting pressure and temperature data the
coputer system may activate a built-in timer when the tank pressure reaches
a set initial pressure and deactivates a timer when the tank has blowmdown
to a set final pressure. Preferably the preset tank initial and final
pressures are kept sufficiently high to ensure that the critical pressure
ratio is not exceeded throughout the blowdown process, thus guaranteeing

‘sonic flow.

If the volume of the tank is previously known the vane area may be derived
using the appropriate thermodynamic formula, given the initial temperature
of the gas in the tank, the initial pressure of the gas in the tank, the
final pressure of the gas in the tank and the blowdown time. The volume of
the tank can be measured using gravimetric or volumetric methods.

If the volume of the tank is unknown the vane area may be obtained by back-
to-back flow comparison with a master vane (or nozzle) having a previously
known area. When both vanes are flowed at identical initial and final
tank pressures the area and blowdown time of the test vane is directly
proportional to the area and blowdown time of the master vane. Temperature
correction may be applied to offset the small difference in the initial gas
temperature between the test vane run and master vane run.

One embodiment of the present invention is now described by way of example
with reference to the drawings in which:

Figure 1 is a schematic perspective view of apparatus of the invention and,
Figure 2 shows part of the apparatus of Figure 1 in an exploded state.

A holding tank 1 is a certified ASME pressure vessel that serves as the
reservoir for the large volume of compressed gas needed for the flow test.
The tank is equipped in known manner with an inlet valve, outlet flange, a
manhole, a relief valve, a drain valve and various threaded connections for
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Pipe spools 3 act as the discharge pipeline that directs the flow of the
large volume of gas into a silencer. They are structurally supported and

provided with a retractor that aids in axially moving the discharge pipe in

order to gain access to the mounting faceplate 4 of the test vane 7.

There are also threaded connections for temperature probes T and pressure

transducers P. A vent valve is used for relieving the pressure in the test

vane section.  The ends of the pipe spools are used as the mounting flange

for the shut-off valve 2, face plate 4 and on-off valve 9.

The faceplate 4 serves as the common mounting surface for the various vane
holding fixtures 5.

The vane holding fixture 5 is responsible for securing the test vane (or
master nozzle) 7 within the centre of the discharge pipeline. There are
several holding fixtures in use. Each holding fixture is designed to match
the dimensional configuration of the vane. The holding fixtures are
provided with gaskets to prevent gas leakage through the mating surfaces of
the holding fixture and test component.

Gasketed blanking plates 6 of appropriate configurations are used to seal

off any opening in the test component that is not in the flow path of the
gas. '

Clamps 8 are used to fasten the test vane 7 to the holding fixture 5.
The fast acting on-off valve 9 controls the blowdown operation of the

holding tank 1. It is operated by a pneumatic actuator that facilitates
the quick opening and quick closing of the valve.
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from the transducers are transmitted to the computer system il via shielded
cables.

The computer system 11 controls the main operation of the sonic flow rig.
It has hardware and software for signal conditioning, rapid data
acquisition, data reduction, data storage and data print out. It also
sends the output signal that operates the shut-off valve 2 and the on-off
valve 9.

In use of the aforedescribed apparatus the sequence of operation starts with
the installation of the test vane on the rig. This is accomplished by
installing the blanking plates 6 to the test vane 7, securing the vane 7 to
the holding fixture 5 using clamps 8, mounting the holding fixture 5 to the
faceplate 4, retracting the pipe spool 3 to its close position and securing
the flange connection with nuts and bolts.

The tank is then pressurised by opening the tank inlet valve. The computer
system 11 monitors the pressure and temperature in the tank and pipe during
the charging process. Once the required tank pressure is reached the tank
inlet valve is closed and the tank outlet shut-off valve 2 is opened.

The blowdown process starts by opening the on-off valve 9 via a start switch
in the computer system 11. The computer system 11 logs temperature and
pressure data during the blowdown. It also turns on its built in timer
once the preprogrammed initial tank pressure is reached and turns off the
timer when the preprogrammed final tank pressure is reached, signifying the
end of the blowdown process. The computer system then closes the on-off
valve 9.

From the data acquired the computer system 11 calculates the effective flow
area of the vane and prints out the test result.
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nozzl e restricts the gas flow, the nozzle is choked when the ratio of the
back pressurtheofbavec operation merepeated twice when performing a back-to-back '

comparison with a master nozzle.

From the foregoing it will be appreciated that the present invention enables
the effective flow area, at the sonic flow condition, of a restriction such
as that of the nozzle or vane of a gas turbine engine, to be measured
accurately and reliably to the degree hitherto thought possible only by use
of expensive equipment which provides for a continuous sonic flow. The
invention further enables comparisons readily to be undertaken such as for
the purpose of vane area matching of the compressor turbine and power
turbine stages of a gas turbine engine.
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1. Method for determining the effective flow area of a restriction in a
gas flow passage, comprising providing a gas reservoir, arranging said
restriction for commmication with a controlled flow of gas flowing from
said reservoir through flow control means, and then operating the flow
control means to allow a transient flow of pressurised gas through the
restriction from the reservoir, wherein sonic flow is sustained temporarily
at the restriction by maintaining the ratio of the back pressure of the
restriction to the gas pressure in the reservoir below critical.

2. Method according to claim 1, wherein timer means is provided to measure
the time taken for the pressure in the reservoir to fall from a preset
initial pressure to a preset final pressure.

3. Method according to claim 2, wherein said initial and final pressures
are selected to ensure that the critical pressure ratio is not exceeded
during flow of gas through the restriction from the reservoir.

4. Method according to claim 1, wherein timer means is employed to control
the period durmg which gas flows through the restriction.

5. Method according to claim 4, wherein the pressure in the reservoir is
measured at commencement and termination of said period of gas flow.

6. Method according to any one of the preceding claims, wherein the
reservoir is of known volume and the effective flow area of said restriction
is derived mathematically using measurements taken related to the change in
pressure of gas in the reservoir during a measured period of time and
measurement of the temperature of the gas.

7. Method according to any one of claims 1 to 5, wherein the effective
flow area of said restriction is derived by comparison of the
characteristics of flow of gas through said restriction and flow through a
comparator restriction of known effective flow area.

8. Method according to claim 7, wherein a restriction under measurement
and a comparator restriction are successively the subject of a flow of gas

* [ L M S *
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the initial absolute tenperature of the gas in the tank, R is the

speci fic gas constant—y——+s—the-ratio of the specific heats of the gas.
The vane area nayTﬁgg(ﬁ eg}luag | cul ated fromthe above formula by

substituting the plg e ¢edt ure and time data taken fromthe flow
run. R and Y ar}l ﬂ cific to the particular gas bei ng used.
The vol une of the t14d e been previously nmeasured by either the

gravinmetric or volunetric nmethod. Altg{natively t he vane area may be
obt ai ned by perform ng a back-to-back c Y bration with a master nozzle
that has a previously known effective flow area. In this nmethod the

master nozzl %a?‘r:rl]rgg t&% Egﬁ; :!X:%Q?af‘ra%df E:O.Xﬁd pressures being measured for each
flow and utilized to establish the effective flow area of the
restriction the subject of measurement.
9. Method according to any one of the preceding claims, wherein the
transient flow has a duration less than 80 (eighty) seconds.
10. Method according to claim 9, wherein the trénsient: flow has a
duration of less than 15 (fifteen) seconds.
11. Method according to any one of the preceding claims, wherein the
_-:lnit:l.al' pressure in the reservoir before discharge flow is less than
400 psi. .
12. Method according to claim 11, wherein said pressure is less than
| 125 péi. '
13. Method according to any one of the preceding claims and as
applied to the measurement of a gas flow passage restriction which has
an effective flow area which is typical of that found in gas turbine
engines.
14. Method according to any one of the preceding claims, wherein said
restriction has a cross-section of betv}een 1 (one) and 100 (ome.
hundred) square inches (6.45 and 645 square centimetres).
15. Method according to claim 14, wherein the restriction has a
cross-section greater than 5 (five) square inches (32.3 square
centimetres) . -
16. Method according to any one of the preceding claims, wherein use
is made of a flow control means arranged downstream of the restriction.
17. Method according tb any one of claims 1 to 15, wherein use is
made of a flow control means arranged upstream of the restriction.
18. Method according to any one of the preceding claims, and as
applied to measuring the vane or nozzle area of a gas turbine engine.
19. Method according to any one of the preceding claims, and as
applied to matching of the vane area of a compressor turbine with that

of a power turbine.

T
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final pressure. Since R vy, pi, pf and V renmain constant between the two
runs the effective flow area of test vane can be calculated fromthe
foll owi ng fornul a: [err] where: A is the effective flow area of
the test nozzle, Am is the effective flow area of thdh as aced m
is the blowdown tinme of the master nozzle, Timis the i II ture
of the gas in the tank during the master - nozzl e run

bl owdown tinme of the test nozzle, Tit is_the initial tenperature of the gas
on the tank during the test nozzl e rih The sonic flow rig apparatus

of the invention is suitable for measuring the effective flow area of the
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restriction in a gas flow passage comprises a reservoir, means for
communicating the resi:riction with the reservoir, flow control means
operable to control flow of pressurised gas through the restriction
from the reservoir to allow sonic flow to be sustained temporarily at
the restriction, pressure sensing means to respond or provide a signal
related to the pressure of gas in the reservoir, and timer means
operable to provide a signal related to the duration of flow of gas
through t:he restriction.

22, Apparatus according to claim 21, wherein the timer means is
operable to measure the time interval for a predetermined fall of
pressure in the reservoir during flow of gas through the restriction.
23. Apparatus according to claim 21, wherein the timer means is
operable to control the period during which gas flows tlirough the
restriction. )

24, Apparatus according to claim 23, wherein the pressure sensing.
means is operable to measure pressure in the reservoir at commencement
and at termination of the timed transient flow of gas through the
restriction.

- 25, Apparatus according to any one of claims 21 to 24, wherein the
restriction has a cross-section of at least 1 {(one) square inch (6.45
square centimetres).

26. Apparatus according to claim 25, wherein the restriction has a
cross-section of between 5 (five) square inches (32.3 square
centimetresg) and 25 (twenty £ive) square inches (161 square
centimetres).

27. Apparatus according to any one of claims 21 to 26, wherein the
gas flow passage restriction has an effective flow area which is

typical of that found in gas turbine erigines.-
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7 and di scharge pipe may be instrunented with sensitive pressure
transducers and tenperature probes. A conputer system may be provided to
scan the out pufThis Bleet HlgBednRapladdicer s/ probes at a very rapid sanpling rate.
After charging t tank may be allowed to bl owdown its

pressuri sed gas ! ing a fast acting on-off valve in the

di scharge li ne. ITe ¢ cting pressure and tenperature data the
conputer systemnmay activate a built-in g§nmer when the tank pressure
reaches a set initial pressure and deactivates a tinmer when the tank has
bl omndown to a set final pressure. Preferably the preset tank initial

and final  pjessUigiarats kfbraitld kol &Y lhe b ORI IS IIUES dh)almdanCELS | Cal
pressure ratio is nqt exceeded throughout the bl owdown process, thus

guar ant eei ngFreseEYRIE fipoPf known volume.
29. Apparatus according to any one of claims 21 to 28, and comprising

means for providing a signal related to the temperature of gas in the
reservoir.

30. Apparatus according to claim 29, and comprising processing means
programmed to derive a measurement related to the effective flow area
of said restriction by processing pressure, temperature and time
information.

31. Apparatus according to claim 21 and substantially as hereinbefore
described.
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If the volune of the tank is previously known the vane area may be derived
using the appropriate thernmodynam c formula, given the initial tenperature
of the gas in the tank, the initial pressure of the gas in the tank, the
final pressure of the gas in the tank and the bl owdown tine. The vol une of
the tank can be measureéd using gravinmetric or volunetric nethods. If the
vol une of the tank is unknown the vane &#ea nmy be obtai ned by back-

t o- back flow conparison with a nmaster vane (or nozzle) having a previously
known area. Wien bot h vanes@as eFfOW ERERIMEABUREMENT i nitial and fina
tank pressures the area and bl owdown tinme of the -test vane is directly
proportional to the area and bl owdown {ig@pafpt he nmaster yane. Tenperature
correction may be applied to offset the small difference in the initial gas
tenperature between the test vane run and naster vane run. One

enbodi nent offhe leffestive filow aneanef anrdstrimtionidn @ obe 1w passpged sechanpithat

Wi th referengg 4 ¢ak NeuBind hdddse ioF Vdto§is detdrinfhédchyl ubé oF §Qﬂ@&ﬁ&b&nwﬁw

Fﬁrspect|v$ éb% agg gg%#w%of tgﬁblnventLo an ,LLF 'ﬁﬁ g%%ms ﬁgrt of
e apparatu flé?c&‘a"g [

certified Ashmgae@tms@mhmaﬂ&eamo%ba%ermpﬂm Hegtrictisn to ge

vol une of coghs erefirgan 8RS FesbrvOir 4 mdihOiinb® Velow LRELiCAD ok Ssoni!iMeed i N

known manner i thoaihe! Bhe e BhifF to Hldstte 8" 8iie For a prodoternined fall of
pressure in the reservoir whilst there is sonic flow through the.
restriction.
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manhol e, a relief valve, a drain valve and various threaded connections for
-:This is il ha repjner<ent sheet R

Dst[ * 9 jull ?20QM the pressure transducers and tenperature

pr obes. The inlet valve is connected by a pipe to a source of clean, dry
conpressed gas, i.e. a conpressed air system or conpressed gas tanks. A
mai n tank shut-off valve 2 is used to isolate the holding tank during the
installation of,the test conponent or nmaster nozzle. It elimnates the

need to fully depressurise the tank when repl acing the test vane or master
nozzl e, thus preserving the residual conpressed gas left in the tank at the
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end of a test. Pipe spools 3 act as the discharge pi peline that directs

the flow of the large volunme of gas into a SI| are cturally
supported and provided with a retractor that ai ﬂs n'i 3 tJ;|,e

di scharge pipe in order to gain access to the of t

test vane 7. There are also threaded conngections for tenperature probes T

and pressure transducers P. A vent valve is used for relieving the

pressure in the test vane section. The ends of the pipe spools are used _
as the mounting flange for the shut-off valve 2, fage plate ﬂ Qﬁﬂ@f%HEET;
val ve 9. The faceplate 4 serves a .nDun [ suff
various vane hol ding fixtures 5. }
responsi bl e for securing the test
centre of the discharge pipeline.
use. Each holding fixture is desi¥y
configuration of the vane. The hy 2 rovided w.th
gaskets to prevent gas | eakage throug (Yl ng surfgﬁss of the hol ding
fixture and test conponent. Gasket ed_blapdy \plates 6\Rf appropriate
configurations are used to seal of f~dny open| Ag |ﬂ"the7¢es\ conponent t hat
is not in the flow path of the gay Ciaﬂps~! R Nfed to Rggten t he test
vane 7 to the holding fixture 5. ’ N A—-

no ) 7
ol di pglfi xtures in
the diyensi gnal




The: fast acting on-off valve 9 controls the bl owdown operation of the

hol di ngfTa ) =t “;'_a.t.ed_b.y,_T pneumatic actuator .that facilitates
the quich gféiﬁ‘qc . EEIS | o8@ng ¢f the valve. .
This is Tkl Be;p?éﬁéﬁ--,h%paged .....

19 JU. S) . :paged .l to paged 4. DRAL : -
9 The :sif EATEPEE) - Begndr.estoepagade..nof se gener at egoﬁt@ @né: &23

Bei ng tih SHACE of :Pﬁgﬁldl--!fdtosp@dg,e" tp atmpsphere, the STI®nc o'beo
i nst al I’led in a safe | ocatf Qn, rf@?r'abl y dut si de the buil di ng. The

pr essurle DATH OR ®RBCEIPTand t_émge "Ure probes T neasure the pressure and

-------------------

conventional techniques 'for measurement of gas flow through a restriction
and for vane matching are mitigated or overcome.

According to one aspect of the present invention a method for determining
the effective flow area of a restriction in a gas flow passage comprises
providing a gas reservoir, arranging said restriction for commmication with
a controlled flow of gas: flowing from said reservoir through flow control
means, and then operating the flow control means to allow a transient flow
of pressurised gas through the restriction from the reservoir, wherein sonic
flow is sustained temporarily at the restriction, whilst the mass flow rate
is allowed to diminish with decrease in reservoir temperature and pressure,

“by maintaining the ratio of the back pressure of the restriction to the gas

pressure in the reservoir below critical.

According to another aspect of the present invention apparatus for
determining the effective flow area of a restriction in a gas flow passage
comprises a reservoir, means for communicating the restriction with the
reservoir, flow control means operable to control flow of pressurised gas
through the restriction from the reservoir to allow sonic flow to be
sustained temporarily at the restriction, pressure sensing means to respond
or provide a signal related to the pressure of gas in the reservoir,
temperature sensing means for providing a signal relafted to the temperature
of gas in said reservoir, timer means operable to provide a signal related
to t._he &ﬁration of flow of gas through the restriction and processing means
programmed to derive a measurement related to the effective flow area of

said restriction by processing signals from said pressure sensing means, -

temperature sensing means and timer means.

The method and apparatus may involve timer means operable to measure the
time interval for a predetermined fall of préssure in the reservoir during
flow of gas through the restriction. Alternatively the timer means may
provide a signal which controls the duration of discharge flow, and the
pressures at the commencement and termination of that flow (or the change of
pressure) being measured by the pressure sensing means.
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tenperature of the gas in the tank 1 and di scharge pipe 3. Qutput signals
fromthe transducers are transmtted to the conputer system 11 via shiel ded

cabl es. The conputer system 11 controls the main operation of the sonic
flowrig. It has hardware and software for signal conditioning, rapid data
acqui sition, data reduction, data storage and data print out. It al so
sends the output signal that operates the shut-off valve 2 and the on-off
val ve 9. In use of the aforedescribed paratus the sequence of operation
starts with the installation of the test vane on the rig. This is

acconplished by installing the blanking plates 6 to the test vane 7,

securing,the vane 7 to the hol ding.fixture 5 using clams 8,..nounting the
hol di ng x?ﬁ‘feg‘t%orf c?cf:ﬂ'e&f'g B gd% ng‘{‘yhdﬁs e P PECs HI 139 'gl%ﬁths

cl ose powiytiken eprratedurcogrding ficantke c chemodymamivi ttheony s appliidablles.to
The ta”%ﬁsiéﬂ%nbgéﬁiﬁyﬁbﬁ?%%y cORSREsa8a t 5 (Biferdtn ot avﬁgfﬁ?'xhese to
conput er system 11 nonitors the_pressure and tenperature in the tank and
pi pe durdtigsrieEe cfidhga pngy Jeazsde or dike Femtrictdon rlegatemionpthe sigseEvoir
reached dutiget aBkairdsetictdbierd thel @ediond t Neorliankicwubt athes Bittosf bf Maleve 2
i s opened. ThSﬁbI owdo gr ggess stet%rts hy %g_ﬂl he on-of f valve 9 via
a start SRPtTH Qﬁ?&r%%p Y feeRyRy diyeqatio g Bressyre th the e

t enper attor thages (pressure idatle desenvgit helbl anitical thidughdito thelrdugabiorn t s
built in timer -

..
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once the preprogrammed initial tank pressure is reached and turns off the
timer when the preprogramred final tank pressure is reached, signifying the
end of the bl owdown process. The conputer systemthen cl oses the on-off
val ve 9. Fromthe data acquired the conputer system 11 cal cul ates the
effective flow area of the vane and priqts out the test result.

This is the repl acenent shet
Dat e: 10 The

test vane |s° ré%b@ﬂ"‘i%n?’f‘ﬁ@s?l g b¥eclVER ri§ crrsidensfl. ghqked opRag she gas
depressuri sivefodibe atede Huoat oeadhgs dpermpegl bhigoweht val ve in the discharge

In contrast to steady state flow conditions, the sonic flow provided by the

. present invention is transient as massflow diminishes with the decrease in
reservoir pressure and temperature during the progression of the blowdown
process. HNonetheless the flow is sonic and the cost is comparable to that
of a sub-sonic flow rig. :

 The invention envisages that the transient sonic discharge flow will last
.for at least 5 (five) seconds, but will be for less than 80

(eighty) seconds. Preferably the sonic discharge flow has a duration
between 8 '(eight) seconds and 15 (fifteen) secords. In consequence of the
limited time period for discharge flow, the volume of the reservoir for flow
through a restriction of a cross-sectional area between 5 and 25 square
inches (between 32.3 and 161 square centimetres) does not need to be greater
than 1500 cubic feet (42,475,500 cubic centimetres) for a maximum reservoir
pressure of 125 psi (862 kPa). .

The method and apparatus of the invention may comprise arranging for flow
through a restriction positioned between the reservoir and flow control
means, or the restriction may be provided downstream of the flow control
means. '

The invention teaches use of a reservoir having a maximum operating pressure
of no more than 400 psi (2758 kPa), preferably no more than 125 psi (862
kPa). L

The invention is particularly applicable to sonic discharge through a
restriction which has a cross-section of at least 1 (one) square inch (6.45
square centimetres) and more typically at least § (five) square inches (32.3
square centimetres). It is envisaged that the area of the restriction may
be in & range which extends to 25 square inches (161 square centimetres),
or even up to 100 (one hundred) square inches (645 square centimetres).

It will therefore be appreciated that the invention is applicable to
measurement of the area of a gas flow restriction which has an area typical
of that found in gas turbine engines.
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pi pé 3, breaking the flange connection at the test section, opening up the
di scharge pipe 3 to gain access to the test vane 7 and denpunting the test
vane of f the faceplate 4. The above operation is repeated tw ce when
perform ng a back-to-back conmparison with a naster nozzle. From t he
foregoing it will be appreciated that the present invention enables the
effective flow area, at the sonic flow c®ndition, of a restriction such as
that of the nozzle or vane of a gas turbine engine, to be neasured
accurately angl atellieadt] yoné Oof hitsdegpees htlichdntventitroughlispssshdl theordtycdly use

of expensi Ve ggiiad ena{‘) Bh 4t Hho R0 16189 o POl gt&uée §18% eachel®

i nvention furt e undérta en such as for

| es conﬁghlsons rea
t he purpose %)f“‘aQFHWE VheRc tifo#prtégsm he speekof
turbi ne st agﬁmmf(mgmﬂbéﬂﬁblmxebgltﬁm At this condition, any change in the

downstream side of the nozzle camnot propagate to the upstream side.
Further reductidh in the downstream back pressure will not affect the
upstream flow rate. The mass flow will remain maximized and the nozzle is
said to be choked.

When M=1, the pressure at the throat of the mozzle is called the critical
‘pressure and the critical-to-stagnation pressure ratio is called the
critical pressure ratio.  For an ideal gas the critical pressure ratio is
a constant, dependent on the specific heats of the gas. Sonic flow through
anozzleisgexieratedwhentheratioofthebackpressuretotheupstream
stagnation pressure is equal to or less than the critical pressure ratio.

In a tank (reservoir) blowdown system where a nozzle restricts the gas flow,
the nozzle is clicked when the ratio of the back pressure of the vane to the
gas pressure in the tank is less than the critical pressure ratio.
Assuming an isentropic expansion of the gas, the governing thermodynamic
formula for the effective flow area of the vane is:

= (pf) o al

)

where:

A is the effective area of the vane (or nozzle or other restriction),
is the volume of the tank (reservoir),

t is the blowdown time,

Pi is the initial absolute pressure of the gas in the tank,

Pf is the final absolute pressure of the gas in the tank,

This is the replacemeiit sheet
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i is the initial absolute temperature of the gas in the tank,
R is the specific gas constant,
Y is the ratio of the specific heats of the gas.

The vane area may be directly calculated from the above formula by
substituting the pressure, temperature and time data taken from the flow
run. ‘R and Y are constants specific to the particular gas being used.
;‘hevolmeofﬁmtarﬂ:slnuldhavebeenprevidxslymeasnmedbyeitherthe
gravimetric or volumetric. method.

" Alternatively the vane area may be obtained by performing a back-to-back
calibration with a master nozzle that has a previously known effective flow
area. In this method the master mozzle and the test vane are flowed
consecutively in the sonic flow rig at identical tank initial pressure amd
final pressure. Since R, y, pi, pf and V remain constant between the two
runs the effective flow area of test vane can be calculated from the

following formula:

- AntalTin .

A
tITn

where:

A is the effective flow area of the test nozzle,

Am is the effective flow area of the master nozzle, - —

tm is the blowdown time of the master nozzle,

Tim ig the initial temperature of the gas in the tank during the master
nozzle run, '

tt is the blowdown time of the test nozzle,

Tit is the initial temperature of the gas on the tank during the test
nozzle run

The sonic flow rig apparatus of the invention is suitable for measuring the
effective flow area of the vane or like restriction of gas turbine engines
at choke conditions. It may consist of a reservoir (tank) that stores a
large volume of compressed gas. The vane may be installed on a holding
fixture that is mounted in the discharge pipe very close to the reservoir
outlet. The discharge pipe may terminate in a silencer. The reservoir
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CLAI MS: . 1. Met hod for determning the effective flow area of a
restriction in a gas flow passage,. conprising providing a gas reservoir,
arranging said restriction for communication with a controlled fl ow of gas
flowing fromsaid reservoir through flow control neans, and then operating
the flow control neans to allow a transiept fl ow of pressurised gas through
the restriction fromthe reservoir, wherein sonic flowis

sustai ned-tenporarily at the restyiction, whilst the mass flowrate is

al lowed to dPfd disghatge RiRee PR b6 cinstrymentad, Bith senpitivat pressunied tyansdurgre,. by
mai nt.ai ni ng ke tewderatunré priobedrack Apcommer sybtdmhfay at pratiden tbosédne tBalS

pressure in Elt;&" | Qfs!g‘g% b Ihg to claim1,
wherein tinmer mgﬁzﬁf\gﬁ%%V| e r%i rreas‘lﬁtrgz‘f% %%%%?%ére't he pressure

in the reservoir to fall froma preset initial pressure to a preset final

pressure. 3. Aftebbichagine cto dpregsuire ahai mank wdye R Mlsdied itei thlakdomnd ifd nal
pressures ar 0 e ha% §|Q? ritical,.:pre [ | 0.lS, not
exceeded during oévflie%aggas %Hroﬁ%h e. reés:t‘&ia%gtlgi(’)trﬁrom Fﬁe@ggerlhvm r. 4.
Met hod accor 845582498 dina-m 1, WiHer Sohlecting: nresmge | and fsmegrauney dasat £ t he
period duri neomphterhsygtem hhp astivatoaduiltGdnr Hndr whdn @ tank pre¥binfeOfbaches
according to, FpaPyiP V\gﬁ[sg'hja HEE 4 Rifdre Sgrval . | d at
comrencerrenta?r?g itHelrélrf%ln tion o%'?ﬁglgé(fﬁerl odA gf"kég}a'sd{e?_‘l gﬂv(\?. %1@(&135 %g&ﬁ%iéﬁn
accor di ng t oty s8hefintl mRessirec ediRrgierphlimthe \preset; tanl dnitiad, ond final of
known vol unepressiwiel caref keptt swifiéientlahigh b amsutle rthat rthet fitica Pedssins
mat hemat i cal Lajo is not exceeded throughout the blowdown process, thus guaranteeing
‘sonic flow.

If the volume of the tank is previously known the vane area may be derived
using the appropriate thermodynamic formula, given the initial temperature
of the gas in the tank, the initial pressure of the gas in the tank, the
final pressure of the gas in the tank and the blowdown time. The volume of
the tank can be measured using gravimetric or volumetric methods.

If the volume of the tank is unknown the vane area may be obtained by back-
to-back flow comparison with a master vane (or nozzle) having a previously
known area. When both vanes are flowed at identical initial and final
tank pressures the area and blowdown time of the test vane is directly
proportional to the area and blowdown time of the master vane. Temperature
correction may be applied to offset the small difference in the initial gas
tempérq;g;ure between the test vane run and master vane run.

One embodiment of the present invention is now described by way of example
with reference to the drawings in which:

Figure 1 is a schematic perspective view of apparatus of the invention and,
Figure 2 shows part of the apparatus of Figure 1 in an exploded state.

A holding tank 1 is a certified ASME pressure vessel that serves as the
reservoir for the large volume of compressed gas needed for the flow test.
The tank is equipped in known manner with an inlet valve, outlet flange, a
manhole, a relief valve, a drain valve and various threaded connections for

This is the replacement sheet
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using neasurenments taken related to the change in pressure of gas in the
reservoir._during a neasured period of tinme and neasurenent of the
tenperature of the gas. 7. Met hod according to any one of clains 1 to 5,
wherein the effective flow area of said restriction is derived by

conmpari son of the characteristics of flgw of gas through said restriction
and flow through a conparator restricti'on of known effective flow area. 8.

Met hod accortgl n% %rcé‘l @'_,m ;l g@e&% r]:e%er?ﬁhf &%& D und%e;rﬁ_ﬁ%gr mt .and a

conparator r 1'0n "are SuccessSi ve ect of gas
[err] . . connected by a pipe to a source of clean, drylgompﬁ g 98Fre Lbarpa

initial and chipgtassenr A% Ssyistsn bEicogpreBsRugedtdmms. each flow and utilized to
establish the effective flow area of the restriction the subject
A main tank shut-off valve 2 is used to isolate the holding tank during the
installation of the test component or master nozzle. It eliminates the
need to fully depressurise the tank when replacing tile test vane or master
- nozzle, thus preserving the residual compressed gas left in the tank at the
end of a test.

Pipe spools 3 act as the discharge pipeline that directs the flow of the

large volume of gas into a silencer. They are structurally supported and

provided with a retractor that aids in axially moving the discharge pipe in

order to gain access to the mounting faceplate 4 of the test vane 7.

There are also threaded connections for temperature probes T and pressure
transducers P. A vent valve is used for relieving the pressure in the test

vane section. The ends of the pipe spools are used as the mounting flange

for the shut-off valve 2, face plate 4 and on-off valve 9. —_—

The faceplate 4 serves as the common mountmg surface for the various vane
holding fuctures 5.

The vane holding fixture 5§ is responsible for securing the test vane (or
master nozzle) 7 within the centre of the discharge pipeline. There are
several holding fixtures in use. Each holding fixture 1§ designed to match
the dimensional configuration of the vane. The holdmg fixtures are
prov1ded with gaskets to prevent gas leakage through the mating surfaces of
the holdmg fixture and test component.

Gasketed blanking plates 6 of appropriate configurations are used to seal
off any opening in the test component that is not in the flow path of the
gas.

Clanps 8 are used to fasten the test vane 7 to the holding fixture 5.

The fast acting on-off valve 9 controls the blowdown operation of the
holding tank 1. It is operated by a pneumatic actuator that facilitates
the quick opening and quick closing of the valve.

This is the replacement sheet
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of measurenent. 9. Method according to any one of the preceding clains,
wherein the transient flow has a duration |ess than 80 (ei ghty) seconds.
10. Method according to claim9, wherein the transient flow has a duration

of less than 15 (fifteen) seconds. 11. Method according to any one of the
preceding clains, wherein the initial prgssure in the reservoir before
di scharge flow is |l ess than 400 psi. 1Z. Method according to claim 11,

wherein said_pressure | ess. t han 125, hod accqrding _to any
one. of "t he. PBCERPEE oI HEPESHRE, L, TOURI ST, PY e SRS APy o Beths

of between Ithemednt aﬁdqu@mqmmmpma@eummmes@ bmdnmlwuare
centimetres)in a shfe 104G B2 g%&ﬁa@'@k%ﬁn&ber ein the restriction

has a cross- section greater than (five) -square I nches (32.3 square

centinmetr es)
The pressure transducers P and temperature probes T measure the pressure and’

temperature of. thegas in the tank 1 and discharge pipe 3. Output signals
from the transducers are transmitted to the computer system 11 via shielded
cables. ;

The computer system 11 controls the main operation of the sonic flow rig.
.It has hardware and software for signal conditioning, rapid data
acquisition, data reduction, data storage and data print out. It also
sends the output signal that operates the shut-off valve 2 and the on-off
valve 9.

In use of the aforedescribed apparatus the sequence of operation starts with
the installation of the test vane on the rig. This is accomplished by
installing the blanking plates 6 to the test vane 7, securing the vane 7 to
the holding fixture 5 using clamps 8, mounting the holding fixture 5 tc the
faceplate 4, retracting the pipe spool 3 to its close position and securing
the flange connection with nuts and bolts.

The tank is then pressurised by opening the tank inlet valve. The computer
system 11 monitors the pressure and temperature in the tank and pipe during
the charging process. Once the required tank pressure is reached the tank
inlet valve is closed and the tank outlet shut-off valve 2 is opened.

The blowdown process starts by opening the on-off valve 9 via a start switch
in the computer system 11. The computer system 11 logs temperature and
pressure data during the blowdown. It also turns on its built in timer
once the preprogrammed initial tank pressure is reached and turns off the
timer when the preprogrammed final tank pressure is reached, signifying the
end of the blowdown process. The computer system then closes the on-off
valve 9,

From the data acquired the computer system 11 calculates the effective flow
area of the vane and prints out the test result.
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15.: Met hod according to any one of the preceding clains, wherein use is
made of a flow control neans arranged downstream of the restriction. 16.
Met hod according to any one of clains 1 to 14, wherein use is made of a

fl ow control nmeans arranged upstream of the restriction. 17. Met hod
according to any one of the preceding clgynms, and as applied to nmeasuring
the vane or nozzle area of a gas turbine engine 18. Method according to

area’or & colff Bedoaph s’ rdullea, At e ARE! bP (abdaPbfe e Dee' g 78S
L depressurlslng the test section by opening the vent valve in the dlscharge
pipe 3, breaking the flange connection at the test section, opening up the
discharge pipe 3 to gain access to the test vane 7 and demounting the test

. vane off the faceplate 4.

The above operation is repeated twice when performing a back-to-back
cqmparison with a master nozzle.

anmﬂm:&ma;ﬁngit‘dlibeampmximndthm:uwlxnﬂmtinwxmhx1awhk£
, the effective flow area, at the sonic flow condition, of a restriction such
as that of the nozzle or vane of a gas turbine engine, to be measured
accurately and reliably to the degree hitherto thought possible only by use
of expensive equipment which provides for a continuous sonic flow. The
invention further enables comparisons readily to be undertaken such as for
the purpose of vane area matching of the compressor turbine and power
turbine stages of a gas turbine engine.

..
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13 s 19: Method according to claim1l and substantially as herei nbefore
descri bed. 20. Apparatus for determning the effective flow area of a
restriction in a gas fl ow passage conprises a reservoir, neans for

comuni cating the restriction with the reservoir, flow control neans
operable to control flow of pressurised gas through the restriction from
the reservoir to allow sonic flow to be sustained tenporarily at the
restriction, pressure sensing neans to r&spond or provide a signal related
to the pressure of gas in the reservoir, tenperature sensing neans for
provi.ding a signal related to tenperature of gas in said reservoir, tinmer
nmeans opeChAIMSt o provide a signal related to the duration of flow of gas

through the restriction, and.processi means d,to. deri
measuromcht 1 MEEIRA {9 RENBITIEg iho STECHNE 1100 B67e ShPderGHonC Brady flow
processi ngx&d I ali ' i iat [
Teans andPEs e SompASIE? HoRIRGS ol e 1esb ol iTangiRgTSa vesueton R,
ti mer nmeacsmivsunigationbvith aocontralieddlaw of gasdlowing frem said reaepoirdbreugh flow
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I s oper abpsk@rised gas through the restriction from the reservoir, wherein sonic flow is
sustained- temporarily at the reétriction, whilst the mass flow rate i§ allowed to diminish
with decrease in reservoir temperature and pressure, by maintaining the ratio of the
back pressure of the restriction to the gas pressure in the reservoir below critical.
2. Method according to claim 1, wherein timer means is provided to measure the
time taken for the pressure in the reservoir to fall from a preset initial pressure to a
preset final pressure. '
3. Method according to claim 2, wherein said initial and final pressures are selected

* to ensure that the critical pressure ratio is not exceeded during flow of gas through the

restriction from the reservoir.
4. Method according to claim 1, wherein timer means is employed to control the
period during which gas flows through the restriction.
5. Method according to claim 4, wherein the pressure in the reservoir is measured
at commencement and termination of said period of gas flow.
6. Method according to any one of the preceding claims, wherein the reservoir is
of known volume and the effective flow area of said restriction is derived mathematically
using measurements taken related to the change in pressure of gas in the reservoir
during a measured period of time and measurement of the temperature of the gas.
7. Method according to any one of claims 1 to 5, wherein the effective flow area of
said restriction is derived by comparison of the characteristics of flow of gas through
said restriction and flow through a comparator restriction of known effective flow area.
8. Method according to claim 7, wherein a restriction under measurement

and a comparator restriction are successively the subject of a flow of gas
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control -the period during which gas flows through the restriction. 23.
Appar atus according to claim?22, wherein the pressure sensing neans is
operabl e to neasure pressure in the reservoir at comencenent and at
termnation of the tinmed transient flow of gas through the restriction.

24. Apparatus according to any one of clains 20 to 23, wherein the
restriction has a cross-section of at gét 1 (one) square inch (6.45
square centinetres). 25. Apparatus accofding to claim24, wherein the
restriction has a cross section of between 5 (five) square inches (32.3
square cebaving the)samadirdifl weult §iral vedessrer Beimr heasurdl 1fcieacie flow and
centimetrgs)yjzed ¢, eFtabﬁ}sh ?he effective flow area of the restriction thelgubs S

{ile roplacena~t &
of measurement.

9. Method according to any one of the preceding claims, wherein the
transient flow has a duration less than 80 (eighty) secords.

10. Method according to claim 9, wherein the transient flow has a duration
of less than 15 (fifteen) seconds. ‘

11. Method according to any one of the preceding claims, wherein the
initial pressure in the reservoir before discharge flow is less than 400
psi.

12. Method according to claim 11, wherein said pressure is less than 125
psi.

13. Method according to any one of the preceding claims, wherein said
restriction has a cross-section of between 1 (one) and 100 {(one hundred)
square inches (6.45 and 645 square centimetres).

14. Method according to claim 13, wherein the restriction has a cross-
section greater than 5 (five) square inches (32.3 square centimetres).

15. Metti‘f:d according to any one of the preceding claims, wherein use is
made of a flow control means arranged downstream of the restriction.

16. Method according to any one of claims 1 to 14, wherein use is made of a
flow control means arranged upstream of the restriction.

17. Method according to any one of the preceding claims, and as applied to
measuring the vane or nozzle area of a gas turbine engine.

18. Method according to any one of the preceding claims, and as applied to
matching of the vane area of a compressor turbine with that of a power
turbine.
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14,  26. Apparatus according to any one of clainms 20 to 25, wherein the
reservoir is of known vol une. 27. Apparatus according to claim20 and
substantially as herei nbefore descri bed.

13

19. Method according to claim 1 and substantially as hereinbefore
described. _

20, Apparatus for determining the effective flow area of a restriction in a
gas flow passage comprises a reservoir, means for communicating ‘the
restriction with the reservoir, flow control means operable to control flow
of pressurised gas through the restriction from the reservoir to allow sonic
flow to be sustained temporarily at the restriction, pressure sensing means
to respond or provide a signal related to the pressure of gas in the
reservoir, temperature sensing means for providing a signal related to
temperature of gas in said reservoir, timer means operable to provide a
signal related to the duration of flow of gas through the restriction, and
processing means programmed to derive a measurement related to the effective
flow area of said restriction by processing signals from said pressure
sensing means, temperature sensing means and timer means.

21. Apparatus according to claim 20, wherein the timer means is operable to
measure the time interval for a predetermined fall of pressure in the
reservoir during flow of gas through the restriction.

22. Apparatus according to claim 20, wherein the timer means is operable to
control the period during which gas flows through thé restriction.

23. Appé;ratus according to claim 22, wherein the pressure sensing means is
operable to measure pressure in the reservoir at commencement and at
termination of the timed transient flow of gas through the restriction.

24. Apparatus according to any one of claims 20 to 23, wherein .the
restriction has a cross-section of at least 1 (one) square inch (6.45 square
centimetres).

25. Apparatus according to claim 24, wherein the restriction has a cross
- section of between 5 (five) square inches (32.3 square centimetres) and 25
(twenty five) square inches (161 square centimetres).

This is the replacement sheat

I LT —

19 JuL 72008



14
26. Apparatus according to any one of claims 20 to 25, wherein the
reservoir is of known volume.

27. Apparatus according to claim 20 and substantially as hereinbefore
described.

.“1" o
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GAS FLOW AREA MEASUREMENT

ABSTRACT

The effective flow area of a restriction in a gas flow passage, such as that
of a gas turbine nozzle or vane, is determined by use of a large reservoir
containing pressurised gas which is discharged through the passage in a
blowdown operation in which-the ratio of back pressure of the restriction to
gas pressure in the reservoir is maintained below critical for sonic flow.
Timer means may be used to measure the time for a predetermined fall of
pmamn&e in the reservoir whilst there is sonic flow through the

restriction.

Figure 1
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