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In recognition of the 50th anniversary of the ASME International Gas Turbine Institute’s annual gas turbine
conference, TURBO EXPO '05, this April 2005 issue of the Journal is devoted to papers from the conference’s most
recent meetings.

About 65-75 percent of Journal papers come from TURBO EXPO. Since the first IGTI gas turbine conference in
1956, a remarkable total of 12,453 refereed papers have been published in conference proceedings and presented at
this one annual meeting. Usually, between 25 and 35 percent of conference papers are judged by reviewers to be
archival. Thus, for the last half century, | estimate that about 4000 or so have been published in the Journal, in our
companion publicatiodournal of Turbomachineryor in the predecessor of both, teurnal of Engineering for
Power

The IGTI First Annual Gas Turbine Conference and Exhibit was held April 16—18, 1956 at the Hotel Statler in
Washington, DC. This very first ASME all-gas turbine meeting had 25 exhibitors, six technical sessions, a total of
17 papers and an attendance of about 750. The conference fee waglSpapers and $2(without papers By
way of contrast, IGTI's 49th gas turbine conference, TURBO EXPO '04 in Vienna, June 14-17, 2004 had 155
exhibitors, 187 technical paper sessions, a total of 732 papers and an attendance @it 2643. without saying
that the Vienna conference fees were substantially higher than those oj 1956.

The IGTI gas turbine conference has been ASME’s leading international technical meeting from its very begin-
ning. The annual meeting is held in North America and in Europe on alternate years. Currently, more that half of the
papers presented are from non-North American parts of the gas turbine community, most coming from Europe and
Asia.

The gas turbine is the “youngest” of energy converters. The first jet engine-powered flight took place in Germany
and the first operation of a gas turbine to generate electrical power occurred in Switzerland, both in 1939. Within
five years of this “birth,” the organization of IGTI—and of the gas turbine conference—commenced. Here are a few
milestones, facts and dates that led to TURBO EXPO:

« On May 8-10, 1944, ASME's 17th National Oil and Gas Power Conference was held mid-coivaetine
at the Mayo Hotel in Tulsa, OK. The technical program consisted of four ses@otwal of ten technical
papersg, three on diesel engine technology and dheo papery on the newly emerging gas turbine. As
Mechanical Engineeringnagazine reported: “Demonstrating the technical interest aroused by the gas turbine,
first new prime mover in 50 years, a capacity crowd of approximately 250 attended the first technical session
which was devoted to that subject.” In anticipation of this intense interest in new gas turbine technology, on
May 7, 1944, the Executive Committee of the Oil and Gas Power Division voted to form a ten member Gas
Turbine Coordinating Committe6GTCC) to provide ‘. .. coordination and dissemination of new technical
information on the gas turbine through periodic meetings and the presentation of technical papers.” This newly
formed GTCC, with R. Tom Sawyer of the American Locomotive Company as its chairman, was the start of
IGTI.

* By March 1947, GTCC had grown to 31 members and had sponsored an increasing number of gas turbine
papers at ASME conferences. With its growing membership, the GTCC petitioned ASME for division status,
and this was granted on August 14, 1947. Thus the Gas Turbine Power Division was formed, later to be called
simply, the Gas Turbine DivisiofGTD). As the prime organizefand by then author of the texthe Modern
Gas Turbing, R. Tom Sawyer was the first chairman, serving for the remainder of 1947.

* The new GTD started in 1948 with three technical committees: Committee on Theory, Committee on Design,
and Committee on Application. Over the last 57 years, these three grew into the 17 technical committees which
form the backbone of IGTI today.

« As the international gas turbine community grew, the number of papers sponsored by the GTD increased to the
point that it was obvious a separate meeting was needed. The first one was held in Washington, DC, in 1956 as
mentioned above, with succeeding annual meetings taking place in other US cities. In 1966 Zurich was chosen
as the first European site for the gas turbine conference. Not long after, the annual meeting developed into its
present schedule of locating in North America and Europe in alternate years.

» As the GTD conferences increased in size in the years after 1956, it became more and more apparent that a
separate ASME staff was needed to take over the administration and operation of the Division. In 1978, Donald
D. Hill became Director of Operations for the GTD and set up his office in Atlanta, with Sue Collins as his
assistant. In 1982, additional staff was hired to take over direct management of the exposition.

» By 1986, the Gas Turbine Division outgrew its divisional status and was made an institute of ASME—the
International Gas Turbine Institute—as we know it today. In 1988 the annual gas turbine conference was
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renamed TURBO EXPO. Projects and services developed, produced and financed by IGTI have increased, and
the professional staff now numbers eight. The Atlanta office is IGTI's headquarters and the hub of its interna-

tional activity.
This Journal started 125 years ago as a collection of papers on energy conversion technology in the 1880 first

volume of the Transactions of the ASME. For the last 50 years, IGTI's annual gas turbine conference has been a
major contributor to the Journal. We salute the authors, reviewers, and organizers of TURBO EXPO, as they prepare

to present papers and celebrate the 50th gas turbine conference in Reno, Nevada on June 6—9, 2005.

Lee S. Langston
Editor
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| Dr. Max Bentele—Pioneer of the
Cyrus B. Meher-Homiji
Principal Engineer, Jet Age

Turbomachinery Group,
Bechtel Corporation,

3000 Post Oak Boulevard, This paper documents the pioneering work of Dr. Max Bentele during his long and
Houston, TX 77056-6503 distinguished career in Germany, the UK, and the United States. His early work on
Fellow ASME turbojets at the Heinkel-Hirth Corporation in conjunction with his life-long friend, Dr.

Hans von Ohain, culminated in the development of the advanced HeS 011 turbojet. Dr.

Erik Prisell Bentele’s pioneering work in the area of blade vibration is documented along with details

Chief Engineer, of his spectacular solution of the turbine blade vibration problem of the Junkers 004B

Defense Materiel Administration (FMV), engine which propelled the world’s first operational jet fighter—the Me-262. Also covered
Sweden are his pioneering contributions to turbine blade cooling and blade manufacturing and

his important work at Curtiss—Wright and Avco Lycoming prior to his retirement.
[DOI: 10.1115/1.1807412

1 Introduction their test and development programs and felt that the failures were

Mt Bentele was bom on Janary 15, 1908 i Uim Germarff2 9 PISDSTS Wi e manufectuing processes, matera ren

graduating from high school in 1927. A visit to the Deutsches” ™ . ! 9 9 ) e
gement at Hirth desperately searched for a way out of this di-

Museum in Munich influenced him to study engineering. After hi ma. even offering a financial award to anvone who could re
graduation from school, he worked as an apprentice at a ball beghma: 9 ; anyons ST
olve this problem. Dr. Bentele immersed himself in the resolution

ing manufacturer. He enrolled at the Technical University of stupd've
tgart in the Fall of 1928, to work toward a degree in mechanicgf this F’mb'em- - .

and electrical engineering. He obtained his undergraduate degr he DVL/Hirth _turboqhargers_ were bl!'lt in two models with

in 1932 and having completed a thesis on “Sound dampers ﬁlzs erent gas-to-air partial admission ratios of 50/5_0 and 60/40.
pipelines,” was awarded a Doctorate in Engineering in 1937. Thf'1 e pressure of the_ eXh"’.‘USt gas befor(_e th_e_ turbine was much
thesis laid the foundation for his future work in vibrations and igher than the cooling air. Dr. Bentele intuitively felt that the

dynamics, an area in which he would gain an international repgidden and alternating changes would induce periodic blade ex-

tation. In May 1938 he joined Brandenburgische Motorenwerl@taﬂon' which under resonance conditions would lead to high

(Bramo in Berlin Spandau, and in late 1938, he joined HirthVibratory stresses. He hypothesized that these, in combination
Motoren located in Stuttgar,t-Zuffenhausen. ’ with the gas and centrifugal stresses, would lead to fatigue cracks.

Dr. Bentele embarked on an experimental/analytical program to
confirm his hypothesis.
2 Early Work on Turbosuperchargers at Hirth The turbine rotor blade attachment was a fairly rigid fir tree. By

Upon joining the applied research department at Hirth MotoreFt,riking the blade airfoil, a distinct sound could be obtained. As no

Dr. Bentele was tasked with the improvement of the specif gequency ana_lyzer was available, _musicians _in_ Dr. Ben_tgle’s
power, frontal area, and weight of existing Hirth engines. He walfoup were enlisted to help. By stroking the airfoil tip and trailing

appointed Director of the Applied Research Department a ge with a violin bow the bending and tortional mode natural

worked on the advancement of aeroengine turbocharger design{[glUencies tones were generated. A piano was then used to match
he frequencies. The fundamental bending frequencies of the tur-

facilitate mass production. At that time, Hirth-Motoren was inves- .
tigating turbocharger technology and had obtained a manufactfcharger blades were approximately 2000 Hz. Dr. Bentele ap-
ing license from DVL(Deutsche Versuchsanstalt fuuftfahr?). ~ Proximated the frequency changes under operating conditions due

The turbocharger featured a two-stage centrifugal compres&@/centrifugal stiffening, tightening of the root attachment, and the
and a single-stage axial flow turbine connected to the compres§é§il operating temperature. He conducted a Fourier analysis to
by a quill shaft. As the turbine section blading had to withstang€términe the individual harmonics, their orders and their ampli-
temperatures of 1000°(1832°F and as no alloys were availabletudes. He found that for the 50/50 admission ratio, only odd num-
to withstand this temperature, air-cooling had to be utilized. THered harmonics occurred, their amplitudes diminishing with their
DVL designs featured a solid blade axial turbine with partial ad2rder number. Similar overall declines existed with the 60/40 ad-
mission utilizing one sector for the hot exhaust and one sector faliSsion. To determine resonance conditions, Dr. Bentele con-
cooling air. structed a frequency-speed diagram, as shown in Figehtele

In the summer of 1942, a twin-engine Heinkel He 111[1]). It showed that for turbochargers operating with 60/40 admis-
equipped with Junkers V12 Jumo 211 engines utilizing DVL/Hirtgion, the sixth and higher orders were in the operating speed
turbochargers experienced a turbocharger blade fracture in ti@ghge. For the 50/50 turbocharger design, the fifth order was
turbine blades. A rash of similar failures resulted in a major irRbove the maximum operating speed of 20,000 rpm, and the sev-
vestigation. DVL, which was the licensor of the turbochargeﬁmh and higher orders were within. To further corroborate this

stated that they had never experienced any test failures durfgory, Dr. Bentele calculated the approximate danger levels of the
critical frequencies from the turbine power, gas, and centrifugal

THis thesis was published by VDI as a book. force on the blade and the exciting forces based on the Fourier
2This was a governmental body similar to NACA in the USA or the RAE in theanalysis results.
UK The conditions for the 60/40 turbocharger design is shown in

Contributed by the International Gas Turbine Institd@&T!) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June 3Stroking the blade tip gave the bending natural frequency. The torsional natural
16—19, 2003, Paper No. 2003-GT-38760. Manuscript received by IGTI, Octobequency was obtained by stroking the blade tip. This was the first time this tech-
2002, final revision, March 2003. Associate Editor: H. R. Simmons. nique was employed.

Fig. 2. As can be seen in this figure, the sixth harmonic is more
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and broken blade is shown in Fig. 3. Vibrations had caused a
TURBINE SPEED fatigue crack halfway across the airfoil. The fatigued blade
showed classic crack growth, followed by an overload failure.
Based on this dramatic demonstration, Dr. Bentele’s theory was
fully accepted and his recommendations put into effect. This work
resulted in Dr. Bentele being established as one of the leading
than twice as dangerous as the higher ones due to the higher GABEMS I the area of blade vibrations, which would later be con-
centrifugal and exciting forces. As the sixth harmonic was ne f ed when he_ resolv_ed blade V|brat|9n problems W'th the Junker
the maximum speed, it could éasily be increased by raising t dmo 004 engine. It. is also worthwhile noting that his develop-
blade natural frequen‘cy by shortening the airfoil and increasing ent gf ﬁ‘, B(Tntel_e dla?(rram was 1“;229. W'tht(.’mth's kpowletdgg_ of
taper. For the 50/50 turbocharger, the seventh harmonic was aelin\eib?aio%‘? %s‘;gg Ioer's ac[))?)?olgch as 'thvoe\;'n'%ﬁ '2% szear?; ngvgr'e
most dangerous and occurred for an extended duration during . - - . A - S
aircraft climb. As the turbocharger speed could not be avoide)[f,,xfo s(ljmlque I'n thlat it presented a visualization of the blade vibra-
this model was discontinued on Dr. Bentele’s recommendation: ConJer IEVELS.

Dr. Bentele was now able to explain the observed blade losses . .

from the flight times spent in climb and cruise. The results of th Work Related to Turbine Cooling

elegant analysis established Dr. Bentele as an expert in blade viRecognizing the inherent problems with partial admission as a
brations at Hirth Moteren. DVL, however, still felt that the undermeans for blade cooling, Dr. Bentele’s team investigated several
lying cause for the failures was manufacturing differences &irms of internal blade cooling of the blade and root, studying
Hirth, as compared to the turbochargers built at DVL. Dr. Bentel@gat transfer, mechanical design, and manufacturing aspects. Ini-
therefore, requested DVL to provide him with one of their manuial efforts were concentrated on hollow convectively cooled tur-
factured turbines. Upon receipt of the turbine, the natural bladéne blades. While otherémainly the DVD had experimented
frequencies were determined and it was recognized that a dangeth air-cooled blades, Dr. Bentele was able to blend theory and
ous seventh-order excitation would occur between 17,500 aprdhctice and incorporate practical lessons learned to develop
18,400 rpm. The DVL-manufactured turbocharger was installadorkable blading. One of his inventions was the Faltschaufel
on a test stand and was vigorously tested resulting in a bladelded blade¢ shown in Fig. 4 that could be mass-produced at an
failure, as predicted by Dr. Bentele’s theory. The turbine wheekceedingly low cost.

Fig. 1 Frequency-speed diagram developed by Dr. Bentele for
60/40 admission turbocharger  (1942)

4 German Jet Engine Developments
HP Turbojet development in Germany initially included two inde-

x 10 GRAMS o
|=— max.oreraTne  pendent programs that were not, at least initially, under the aus-
TURBINE SPEED - . .. . .
. 200 |~ POWER pices of the German Air Ministry known as the Riechluftfahrtmin-
2 isterium (RLM). As is typical of revolutionary technological
g: § 150 |- GAS FORCE: -l/ changes, these two programs did not initiate at the traditional
= o PER BLADE = aeroengine companies but started at Heinkel Airframe and at
A é kg/mm Junkers Airframe Company. Ultimately, both these programs
& 200 S 100 ~ BLADE STRESS\ , 20 ended up under Heinkel, however, Heinkel could not capitalize on
p & EX&',‘,;";E » his position as a jet age pioneer. So great was his disappointment
£ % ﬁ that in his autobiography entitled “Stormy Life- Memoirs of a
g '0r- & sor- 10 & Pioneer of the Air Age” published in 1956, no mention is made of
& / @
0 0 [ “Wilfred Campbell of the General Electric Company had presented a detailed
0 ASME paper in 1924 entitled “The Protection of Steam-Turbine Disk Wheels from
0 5 10 15
20 x 1000 RPM Axial Vibration.”
T 5A modification of this concept was finally used successfully in turbochargers and
URBINE SPEED finally in the Heinkel-Hirth HeS011 turbojet, and was known as the Topfschaufel
. o . (tubular or bootstrap bladeDr. Bentele is named as a coinventer on the patent.
Fig. 2 Danger level of excitation for different orders (60/40 ad- 50ne manufacturer claimed to manufacture a blade at a rate of 1 Mark and still
mission turbine ) make a profit.
232 / Vol. 127, APRIL 2005 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 Comparison between the Junkers Jumo 004B and the
Heinkel Hirth HeS 011 engines
Parameter Jumo 004 B HeS-011A
Manufacturer Junkers Engine Heinkel-Hirth
Thrust(Ibs) 2000(8.927 kN 2863(12.75 kN
Weight (Ibs) 1650(750 kg 1950(885 kg
T/W ratio 1.21 1.44
Length 152-in.(3860 mm) 131.6-in.(3343 mm
Frontal diam 30 in(760 mm 32 in. (805 mm
Air mass flow 46.7 64 (29 kg/9
rate (Ib/s) (21.2 kg/s
Fig. 4 Folded turbine blade developed by Dr. Bentele.  (Ben-  Pressure ratio 3.11 4.2:1
tele, [1]). The folding process is shown here. Two reinforce- pm 8700 10,205
ment strips increased the blade strength. The inside strip also ggﬂgﬁ?ﬁﬁgﬁ 5)'(?2:}%3\/9‘3 g;?a‘cl]losr;glgztsagethree
p_rowded proper dlst_rlbutlon _of cpollng air. Blades would be Turbine One-stage turbine Two-stage air cooled
pinned to the disk with an axial pin. configuration
Fuel 1.4-1.48 1.35
consumption
(Ib/lb thrush
Turbine inlet 1427°F(775°0Q 1427°F(775°Q

any Heinkel-Hirth turbojet development team member's namegmperaturer)
Details regarding the overall development of the German jet pro-
gram and in particular the pioneering work of Dr. Hans von Ohain
may be found in Meher-Homji and Pris¢R]. Further details on
the history of turbojet development may be found in Consfaht

and Meher-Homj{4,5]. nkel had access to the engineering capabilities and manufacturing

4.1 Turbojet Engine Development Work at Heinkel. von know-how of this well-known engine company. The formal name
Ohain developed the idea of his jet engine while he was a doctogdlthe company created when Heinkel took over Hirth Motoren
student at the University of Giingen. The 24 year old von Ohainwas Ernst Heinkel AG-Werk Hirth Motoretknown as Heinkel-
was hired by Heinkel and soon headed Heinkel's jet engine develirth for shord. It is interesting to note that when asked during a
opment work. Dr. Hans von Ohain received a permanent contraeinference in 19786] what single item von Ohain needed the
and was named head of Heinkel jet propulsion development aftepst during his early development days, he stated that the greatest
the successful run of his hydrogen demonstrator engleeHeS need was for expertise in the area of blade vibration which, he
1). After this successful engine run, Heinkel pushed hard for g@id, he got from the Hirth Company in the form of Dr. Bentele
flight engine and this resulted in the HeS 3B designed by vowho was, by then, recognized as the leading expert in Germany
Ohain. On August 27, 1939, a He 178 piloted by Erich Warsitspecializing in aeromechanics and blade vibration. The close
made a historic 6 min flight from the Heinkel airfield infriendship between Dr. von Ohain and Dr. Bentele endured for 57
Marienehe. This was the first aircraft in the world to fly utilizing ayears right through the passing away of Dr. von Ohain in 1998.
turbojet. Heinkel rushed to inform the RLM of this achievement,
but met with indifference as the RLM had more immediate prolls  Design and Development of the Advanced Heinkel-
lems of gearing up for the war that was to start within a few days,: :
Later, Heinkel arranged for a demonstration of the He 178 th%wth HeS 011 Turbojet
was observed by the German Air Ministry, but there was little In 1942 the RLM granted Heinkel-Hirth the contract for a
enthusiasm displayed by the Air Ministry representatives. second-generation engine known as the HeS (LM designa-

tion 109-013, which provided a quantum step in specific power
and performance. The specifications of this engine were a maxi-

4.2 HeS 8A Engine Development for the He 280 Jet mum thrust of 2863 Ibg12.75 kN with a growth to 3307 lbs
Fighter and the Purchase of Hirth Corporation by Heinkel.  (14.7 kN), a weight under 1985 Ib&00 kg, a pressure ratio of
Shortly after the demonstration of the He 178 to the RLM, Heid.2:1, an altitude capability 50,0005 km), and a specific fuel
nkel started development of a twin engine fighter that was desigensumption of less than 1.4 Ib/Ib-h.
nated the He 280. The aircraft could not use engines of the HeSDr. von Ohain was in charge of the development and Dr. Max
3B type because of the large engine diameter and low perf@entele was responsible for component development and man-
mance. At this time, however, an axial flow engidesignated the aged the development on the compressor and turbine sections of
HeS 30 that was being developed by Mueller, who had arrived @he engine. The best performance parameters attained by the en-
the Heinkel Rostock plant, experienced serious development prgine in December 1944 were a thrust of 294@18 kN) at a rotor
lems. Recognizing that this engine would not be ready in timepeed of 10,205 rpm. The leading particulars of the first genera-
von Ohain designed a back-up solution designated the HeSi@ Jumo 004B engine which was in production and the advanced
which would employ a radial rotor similar to the HeS 3B comHeS 011 are compared in Table 1. The engine layout is depicted in
bined with an axial vane diffuser and a straight through flow coni~ig. 5 (Neville and Silsbe€]7]). Additional details on the engine
bustor. Only 14 months were available for this development, asay be found in Bentelg8], Hirth-Moteren report$9,10], Avia-
the He 280 airframe was developed much faster than its engingsn Magazing 11], US Navy repor{12], Bamford and Robinson
The engine program was done under a RLM contract with th&3], and Cartef14].

engine getting the first RLM turbojet designati¢k09-001. De- . .
velopment was not without risks because the specification of the>-1 Compressor Section. The compressor had a single

aircraft limited the engine diameter making the axial dif'fuseztage inducer (;ovr\,/ follcr>]wed by a dl%gn/nal compre%_s(«rnﬁ(ed
function and efficiency together with the straight through combu&2W) Stage and then three symmet(t0% reaction axial flow
tor very critical. Luckily for Heinkel, von Ohain's HeS 8 enginecompressor stages. As the air exited the first axial inducer stage,
managed to meet the minimum requirements and was ready—n— o _ o ) ) ) )
time for the first flight of the He 280 which took place in late T?%Iac(?ullsn}ont\évas fraL_lg_?t Wlfth polmcsi W|thﬂl1-|e|nkel’s rival Messerschmitt

. . . reportedly delaying the acquisition for several months.
MarCh 194:!-- After the_ de_monStratmn flight _Of the He 280, Hemke? 8This was called “Kombinationsverdichter,” a layout conceived by Dr. von
finally received permission to purchase Hirth Motoren located ahain.

Zuffenhausen near Stuttgdrivith the acquisition of Hirth, Hei-
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Fig. 5 Layout of the HeS 011 engine

the annular passage was reduced by a shaft fairing to the diagar@hpressor air exit and inquired if this might be the problem!
compressor. The combination of a diagonal stage with axial floavidently, the uniform breakage of the blades did not result in
stages was ingenious as it made the operating line very flat asignificant unbalance.

imparted growth potential without incorporating variable geom- . .
etr?/ that V\?ould beprequired for higher prepssure ?atios. The goubleﬁ'2 Combustor. The combustor was an annular design with

skinned intake hoods served the dual function of straightening tﬂgflow belng divided Into two .ﬂOW streams by an a””“""!f head-
airflow and housing the accessories, oil tank, and lube oil pumf€c€ With a small airflow being routed into the headpiece for
Both warm air and electric heating were available for anti-icing. A'XtUré preparation and combustion. Most of the air was routed

hotograph of the compressor section showing the mixed figyoudh two of the outer and inner rows of vanes at the end of the
gtagegis Shown in Fig. 6[.) 9 combustion chamber and into the mixing chamber to attain the

To develop this compressor, a 1600 kW electric test stand riﬁquired temperature. The housing wall located around the com-

Zuffenhausen and a steam turbine driven 15,000 hp stand in DrBYStOr was protected against radiant heat transfer by an annular
den were utilized. The rigs allowed the measurement of flo nsulator around which fresh air from the chamber was circulated.
pressure, and temperature distributions in the flow path and C%ﬁteen equispaced fuel nozzles were utilized with four igniter
siderable challenges had to be met in designing the mixed fl gz' :‘]’VO cr>]n the Igteral axis and two (;15 .Upwﬁrﬁs' Bente:je 'Bd'f
compressor section. Rather than arriving at an optimal configuGat€d that the combustor was a great design challenge and obtain-
tion for the axial stages analytically, this was done experimentaffyd @ satisfactory radial and circumferential temperature profile
using adjustable stators. A variety of settings were tested on gs not easy glver? tTeTEOW pr%flle emanatlrr:g f:(om the m:z(ebdl
stand and finally this led to satisfactory performance as shownAﬂW. compressor wheel. The combustor was, therefore, a workable
the compressor map of Fig. (Bentele,[1]). About half of the 9€Sign compromise. Dr. Bentele indicated that the combustor was
total pressure ratio of 4.2 was derived by the mixed-flow sectig® Of his most frustrating assignments—he had reservations
(but with moderate efficiengy The axial stages raised the effi-

ciency of the full compressor to 82%. Bentele recounts that during

one test, in spite of smooth running of the engine, the occurrence

of discrepancies in pressure and temperature readings puzzled tt 10,500 RPM
test team. The issue was resolved when a technician appeare SPEED N,
holding some broken aluminum blades which he had found at the 16 10,000 \
X 1000 M NG 3
.
o 14 \ /ﬂ/
3 x,
W 9000 yard \
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Fig. 6 Compressor section of the HeS 011 Fig. 7 HeS 011 compressor map (Bentele, [1])
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a level speed of 1000 km/621 mph at 7000 m(22,966 f) and

be armed by four MK 108, 30 mm cannon. The fighter had to have
an operating altitude of 14,000 45,931 f), and have a pressur-
ized cockpit. There were several proposals submitted by Focke
Wulf, Messerschnmitt, Heinkel and Blohm and Voss, with the
Focke Wulf Ta-183 being finally selected. The Ta-183 design con-
cept is shown in Fig. 11. This design was never built in Germany
as the war ended prior to its development.

7 Resolution of Vibratory Blade Failures on the
Junker Jumo 004 B Turbojet

The world’s first production turbojet was the Junkers Jumo 004,
which was the powerplant for the Messerschmitt Me-262 fighter
(Fig. 12. The engine was developed by Dr. Anselm Franz and his
design team at Junkers. The Jumo was brought from conceptual
Fig. 8 Photo of the HeS 011 two-stage air-cooled turbine design to production in a span of four years. Details of this engine
section may be found in Meher-Hom|i5] and FranZ 15]. As Franz had

no opportunity to design individual engine components a decision

was made to design an experimental engine, the 004A, which

about too much sheet metal being present in the primary aw@uld be thermodynamically and aerodynamically similar to the
mixing zones and concerns that small sector testing of an annufi#igl production engine. The goal in developing the 004A was to
combustor would induce false resuits. have an operating engine in the shortest time frame without con-
) _ sideration for engine weight, manufacturing considerations, or

5.3 Turbine Section. The HeS 011 had a remarkable tWomjnimizing the use of strategic materials. Based on the results of
stage air-cooled turbine sectigfig. 8) designed by Dr. Max Ben- the 004A engine, the production 004B engine was to be built. On
tele. Two rows of hollow turbine nozzle blades were cooled by alfuly 18, 1942 the first flight of the Me-262 powered by two Jumo
bled off through the annulus after the final compressor stage. Thigaa jets took place and lasted for 12 min.
nozzle cooling air was ducted between the combustion chambefrhe jumo 004B engine was available in June 1943 and during
and the rotor shaft, which was shielded by an annular insert. Bae summer, several catastrophic turbine blade failures that re-
of the discs had hollow vanes with air being routed to the secoRgjted in aircraft crashes were experienced when operating at full
stage through holes bored in the first stage. The airflow exited theed. The Junkers team worked diligently to resolve the problem.
blades at the tip. The development of the turbine section was mq$fe Ajr Ministry, getting increasingly concerned with the prob-
challenging. Initially solid blades were employed and stress rupsm, scheduled a conference at the Junkers Dessau plant in De-
ture occurred at the first stage and fatigue failures at Fhe secQifinber 1943, to be attended by turbine experts from government,
stage. The resonance failure was traced to the location of fqHgystry, and academia. Max Bentele was asked by the ministry to
struts of the rear bearing support and these were eliminated &yand this conferencé.Dr. Bentele listened to the numerous ar-
spacing the struts at unequal angles, thus minimizing the forcgdments pertaining to material defects, grain size, and manufac-
excitations that were in resonance with the second-stage rofgfing tolerances. When his turn came, he stated that the underly-
blades. A Bentele Diagram of the blading is depicted in Fig. 9ag cause of the problem was excitation induced by the six
(Hirth-Motoren report, January 1948]). combustor cans and the three struts of the jet nozzle housing after

The final air-cooled blade designed by Dr. Bentele was callgfle turbine. The combustor and struts excited a sixth-order reso-
“topfschaufel”** and did not utlllz_e any strategic materials. Thes@ance with the blade bending frequency in the upper speed range.
blades were manufactured starting with a circular plate of austene predominance of the sixth-order excitation was due to the six
netic chrome-moly sheet steel from which a closed end tube Wg$mbustor cangundisturbed by the 36 nozzleand the second
drawn in several stages with intermediate heat treatments. As S@@hmonic of the three struts downstream of the rotor. In the 004A
in Fig. 10(Hirth-Motoren Report, April 194410]), wall thickness  engine, this resonance was above the operating speed range but in
diminished from 0.079 in(2 mm) at the root to 0.017 in(0.45  the 004B it had slipped because of the slightly higher turbine
mm) at the blade tip, so as to match the stresses with the prevagheed and due to the higher turbine temperatures. Dr. Bentele’s
ing radial temperature profile. The airfoil shape was then induc@fbgant analysis allowed the problem to be solved by increasing
and finish machining done. Both the first and second turbiRge plade natural frequency by increasing blade taper, shortening
stages utilized this construction and contained an insert for thgyges by 1 mm, and reducing the operating speed of the engine
proper distribution of the cooling air and for damping blade Vifrom 9000 to 8700 rpm. Dr. Bentele’s resolution of this problem

bration. Further details of the HeS 011's construction, accessorig§d a major impact on the operational availability of the Me-262.
fuels systems, and controls may be found in Meher-Homji and

Prisell [2].

8 Blade Design Recommendations on the BMW 003

6 Planned Variants and Potential Applications of the Turbojet _ . .
HeS 011 Engine BMW also produced an axial flow turbojet engi(@VW 003)

] with a thrust of 2,000 Ib$907 kg. The engine had a seven-stage
On July 15, 1944, the RLM submitted request for proposaxial compressor with a pressure ratio of 3:1, an annular combus-
number 226/li(known as the “Emergency Fighter Competition” tor, and an air cooled turbine that had a very unusual disk attach-
to Germany’s aircraft manufacturers for the second-generationgknt as shown in Fig. 13. This attachment was plagued by failures
jet-powered fighters. The requirements included that this aircrafisd Dr. Bentele was consulted to resolve the problem. Dr. Bentele
be powered by a single Heinkel-Hirth HeS 011 turbojet, operate@jund the design overly complex, with the wedge and pin being
unnecessary because the centrifugal forces would have held the

®When engine runs confirmed this opinion, the combustor was given sevefsiade in place. He made several suggestions that allowed trouble-
nicknames—"Guinea pig,” “rat’s tail” and worse! The time was not ripe for an free operation
annular combustor of short length, low pressure drop, and high efficiency. '
10This was a scaled derivitave of the “topfschaufel” invented by Dr. Bentele for
turbocharger turbines. 1At 34 years of age, Dr. Bentele was the youngest person to speak up.
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Fig. 9 “Bentele diagram” showing excitation and natural frequencies (Hirth-Motoren

Report, January 1944 [9])

9 Post-War Contributions in Germany and the UK this was not followed up by the alliédwho believed that cooling
was not needed due to the superior high temperature alloys that

L S hey had available.

After the termination of hostilities in Europe, Dr. Bentele me{
with technical teams put together by the allies who were im- Dr. Bentele_then met I_:)r. AT quden O_f C'_A' Parsons of the
pressed by the advanced HeS 011 engine. The US Navy deciél&l who was mterestec_i in automotive applications of the gas tur-
to build and test these engines. Dr. Bentele interacted with engine. Dr. Bentele was invited to present a monograph to the AVA
neers from the Whittle team including R. G. Voysey, and his pio-
neering work on blading vibration was reviewed with great intef= 2 5ok approximately 10 years before air-cooling was considered in the US and
est. He also promoted the concept of turbine blade air-cooling hbg UK.
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Fig. 10 Ingenious method of developing air-cooled turbine blade starting with a cir-
cular plate 25 mm diameter (Hirth Motoren GmbH report, April 1944

on the feasibility of the gas turbine as a vehicle power plant. This
monograph covered several investigations of compressor configu-

rations, regenerators, and other practical aspects and included a

treatment of regeneration, water injection, ceramic materials, and
the concept of a vehicular gas turbine. Because of his contribu-
tions to this and other studies, Dr. Bentele was offered a contract
from the British Ministry of Supply(MoS) to work on a gas
turbine tank engine project that was being developed at Parsons.
He contributed significantly to the mechanical design of the en-
gine and in resolving several problems. Dr. Bentele's contribu-
tions included the design of a mechanical control system and ther-
mal shock investigations. Because of the special transient
operating regime of a tank engine, Dr. Bentele started a systematic

Journal of Engineering for Gas Turbines and Power

[10])

Fig. 11 Focke Wulf TA-183 with HeS 011 engine
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was the design of a jet fighter and its engine. The engine was
designated as the HeS 053 and borrowed features from the
HeS011, and SNECMA's Atar engines. Ultimately the engine and
fighter projects were cancelled. In 1955 Curtiss Wright offered Dr.
Bentele a job and Dr Bentele emigrated to the USA in 1956 where
he joined the Wright Aeronautical DivisiofWAD) of Curtiss-
Wright.

Fig. 12 The Me-262 powered by two Junker Jumo 004B turbo-
jets. Dr. Bentele was instrumental in resolving a major opera- . . . .
tional blade vibration problem with this engine. 11 Contributions at Curtiss-Wright

At Curtiss-Wright Dr. Bentele worked on several projects in-
. . . _ cluding detailed studies on turbine blade cooling and transpiration
investigation into the thermal shock aspects of turbine bladingeoling. Several experimental results were developed on a test rig
The study included an analysis of thermal stresses in a slab fHabling Curtiss-Wright to replace the two-stage turbine design
static conditions of constant heat flow and constant temperatygg the J65 engine with a single stage air-cooled design. This
difference. Four different materials were considered. Thereaftggvelopment was, however, too late to be put into production. Dr.
transient conditions were modeled where the surface temperatusesitele was appointed Manager of Mechanical Components for
were suddenly changed. The resulting calculations and modgl§yanced gas turbines and made contributions to blade vibrations
were then extended to shapes approaching those of turbine blagi@ssed by forced excitation, rotating stall, and aeroelastic flutter.
to arrive at a qualitative relationship for the number of thermal | May of 1958, on a Friday afternoon, Dr. Bentele was called
cycles to failure. Dr. Bentele and his group verified his thermahto the office of Roy T. Hurleythe President and Chairman of
shock investigations in test rigs with actual turbine nozzles @furtiss-Wright. Hurley handed him a crude plasticx6.5 in.
their tank engine. The test rigs developed allowed testing to erdel of an engine and said “That's supposed to be an engine.
amine the cyclic thermal behavior of blading and combust@ind out over the weekend whether it is, and its pros and cons.
walls. A detailed paper was published by Dr. Bentle and MReport to me on Monday and don't talk to anybody about it!” On
Lowthian [16] which appeared in the February 1952 issue qflonday, Dr. Bentele reported his findings in detail to Hurley and
“Aircraft Engineer.” This paper drew an important analogy bethen learned that its inventor was Felix Wankel. This was the start
tween thermal shock and vibration phenomena in showing theDr. Bentele’s important involvement with this rotary engine and
surface condition, heat treatment, ageing, and varying the amgijurtiss-Wright's position as it exclusive licensor of North

tude of the applied load had similar effects. America. Max Bentele is recognized as an important figure in the
. ) development of the Wankel engine and made major contributions
10 Work at Heinkel-Hirth (1952-1956 to its design. In 1966 he was granted a patent on this engine for

After his stay in the UK, Max Bentele was persuaded by ErneBHming of a wide range of fuels. By 1966, Curtiss-Wright stopped
Heinkel to rejoin Heinkel at the Stuttgart plant, as Chief of De€Ngine manufacture and restructured itself to be to a major sup-
velopment. He joined Heinkel in 1952 and Ernst Heinkel relied olier of components to the aerospace and other industries.
his expertise in managing a variety of technical and business is-
sues. Dr. Bentele worked on a range of development initiatives g2  Contributions at Avco Lycoming
reciprocating engines and motor scooters that Heinkel was mak-I M £1967. Dr. Bentele ioined Avco L . c it
ing. Heinkel's heart was, however, set on aviation and he tried to n vay o , DI Bentele joined Aveo Lycoming as Lonsult
build a team to work on engines. On Heinkel’s request, Dr. Bel{ld Engineer to the Vice President of Engineering. During his
tele served as a consultant to a project involving a gas turbi greer an_d prior to his retirement in 1.974 he made several impor-
utilizing thermal compressioft Heinkel's most ambitious project ant contributions including the following.

1. Solutions to major service problems with the T53 and T55
BThis concept was originally conceived by Dr. Hans von Ohain and had been  engines* Dr. Bentele spearheaded investigation of a rash of
investigated theoretically and experimentally at Heinkel. The post-war project was  djsk failures where tennons of aluminum disks holding blade
run by Max Adolf Muler. dovetail roots were breaking causing engine failure. In rec-
ognition of his worldwide reputation and integrity, Dr. Ben-
tele was selected by the Army Aviation Systems Command
(AVSCOM) to chair a blue ribbon panel to find a solution to
the problem. It was determined that a failure mode included
stress-rupture, high cycle fatigue caused by blade vibrations,
and low cycle fatigue due to frequent takeoffs and landing of
the helicopter. The solution was a replacement of the disks
with a one-piece welded rotor made of titanium.

2. Development studies of low-power gas turbine engibes
Bentele worked n a 5 Ibs/s flow class gas turbine configu-
ration with a single spool compressor consisting of one axial
and one centrifugal stage driven by a single stage axial tur-
bine, a reverse-flow annular combustor, and a power turbine.
Details of Dr. Bentele’s investigations may be found in Ben-
tele and Labord¢l7].

3. Testing of turbine containment failurelm the fall of 1970 a
containment failure occurred on a T55 engine where power
turbine blades had broken off and the bearing support failed
under the massive unbalance situation, resulting in control
system damage. Dr. Bentele devised an iterative testing

W

STEEL PIN w %
INTO BLADE. HSST
TURBINE WHEEL

These helicopter engines were the branchildren of Dr. Anselm Franz, designer

Fig. 13 Complex blade root design for the BMW 003 engine of the Junker Jumo 004 turbojet that powered the world's first production fighter, the
that resulted in fatigue cracks and failures Me-262.
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Unique Challenges for Bolted
Joint Design in High-Bypass
Turbofan Engines

Robert P. Czachor Bolted joints are used at numerous locations in the rotors and carcass structure of modern

Chief Consulting Engineer, Structures, aircraft turbine engines. This application makes the design criteria and process substan-
GE Aircraft Engines, tially different from that used for other types of machinery. Specifically, in addition to

One Neumann Way, providing engine alignment and high-pressure gas sealing, aircraft engine structural

~ Cincinnati, Ohio 45215 joints can operate at high temperatures and may be required to survive very large applied

e-mail: robert.czachor@ae.ge.com loads which can result from structural failures within the engine, such as the loss of a fan

blade. As engine bypass ratios have increased in order to improve specific fuel consump-
tion, these so-called “Ultimate” loads increasingly dominate the design of bolted joints in
aircraft engines. This paper deals with the sizing and design of both bolts and lever
flanges to meet these demanding requirements. Novel empirical methods, derived from
both component test results and correlated analysis have been developed to perform
strength evaluation of both flanges and bolts. Discussion of analytical techniques in use
includes application of the LS-DYNA™ code for modeling of high-speed blade impact
events as related to bolted joint behavippOl: 10.1115/1.1806453

Introduction factor in the sizing of the joint. Experience has shown that a

. . . variety of design requirements must be satisfied by the aircraft
This paper deals with a number of unique challenges that Iargﬁgine joint, including:

commercial turbofan engines present for the design of bolted
joints which secure the engine carcass and rotor componentsl. Prevent joint separation under applied loads during normal

These circumferential casing/rotor joints typically utilize flat- operz_ation; N _
faced lever-type flanges. Figure 1 illustrates the locations of 2. Provide transverse-load capability to prevent slippage by
bolted joints in a typical turbofan engine. means of sufficient joint clamp and flange friction;

The basic behavior of bolted joinf&] in turbofan engines un-  3- Prevent air/fluid leakage; N )
der normal operation are common to other applications and will 4- Provide strength s'uff|C|ent to support limit/ultimate dynamic
not be discussed here. Unique to the turbofan engine, however, ar lfgvc\jlscdgit%ﬁbﬁgtgé?t”()f;ﬂgb:ligggof expected engine
constraints on diameter due to weight and packaging concerns;" Iifetimg' 9 P 9
along with challenging internal pressures, rotational speeds an High-C)’/CIe fatigueHCF) life sufficient to preclude failure
temperature levels. Transient operation during engine starts, accel-’ with expected levels of normal engine vibration:
eration or deceleration, along with aircraft maneuvers subjecty proyide strength sufficient to support loads due to limit/
these joints to numerous combinations of loads in the course of yjtimate aircraft maneuvers.
normal engine operation. In addition, the designs must accommo-

_date so-called “ultimate” loading co_ndltlons, _such as the largﬁreload and Residual Preload

imbalance forces generated by abusive rotor imbalance. Such im- o _ _

balance can result from loss of a fan blade due to bird strike orAssembly of joints for turbofan engines is usually performed
other cause. In that event, damage to the joints is acceptable Wifh the common torque wrench. Variables such as friction coef-
carcass integrity of the engine generally must be maintained ftg_lents, assembler technque _and tg)rque wrench callbratlon_per-
satisfy FAA requirements. With the latest generation engine f4RitS control of clamp only within=30%. When more accuracy is
diameters growing as large as 129 {828 cm), these ultimate necessary, torque-angle techniques have been used to reduce this

loads have increased to a point where bolted joints in commerc, éariation to £20%, but this requires specialized tooIing for fas- .
ener assembly. Assembly lubricants, such as synthetic engine oil

S ; . . L %rregraphite grease, have been shown to be effective in minimizing
significant extent than in common industrial applications. clamp variation.

Industrial practicg2] provides a basis for sizing bolted joints The available clamp is determined through component testing
based primarily on providing adequate sealing against internal lig order to determine the torque-tension or angle-tension relation-
uid or gas pressure. These methods are conservative enough d}gp. These tests are performed either with force washers or with
in many cases, externally applied loads may safely be ignored.frasonic measurements of bolt elongation. The latter technique
contrast, the design of aircraft engine bolted joints is dominatedquires tensile calibration of the ultrasonic extensometers for
by the external loads the joint must support. While leakage contrghch particular type of fastener. Ultrasonic measurement has the
is still a requirement, adequate sealing usually results as the jagnlvantage of permitting the determination of fastener clamp on
is designed to meet other requirements—rarely is it a governipgoduction engine assemblies, rather than in the laboratory, which

then includes the variables of technician lubrication and assembly

Contributed by the International Gas Turbine Institd®TI) of THE AMERICAN  technique.(In rare cases, ultrasonic measurement of bolt exten-

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  gjon during production assemb|y has been used to insure C|amp
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna—variation of |ess thanif)%.)

tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June . p . .
16-19, 2003, Paper No. 2003-GT-38042. Manuscript received by IGTI, October DUFNG engine operation, three effects serve to reduce this ini-
2002, final revision, March 2003. Associate Editor: H. R. Simmons. tial assembly clamp. The first is simply thermal expansion, since
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Fig. 1 Structural bolted joints in a typical turbofan engine

the fasteners, flanges and any attached bracketry will generally no2. Asymmetric loads or beam-bending loads on the engine,
be made from the same material or operate at the same tempera- which can be created by rotating imbalance forces, aircraft
ture for engine steady-state or transient conditions. This clamp maneuverdIncluding gyroscopic effects from the rotating
loss can be simply expressed as: turbomachinery;, aerodynamic forces acting on the engine
NE inlet and nacelle, and the engine thru&ince the engine
thrust is produced at the engine centerline and reacted at the
AB=—Kgr aBATBlb_aNATNh”_El (apATet)ir (1) engine n?ounts which are O?fset from the centerline, engine
carcass bending results.

Note that the joint combined stiffness terizr has been used to 3. |mpact loads resulting from failure events where blade frag-
account for the load division between bolt load and joint clamp. A ments may impact the casings in the vicinity of flanges.

less accurate expression, often found in the literature, simply uses N ) ) ]
the bolt stiffnesskKg;. Loading conditions are further categorized according to the like-

A second issue leading to preload loss in turbomachinery is tfigood of the event and different design criteria applied accord-

contraction of the flange thickness due to transverse normj3@ly. For example, we might require that the joint not separate

stresses. Tensile hoop stress will exist in a circumferential casifigSe clamp at the bolt centerlinéor normal engine transient and

flange due to internal pressure or in a rotating flange due to spegady state operation combined with normal aircraft maneuvers

Flange radial stress levels can also be significant due to therrf4lereas for a major failure event the criteria would be simply that
gradients. Both will cause Poisson’s contraction of the flang8€ flanges and fasteners not fracture.

thickness and create a further loss in clamp, which can be ex-t ¢an be seen then, that the designer will be faced with the
pressed as: construction of a number of combined load cases for a given joint

that must be evaluated against the appropriate design criteria for

NF that condition. These load cases will involve the combination of
AB=—KgrY, {u(ort o) (VEED}, (2)  axisymmetric loads with beam moments and shears due to both
! maneuvers and imbalance, which will often act in different planes.
Equations(1) and(2) are derived in Appendix A. This often precludes determination of the most limiting bolt loca-

A less obvious effect comes about from the change in the elastiien in a joint by simple inspection. It is then necessary to calcu-
modulus of the joint materials with temperature. A bolted joint itate the load on each individual fastener in the joint in order to
simply a mechanical arrangement of springs and when the joigentify the most highly-loaded fastener.
materials are brought to elevated temperature levels, the change iRurthermore, the load combination/condition and relevant de-
spring constants due to the reduction in material modulus wiign criteria that will in the end size a given joint will not be
create a further loss in preload. This change in bolt load can kgown at the point the design is initiated. All possible loadings
expressed as: must be evaluated against the appropriate design criteria before it

is established whether a design is satisfactory or otherwise.
AB=Bgr{Kgr/Krr—1} 3)

Interestingly, while this effect does reduce the clamp at operatifesign Criteria for Normal Operation

conditions, it alone may not result in a change in bolt strain. gxperience has shown that the following criteria must be satis-

Because of this, the cyclic content of bolt stress which is due {@q for a durable bolted joint when normal operation of the en-
the modulus change at temperature in many cases can be saf@hé and aircraft are considered:

ignored in the calculation of fastener low-cycle fatigue capability.
A derivation of Eq.(3) and an explanation of the effect on bolt 1. Maintain an axial flexibility ratio IRET) of less than 0.5, i.e.,
strain is provided in Appendix B. maintain the clamping member stiffness at no more than
Many characteristics of turbomachinery bolted joint behavior,  50% of the clamped members. This minimizes cyclic loads
at least for normal operation, are dependent on the available on the bolt and improves fatigue life.
clamp at operating conditions. Given the variation in assembly 2. Provide sufficient bolt length, even where thin flanges are
clamp and the factors operating to reduce it, providing adequate joined, by use of a spacéthick washey in the joint. This
clamp during engine operation is often a challenge. both improves the joint axial flexibility ratio and ensures
sufficient stretch of the bolt at assembly to desensitize the
joint from small embedment losses. Longer bolts, having a
Applied Loads in Operation greater total strain to failure than short bolts, also afford the
joint greater ultimate load capability, as will be discussed
later in this paper.
3. Provide sufficient clamp to prevent separation of the joint at
1. Axisymmetric loads due to internal pressure, thermal gradi- operating conditions. This criterion ensures adequate seal-
ents, torque and rotational speed. These loads can act both ing, predictable structural stiffness, and satisfactory bolt
normal and transverse to the bolt axis. low-cycle fatigue life.

Bolted joints in turbomachinery are subjected to a variety of
loads in operation that can be broadly categorized as:
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4. Provide sufficient clamp/flange face friction coefficients ti S
preclude transverse movement of the flanges. Even Ve K ,ur compression M K jomr zension
small amounts of transverse displacement of the flanges

the clamped condition will produce very high bolt bending $/ J M

stresses and inevitable failure.
5. Related to these criteria is the philosophy that observation

any evidence of movement, such as wear or entrapped ¢
bris, at a joint following engine cyclic endurance testing is ‘ /\ ; /_\ | m
clear indication of an unsatisfactory joint design. It has bee
found that, due to the cyclic nature of aircraft engine oper: ~— \ \
tion, even small amounts of movement at a joint will inevi

ANGULAR POSITION
INCREASING NEUTRAL AXIS SHIFT

-
el
=
tably produce wear, which leads to loss of clamp, increasé
movement and additional wear until failure results.
INCREASING JOINT OTM CAPABILITY

LOAD

BOLT

COMPRESSION

Fig. 2 Neutral axis shift mechanism for overturning moment
Ultimate Load Capability: Empirical Methods loading

Having satisfactorily sized a joint to meet the requirements of

normal operation, the designer must then examine the ultimateowever, experimental measurements of neutral axis shift dur-
load capability of the joint. Little conservatism is possible consisng component tests failed to reveal the magnitude of shift neces-
tent with engine weight and space constraints. The design crifgyy to account for the observed joint capability. An additional
rion is quite simple: The loadpath must remain intact. First, Weffect, observed from elastic-plastic joint analysis, was that the
can examine the problem of a bolt under ultimate Io_adlng concﬂange lever action, as described by E8), decreased when sig-
tions which usually results from a large overturning momerificant bolt plastic strain occurred. The joint diagram for the most
(OTM) engine beam-bending load. Such loads can result from ARyhly loaded bolt was found to be described by Fig. 3, which is

extreme aircraft maneuver or rotor imbalance condition. extended significantly beyond that loading considered in conven-
A conventional, elastic calculation would simply determine thgona| calculations.

maximum local shell load associated with the most highly-loaded Figure 3 describes the load history of the most highly loaded

bolt due to the applied bending load using the formula: bolt in a joint as the OTM load is applied. Initially, the assembly
oM clamp is reduced as the thermal effects discussed in the previous
PSHELL:W (4) section occur(point A). As engine normal operating load is ap-
S plied, the load is absorbed primarily by joint compression relief
The derivation of Eq(4) is provided in Appendix C. and some additional bolt load in conventional fashion as described
Accounting for the lever action created by the fact that the bdit Ref-[1] (point B). Note that the bolt load in normal operation is
is offset from the line of action of the shél] actually less than at cold assembly since the thermal effects dis-

cussed earlier dominate, rather than the applied load. For normal
operation of the turbomachinery, this behavior is typical for high
1+ b ®) temperature joints. However, what interests us more is the behav-
) o ; . ior beyond this point.
Typically, the joint would be past the point of separation on the g the load is further increased, the slope of the bolt load ver-
joint Fjiagram(Fig. 3) for this .ultimate condition so preload is notg,g applied load changes at the point of separatmint C)
considered in the calculation. The formulation assumes tWgere all clamp at the bolt centerline is relieved. However, the
dimensional behavior of the circumferential flange and has begfnge toe is still in contact due to the flange lever action and the
found to be reasonably accurate for flanges 20(§1 cm) in (e reaction is present. As load is increased further and the bolt
diameter or larger. The toe reaction at the outer edge of the ﬂa’lﬂﬁstically deforms, the compressive force at the flange toe is
is then simply: relieved, in much the same way as the clamp at the bolt centerline
is relieved during the early stages of loading, reducing the slope of
) ) ] the loading curvepoint D). In this fashion, flange lever action is
A conservative calculation would then simply compare the resuffecreased. By reducing the rate of bolt load increase with applied
ing bolt stress to the bolt material ultimate strength. Note theggad at the most highly loaded bolt, the strength of the joint is
simple calculations ignore bolt bending, since, by definition, thehhanced as the load is redistributed to the adjacent, less highly-
b0|t IS Stra|ned near Its e|0ngatlon I|m|t In tension so that I|tt|%aded bolts in much the same manner as occurs due to the neutral
bending capability remains. _ _axis shift. Both these effects thus combine to afford a much higher
Component testing has shown that such elastic calculations gg@t ultimate load capability than the simple elastic calculation
quite conservative. The initial explanation was that a shift in thggyld suggest.
neutra_l_aXiS of b.ending-Would bring more bolts to their -Ul-timate The point of bolt fa”ure(point E) is determined by the total
capability, thus increasing the overall strength of the joint. Agmount of plastic strain that the most highly loaded bolt can sus-
illustrated in Fig. 2, this neutral axis shift results since the joingin, Thus, an explanation for the increased strength of joints with
compression load path, which is simply through the heel of thgnger bolts is provided. The larger the bolt total elongation capa-
flange where the shells abut, is considerably stiffer than the tenqylmtyl the more redistribution of load that will occur and the
load path through the bolt, where flange lever action and bgjteater the ultimate strength of the joint.
elongation Contribute to SUbStantia”y more fleXIblll’[y Since the Data from a number Of Component tests and CO”‘e'ated e|astic_
joint_stiffness_in_the compressive_direction i_s greater th_an tha_t Blastic analysis was interrogated, with the aim of providing a
tension, a shift in the neutral axis of bending results in loadingmple means for bolt sizing for ultimate load conditions. It was
additional bolts in tension as shown. An additional contributor igssumed that the basic behavior would be governed by the ratio of
bolt plasticity, since the most highly loaded bolt will not fail whenne joint tensile stiffness to the compression stiffness. The test

loaded to its ultimate capability, but must also undergo a strajizta was examined and it was found that a quadratic fit using the
equal to its tensile elongation capability prior to fracture. Thesgange parameter:

effects are illustrated in Fig. 2, where elastic/perfectly plastic be-
havior has been assumed for the bolts. Kriance/KsheLL (M

|
BappLiep= PsHeLL

R=BappLien— PsHELL (6)
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Fig. 3 The joint diagram for a lever flange at high load levels
where
K KoK K,Ks ELASTIC/ PLASTIC FACTOR- BOLT ULTIMATE OTM CAPABILITY
KFLANGE:K1K2+K2K3"’K1K3 and Ksweu™ KatKs 8 5 A COMPONENT TEST
(8) g 4 ® ELASTIC-PLASTIC 3D ANALYSIS
and, ;u
2EgyRem(tilly)° 2EgfRem(t{/1,)° Z E DATA FIT
TN 0 YT N 53
© &% DESIGN 95/99 REGRESSTON
_EgrAryb _27RiGERT  2mRAZERY g
31.0+b) 4T N Ks=—x Sz:
would provide a simple multiplier for the elastically calculatec s
bolt capability. Correlation results using this parameter are shou S
in Fig. 4. 10
" Silr%ilar component tests were carried out to investigate flan ‘ o2 Koange/ Kshe,f'l4 o5

ultimate strength. Calculation methods used in the past, such as
the simple calculation of the peak shell load necessary to strédg. 4 Empirical multiplier for bolt capability under OTM load
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Fig. 7 Comparison of empirical predictions for flange failure

) ) with component test results
Fig. 5 Typical component test set-up

the ligament between boltholes to its full plastic moment capabil- K ks
ity, were also shown by test to be quite conservative. Since the kltk2UTs‘<3(1+|/b)k4(L'\'GE)
required flange thicknesses are a major driver for engine weight, a OTM == SHELL
less conservative approach was sought. T (0.296Y 9k6(1 — D,yf2)keR¥etKio
An empirical correlation was obtained using the results from a ts
series of 14 component tests. Specimens were prepared frorAllaflange failures initiated near the edge of the fastener head
number of typical engine materials, including INCO 718, M152earest to the shell and progressed from that point in various
steel, aluminum 6061, and titanium alloys. Test flange diametdeshions, primarily dependent on bolt spacing. The tests included
ranged between 6.6 i116.8 cn) to 45 in.(114.3 cm and flange cracks that propagated through the shell at the bend tangent of the
thickness from 0.055 in0.14 cnj to 0.267 in.(0.678 cm), typical fillet radius, through the flange thickness at the opposite bend
of the values in use in aircraft turbomachinery. Tests included batngent, and pure shear tear-outs. Some typical failures are shown
symmetrical(ldentical flangesand nonsymmetrical joints. Figure in Fig. 6. Ultimate capability was not affected by the presence of

NRs (10)

5 illustrates a typical component test set-up. flange scallops between boltholes, which are often used for flange
The overturning moment load capability of the flange waweight reduction in aircraft engine applications.
found to be described by the relation: Figure 7 shows how the empirical correlation compares with

ALUMINUM FLANGE, 0,140
in (L3156 em) THICK,
SHALLOW SCALLOPS
BETWEEN BOLTHOLES

TITANIUM FLAMNGE,
01180 im (0,28 em)
| THICK

TITANIUM FLANGE,
AT in (L1 TR cm)
® THICK

ALUMINUM FLANGE, (L140
in (0356 cm) THICK, DEEF
SCALLOPS BETWEEN
BOLTHOLES

Fig. 6 Component test flange failures
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Fig. 9 Complex model required for accurate prediction of
flange capability

additional length to represent the bolt head and nut flexibility.
Otherwise, the model is linear. Details such as bolt holes and
Fig. 8 Simple plate-beam model used for prediction of bolt flange fillet radii are not modeled. Sufficient shell length is in-
OTM capability cluded to attenuate the effect of boundary conditions.

The model is loaded incrementally and failure is predicted
when the bolt link elements reach the plastic failure strain level as

the actual component test results. Also shown for comparison i§8fablished by fastener component tests. This strain value is com-

conventional handbook fully-plastic moment capability calculg2uted from a standard tensile strength test based on the assump-
tion. tion that the measured bolt strain is uniform over the clamped

length of the fastener including the dummy length included to
. . - account for the head and nut flexibility effects. In reality, the
Analytical Methods for Ultimate Capability plastic strain in a fastener is concentrated in the first few threads
As it may be imagined, a degree of conservatism must be ipast the nut washer face, but, since the fastener is not modeled in
cluded in any empirical component-test based approach to jodstail, the use of the average plastic extension over this complete
design, which is undesirable from a weight standpoint and wikngth has been used. While a seemingly crude representation of
necessarily underpredict actual joint capability. Component teskse problem, such models have shown excellent correlation to test
such as described in this paper are both expensive and timesults for bolt failure prediction.
consuming and therefore are not a desirable option as a desiginalytical prediction of flange ultimate capability has proven
tool, particularly in light of efforts to shorten time-to-market ofmuch more difficult. Simple models such as shown in Fig. 8,
turbomachinery products. Therefore, an effort was undertakenwthen used to predict flange failure, were found to deviate from
develop Finite-Element analysis techniques to predict flange aooimponent test results by as much as a factor of 2. It was estab-
bolt ultimate load capability. An important part of this effort wadished that very detailed models were required to simulate the
to show correlation between the analysis and component test cemplex interaction between the flanges and the fastener. Detall
sults. modeling of the bolt head or nut in contact with the flanges was
The aANsYs® program was used. The general features of thequired along with the inclusion of friction in the solution such
finite element model shown to correlate well for purposes of bdhat relative movement of the joint elements could occur. An ex-
capability calculation are illustrated in Fig. 8. This is a relativelample of the type of model necessary to accurately predict flange
simple 3D plate model of a 180° sector of the flanged connectiomtimate failure is shown in Fig. 9. All elements of this model
Gap elements are used at the flange faces and elastic-plastic hiake plastic properties. Such analysis starts to challenge even cur-
elements represent the bolts. The bolt is modeled including eent computational capability. Models constructed to this level of

Fig. 10 LS-DYNA® analysis of a bolted joint in the vicinity of a blade impact on the adjacent casing
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Conclusions

Bolted joints in turbomachinery are designed to maintain clamp
and sealing capacity under normal engine operating conditions,
much like other industrial applications. They also must remain
1 intact under extremely high loads associated with engine failure
events. Significant insight has been gathered regarding the behav-
ior of lever-flange bolted joints for these severe loading conditions
that aid the designer in achieving the necessary capability within
the space and weight constraints of the aircraft engine application.

S

Pshell £ S Pshell (See Fig. 11.
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detail have achieved correlation with component test results
within 15% of the actual failure load. In some cases, correlation
within less than 2% has been achieved.
This same, more complex model can, of course, also be used to

Nomenclature

nut thermal coefficient of expansion

calculate the_ultimate_ capability of the bolts, although simpler N = bolt thermal coefficient of expansion
models per Fig. 8 suffice for that purpose. ar = flange thermal coefficient of expansion
AB = change in bolt load from assembly condition
AlR+ e = change in bolt length from assembly condition to

The Impact Problem for Blade Containment

A final unique category of bolted joint loads in turbomachinery ATg =

is that which occurs following a blade failure when the released AT;
blade strikes the engine casing with great force. While the casings AT
are designed to prevent blade penetration, bolted joints in the o
vicinity of the impact will see high loads due to casing deforma- oy
tion during the initial portion of the event, followed by the
imbalance-induced cyclic bending loads discussed earlier in tli%Y S
paper. Plastic, radial deflection of the fan casing of over Z5n. Aty
cm) will occur in the case of metallic fan casings used on large b
commercial engines. In order to ensure that the blade or blade
fragments are contained and engine carcass integrity is MaBpp, ep
tained, gross failure of the joints must be prevented during the
blade impact although some loss of individual fasteners is accept- Bgt
able.

The LS-DYNA™ code has been used successfully to predict Bgy =

joint capability under these impact conditions. A model of the EET
engine casing and rotor is run to simulate the blade release, fol- gF.n
lowed by a submodel analysis of a local group of the most highly- ET

elevated temperature condition

delta bolt temperature from assembly condition
delta flange temperature from assembly condition
delta nut temperature from assembly condition
hoop, or circumferential flange stress

Radial flange stress

Flange Poisson’s ratio

0.2% vyield strength

thread equivalent area

distance from bolt centerline to flange free edge,
also known as toe distance

bolt load due to applied external loads in the sepa-
rated condition, i.e., without preload

residual preload at operating conditions considering
temperature effects

assembly bolt load

Young’s modulus of bolt at elevated temperature

= Young’s modulus of flange n at elevated tempera-

I== X ture
loaded fasteners. Shown in Fig. 10 is the sequence of events pre- — thread minor diameter
dicted for an enginef/inlet joint for a large fan engine following the = nut height

release of a fan airfoil and its containment by the casing immedi-

ately adjacent to the flange. n

empirical constant

Kgrt = joint combined spring constant at elevated tempera-
The entire sequence of events shown in Fig. 10 occurs in less RT = _ WRT P %T P
; ) : ) ture Kgr=Kg /(1+R3")
than 8 ms. Since all elements in the model behave in an elastic- o ) .
Kgr = joint combined spring constant at room temperature

plastic fashion with known failure elongation, failure of any joint
element can be directly predicted. Use of high strain-rate material
data is necessary for an accurate analysis due to the short durafierance
of the event.

Ker=KE'/(1+RZT)
spring value representing flange flexibility in the
flange parameter used for bolt OTM capability

KsueL = spring value representing shell flexibility in the
flange parameter used for bolt OTM capability
KEP = stiffness of a spacer or washer
v KE; = series spring combination of the bolt, nut, and
K12 Ky/2 P spacer stiffness at room temperature
KET = series spring combination of the bolt, nut, and
spacer stiffness at elevated temperature
% § - KET = series spring combination of the flange stiffness at
FREESTATE ASSEMBLY Al . elevated temperature
T e T Krt = series spring combination of the flange stiffness at
room temperature
Fig. 12 Representation of thermal and Poissions mechanism K, = spring parameter in the flange parameter used for

for a bolted joint
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Kg; = stiffness of the shell portion of the flange at el-
evated temperature

bolt effective length; This usually the clamped

(grip) length increased by a distance D@ to ac-
count for the flexibility of the bolt head and the
threads extending into the nut

lever distance from casing shell centerline to bolt

centerline
RET = the axial flexibility ratio for the joint at elevated
temperaturek B./KE;
RRT = the axial flexibility ratio for the joint at room tem-
perature KB /K&
M = applied overturning moment load or engine beam-
bending moment
N = number of fasteners in the joint
NF = number of flanges in the joint
OTMy,r = the overturning moment at the point of flange or
bolt failure
Psyer = maximum shell load at a single bolt due to an ap-
plied over-turning moment
R = toe reaction force
Rg = radius to bolt circle
R¢ = fillet radius size between the shell and flange face
Re = radius to shell centerline associated with flamge
S = distance of neutral axis shift
tf = flange thickness of flange
t2 = shell thickness associated with flange

Appendix A: the Effect of Thermal Expansion and
Flange Poisson’s Contraction on Bolt Load
at Temperature

Both these phenomena, as described by Eigsand(2), can be
represented schematically by considering the bolt defledi#n
resulting from a change in flange thicknegd Y as shown in Fig.
12.

For the bolt, it can be seen that:

Ber=Brr— 0Ky (11
AB=—8KE; (12)
For the flange,
AB={Al-6}KE; (13)
Therefore,
E
__Ked )
KertKer
Substituting into(12)
F B
AB=— %AI (15)
KertKer

Using the definition of the joint combined spring constant,

KET
KET:m (16)
We obtain:
AB=—KgrAl (17)

For thermal expansion, we can consider the change in flange

thickness relative to the bolt,
NF

Al= aBATBlb*Z (aFATth)i*aNATNhn
|

Substitution of Eq(18) into Eq. (17) yields Eq.(1).

(18)

Journal of Engineering for Gas Turbines and Power

Considering the effects of Poisson’s contraction of the flanges,
we obtain the change in flange thickness as:

NF

A= {u(ot ow) (EED (19)

Substitution of Eq(19) into Eq. (17) yields Eq.(2).

Appendix B: the Effect of Elevated Temperature Modu-
lus on Bolt Load and Strain

To determine the impact of the change in modulus on a bolted
joint as it is brought to an elevated temperature, we can consider
bolt and flange materials with either an identical, or zero, coeffi-
cient of expansion but with temperature-dependent moduli. If we
consider the fact that any change in bolt length from the as-
sembled condition to the elevated temperature condition must
have an equal change in the clamped length of the flange we can
write the equation:

BRT

Brr Ber  Ber

Kir KEr Kgr Kgr
Rearranging this equation yields an expression for the bolt load at
temperature:

(20)

B BrrKErKEr(Kirt KRy)
T KRKE(KE KR

The left-hand side of Eq20) represents the change in bolt length
at temperature due solely to the change in modulus. If we substi-
tute Eq.(21) into (20), we obtain:

(21)

Brr  BrrKEr(KRr+ KRy)

AlB; = 22
R KB (KE K
Reducing further,
B . Brt KET(KET"‘ KET)
Al RT-ET~ _F 1- E E B (23)
KRT KRT(KET+KET)
This quantity becomes zero if:
KE;| | KB
Bjieaes 2
KRT KET

For a given geometry, the stiffness terms in E24) are only

dependent on the modulus. Therefore, if the bolt and flange are

constructed of the same materials, or from materials with similar

modulus response to temperature, little or no change in bolt strain

results from the change in modulus of the joint materials.
Returning to Eq(21), we can write:

KEr{1+Kgr/ Kk}
R
Ker{1+Ker/Ke}

Rearranging further, we obtain

Ber= (25)

[KEr{1+KErKgr]
T IKRH L+ KR/ KR} ]
Using the definition of the axial flexibility ratio,
Ra= KET/KET

Ber=

(26)

(27)
we obtain

5 {KE(/1+R5"}
_p, et Ra }
o TMKE 1+ RET)

Using the definition of the combined joint spring constant,

(28)
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ST KET (0+ mIN) M
Kpp=———— orf Kgr=——~ 29 PSHELL(H):f —(sin#)do
T (1+RRD) T (1+RE) (29) (0-m) TRs

Substituting Eqs(29) into (28) yields Eq.(3).

_ M T T
- - - . 77T_RS co G—N —CO 0+N
Appendix C: Determination of Maximum Shell Load

; 2M T
for an Applied OTM Load - = (sin 0)(sinﬁ) (34)
Assuming a sinusoidal distribution of bolt loads, first we must T™Rs

determine the function for the shell load that satisfies the relation: )
Assuming that, for a large number of bolts,

2
M=f F(0)Rg(sin6)de (30) T
0 .
Sin—=— (35)
where N N
F(0)=X(sin®) (31) we obtain:
Substituting Eq(31) into Eqg. (30): oM
2m sin(4m P ()= —=sind (36)
M:j X(sir? 0)R3d0=XRS[7T— n( )]zwaS STELETTNR
0
(32) The maximum bolt load is thus given by E@).
Therefore,
X= M 33) References
WRS [1] Brickford, J. H., 1995An Introduction to the Design and Behavior of Bolted
FP— . : Joints 3rd ed., Marcel Decker, Inc., pp. 422—-457.
SUbStltuung Eq'(33) into Eq' .(31) and the I‘qult into Eq(SO), 2] ASME Boiler and Pressure Vessel Code, Section VI, Division 1, Appendix 2.
then and _'megratm_g' over a single bolt spacing we have, for a b0|£3] Schneider, R. W., 1968, “Flat Face Flanges With Contact Beyond the Bolt
at an arbitrary positiord, Circle,” ASME J. Eng. Power90(1), pp. 82—88.
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Detailed Investigation of Heat
Flux Measurements Made in a
Standard Propane-Air
Fire-Certification Burner
Compared to Levels Derived From
a Low-Temperature Analog
Burner

This paper presents detailed heat flux measurements on a flat plate subjected to the
ISO2685 [The International Organization for Standardization (ISO), 1992, “Aircraft—
Environmental Conditions and Test Procedures for Airborne Equipment—Resistance to
Fire in Designated Fire Zones,” 1ISO2685:1992(E)] standard, propane fueled burner used
throughout the industry in aero-engine fire-certification. The authors have developed a
custom-built heat transfer gauge to measure the heat flux from the burner under isother-
mal wall conditions. The heat flux from the standard burner is normally calibrated using
either a water-cooled copper tube or a Gardon gauge, each sited at a single position in
the flame. There are no reports in the literature of a detailed survey of heat flux distribu-
tion for the burner and the results are of considerable interest to engineers involved in
fire-certification. The reported measurements constitute the first, detailed distribution of
heat flux from the actual burner flame during a fire test. These measurements provided
benchmark data which allowed the heat flux distribution from the ISO burner to be
compared to levels derived from the low-temperature analog burner developed by the
authors. The analog burner uses liquid crystals to measure heat transfer coefficient and

adiabatic wall temperature on scale models of engine components and provides key data
to facilitate the successful design of components used in fire zones. The objective of this
paper is to further validate the low-temperature analog burner technique developed by the
authors which simulates the standard large propane-air burner for fire-certification in
aero engine. [DOI: 10.1115/1.18064534

burner head and burner face. Mixed propane-air is supplied by
) 373 copper tubes to the burner head and cooling air is discharged
1.1 1S02685 Propane-Air Burner. The ISO propane-air via 332 smaller holes interspersed with the copper tubes in the
burner is widely used in the UK to certify critical engine compohurner face(Fig. 1). The faceplate acts as a flame stabilizer to
nents exposed to the danger of fire in aircraft engines. The altgfevent back flow into the burner head. The flow rate of the gas
native, Kerosene burner, which is frequently used in the US, d&d air are adjusted to produce the standard flame characteristic.
also specified in ISO268EL] and in FAA report{2]. In the stan- The |SO standard requires the flame to have the following char-
dard structural fire-test, engine components are immersed in t&eristics: temperature: 1100#®0°C; heat flux density: 116
flame from the ISO burner for a period of 15 min to establish if\w m=2+10 kW m 2.
they are fireproof. This is to verify the structural integrity of the |S02685[1] requires that the burner flame temperature must be
components under flame attack. Therefore it is essential to stuglithin the required tolerance over at least 25% of the burner area.
the. detailed dIS'[rIbLftlon Of heat flux within the b-urner ﬂameTo this end a rake of thermocoupies of Specified type and size is
Whlle a full three-dlmenSIOH.a.I survey would prOVIde the mOSﬁecommended. This rake measurement is norma”y oniy per-
detail, as the standard specifies a test plane for the locationfgfmed at the single horizontal line specified. During such a cali-
component surfaces 75 mm downstream from the burner face, #i@tion, it can be observed that the thermocouples radiate signifi-
tw_o-dim(_ensional distribution of heat flux at this location is otantly (Fig. 2. Neely et al.[3] reports that due to the large
primary interest. diameter of the thermocouple recommended for the calibration,
The large propane-air burner consists of a plenum chambgte effect of radiation from the thermocouple tip significantly re-
duces the temperature measured in the flame. Once the measured
Wmerly at the Department of Engineering Science, University of Oxford, Parl%?m.perature readlng(sV1100°Q have been CorreCted. for the ra-
Road, Oxford OX1 3PJ, UK. lation losses, the actual peak flame temperature is found to be
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN  approXimately 1900°C, as would be expected from an equilibrium
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  flame calculation. It is noted by the authors that this Significant

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- Jitte rance between the actual flame temperature and that specified
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jutie . t . .
16-19, 2003, Paper No. 2003-GT-38196. Manuscript received by IGTI, Octob¥t the standard is not widely understood within the industry.

2002, final revision, March 2003. Associate Editor: H. R. Simmons. ISO2685[1] also requires that the heat flux in the standard
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332 holes ¢ 2.58 mm (air) coaling air temperature, the cooled enclosure accurately prescribes the ther-
373 tubes & 1.27 mm (propane -air) plenum mal boundary condition by removing the large step in surface
input temperature between the gauge and its surroundings seen for un-
I cooled surrounds such as ceramic sheeting.
AR % Thin film gauges were selected to measure the surface tempera-

Propana/mixing
air input

F it Rk ture due to their fast response and negligible influence on the
fil e =1 surface flow field. Additionally they are able to endure elevated
v '4 surface temperatures.

1.3 Low-Temperature Analog Technique. In order to re-
duce the reliance on conventional fire testing, a new technique has
been developed at the University of Oxford, which is faster,
cheaper, and provides test data at higher resolution than the stan-
177.8 mm (77) dard fire tes{Mullender et al[7]). Initial testing of engine com-

ponent models using the low temperature technique demonstrated
Fig.1 1S02685 standard large (propane-air ) fire-test buner [1] ~900d agreement with metal temperatures from actual ISO burner
tests. The validation and development of the low-temperature ana-
logue burner technique is discussed in details by Neely et al.

burner must be calibrated using either a water-cooled copper t@qﬁ’?h%ng p;?)tr)ga-cl;ili?h:thailgr}%mperature standard fire( i

lorimeter or an alternativ rov lorimeter. Th ifi . ;
calorimeter or an alternative approved calorimete e specified ly 1900°Q is replaced by tests at close to ambient temperature

calibration method can only measure a steady heat flux and aj . P ! .

has a very slow response. it requi@ 3 min warm-up timeefore \@PProximately 80°Cin which accurate plastic models, surface

the temperature measurements taken. The temperature historx%tid W'E[E tr:errnochromltc liquid Icryst:al, aret |mm%r|setdh In the_

the constant flow of water is monitored for a period of 3 mi ow from the low-temperatureé anaiog burner to enable € map

and used to calculate the average heat flux using the followi g of heat transfer coefficier, and adiabatic wall temperature,
aw» across the surface of the model. The heat transfer coefficient

cooling air
plenum input

equation: ) distributions are then input as boundary conditions into a finite-
UpCpAT element thermal analysis code, together with knowledge of the
T A (1) component heat-loss due to radiation and where applicable cool-

. ing from the by-pass flow, to permit full thermal modeling of the
whereQ is the amount of heat supplied from the flanneis the  behavior of the component during fire attack.
volume flow rate of the watep is the water densityg,, is the
specific heat of wateAT is the temperature difference, aAds
the area of the cylinder. This calibration method only provides2 Test Facilities and Instrumentation
single measurement of heat flux integrated over the length of th

impingement of the flame onto the copper tube. ©This section provides detailed descriptions of the instrumenta-

tion used in the heat flux measurements and the experimental
1.2 Heat Flux Measurement. There are many methods of configuration.
measuring heat flux such as those reported in Schultz and Jones 1 thin Film Gauge. Thin film gauges are widely used to

ga;]é J?]Qest[:t])]ea?gr Aslnrsvgo.r;h ?ﬁ:ll[g](')z'_é%véeggn?ae%e fgs]tgois measure transient and steady state heat transfer. Since the 1970s
unsul urveying .- the technique has been developed and used in a variety of gas

gauge for this purpose must be able to accurately measure the i?ﬁt%ine aoplicati . .
' = > pplications such as those described in Jpte42. Fur-
flux up to approximately 200 kwn? and be able to withstand ther application and development of the traditional TFG are de-

prolonged immersion in a 1900°C flame. For this reason, thin filqy. . ) )
gaugegTFGS were chosen to measure the surface temperature[I ibed by Epstei13], Doorly and Oldfield[14,15, and Dunn

an enamelled-insulating layer attached to a water-cooled metal 'CA'TFG can be used to measure surface temperature and local

plate. As well as maintaining the gauges at a manageable surfﬂgedt flux when it is used in conjunction with an insulating sub-
strate. The heat transfer rate can be obtained from the steady state
one-dimensional conduction equation as follows:

k
R) 2

wherek is the substrate thermal conductivityx is the thickness

of the substrate and T is the temperature difference across the
substrate. The temperatufel across a sheet of known thermal
properties and dimensions is measured with the traditional sput-
tered gauge sensor and a thermocouple is located on the bottom
side of this insulating layer in a metal test model. The thermo-
couple is placed as close as possible to the metal surface. The
development of the direct heat transfer gauge is fully explained by
Piccini et al.[17].

The TFGs used in the current work consisted of platinum films
(approximately 0.04um thick) painted onto the surface of an
enamelled Inconel dis¢60 mm diameter and 2 mm thigkFig.

3). Each platinum TFG is approximately 5 mm long and 1 mm
wide. The enamel is assumed to have properties similar to fused
quartz with thermal conductivity of approximately 1.36
Wm™tK ™! (Doorly [18]). Inconel-600(nickel/chromium alloy,
which has a good oxidation resistance at high temperature and has
Fig. 2 1SO burner temperature calibrations a thermal conductivity of 14.8 Wit K™ at room temperature,

gq=AT
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Table 1 Water bath calibration of the TFG

Thin filrm

Platinum gauge Gauge R, ayp

1 12.9979 0.0026200

2 17.3843 0.0026524

o 3 14.6141 0.0025530

i 4 24.1534 0.0026468

Enamel o Gold leads
substrate i i U
S
\_\\\\ SN
R . .
RN difference across the Inconel disk. As we have seen from{Hg.
this temperature difference is proportional to the surface heat flux.
Inconel 600

2.1.2 TFG Water Bath Calibration. The temperature coeffi-
cient of resistancey,,, of the TFG can be deduced using a ther-
mostatically controlled water bath calibration. From E8), the
resistance of the TFG is directly proportional to the change in
surface temperature. Therefore to obtain thg of the TFG, the
model with TFGs installed was enclosed in a waterproof plastic
was used as the base of the enamel. The gauges were connegled 1o prevent electrical shorting and corrosion, and immersed
using painted gold leads connected to heavier wire connectorsinig a deionized water bath. The water was gradually heated, typi-

2.1.1 Principle of the TFG. Resistance of the thin film gauge C&lly in up to 12 temperature steps using a temperature regulator.
varies with temperature as shown in the following equation; ~Each temperature step was maintained for 180 s to ensure an
equilibrium temperature was reached. The temperature was in-

R=Ry(1+ awAT) (3) creased from room temperature to 55°C and brought back down to
whereR, is the resistance of the TFG at room temperatugg,is  °°M temperature. The resistance of the TFG was recorded at each

the temperature coefficient of resistance, axifl is the surface UM Step. A circulator was used to ensure a uniform water tem-
temperature rise,AT=T.—T,) perature in the water bath,, was determined from the slope of
y S .

During the test, each TFG is supplied with a small constaHt€ Curve representing the resistanReagainstAT surface tem-
current, 1, (approximately 10 A producing negligible Ohmic perature. The calibration was conducted over the range of surface
heating. The constant current source circuit design was adaptefiPeratures expected for the real fire test. Fgeand ay, of
from Anthony et al[19] (Fig. 4). Four separate constant currenfach TFG on the enamelled disk are shown in Table 1.
sources in parallel were built to supply the current to the circuit.
This is to prevent any discontinuity in the current source if one of
the thin film gauges is broken. Thus, 2.2.1 Cooling Mechanism.As stated, a cooling mechanism

R—R AR was required to ensure that the thin film gauges and the insulating
= °_ (4) substrate were held at a suitable operating temperature in the high
awoRo  awpRo temperature flame. A flat copper plate 300 m&80 mm and 6.2
and, mm thick was machined with a recess, within which the enamel

and instrumented disk was fitted. Three cooling channels, 40 mm
AR AV CAT g Widex1.5 mm deep were machined into the back of the copper
IoRo@ws  Vo@ws ©) plate. Another copper plate, 190 n¥810 mm and 3 mm thick
was used as a back plate to seal the cooling channels. The two

Fig. 3 Enameled Inconel disk painted with 4 platinum TFGs

2.2 Fire Test Equipments

AT

Therefore, the TFG will have a change in electrical resistaxiRe

tures measured by the thermocouples to determine the temperafilie, ¢ the copper plate to.prevent any water leakage.

Wright [20] reported that under a heat flux of 200 kW fnthe

enameled Inconel disk was expected to have a temperature differ-
i ence of about 35°C across it. It was assumed that under equilib-
rium conditions, the heat flux, from the flame is removed from the
- B e " gauge by the cooling water inside the channels between the two
BCl3T  AT0F = 1imF == e copper plates. A temperature increase of less than 3°C would re-

quire a minimum water flow rate of 287 gsas predicted by the

i following equation:

H"_/ 5 q=mc,AT 6)

VRI
L0 Turm
PN}

SWi wherem is the mass flow rate of watee, is the specific heat of
o water at 20°C, and\T is the temperature difference between the
av . back of the gauge and the water. Wridl20] also showed via
o T 0 calculation that the heat transfer coefficiemt, between the
= o ca | R=¢I enamel surface and the flame was expected to be a factor of 100
oeE T T 1%k times lower than thé between the copper and the cooling water
&% which is 9.2 kW m?K L. The cooling system described above is
‘% sufficient to maintain the rear surface of the copper plate roughly
e i 3°C above the temperature of the water in the channels.
I In the heat flux measurements, the flow of water will not main-
tain a uniform temperature across the plate, as the region beneath
Fig. 4 TFG Constant current source circuit diagram [20] the plume will be hotter. However it does help to maintain a
Journal of Engineering for Gas Turbines and Power APRIL 2005, Vol. 127 | 251
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Stainiess Stesl

Copper plate
with TFGs

Fig. 5 Side view schematic of fire test set up

Fig. 6 TFG water-cooled heat flux gauge system

steady temperature for the duration of the measurements, as the ) )
equilibrium temperature will be reached more quickly. Further- 3.2 Fire Test Procedure. The experimental measurements
more it also allows high representative heat fluxes to be measubé@fe conducted at a private commercial fire testing cell in the UK.

at low manageable surface temperatures as in the actual tests!he ISO propane-air burner was set up so as not to impinge on the
test plate and ignited. The burner setting was adjusted to get the

2.2.2 Traversing Mechanism.The hollow water-cooled cop- correct fuel and air mass flow rates and flame temperatures speci-
per plate was flush mounted within a 600 BO0 mMX3 mm  fied by the standard. At the same time, the water to the copper test
thick steel fire shield. This was done to both protect the vulneraligate was turned on and was left for approximately 5 min to allow
piping, instrumentation wiring and traversing mechanism frofhe plate to reach an equilibrium temperature. The data logger was
flame impingement and to provide a uniform flat-plate boundaget to continuously record the voltage signals from the TFGs and
condition across the full extent of the survey. The thin steel firgso the temperature signals from the thermocouples underneath
shield was strengthened by vertical and horizontal ribs to prevaft enameled disk.
it from buckling. The copper plate was mounted onto a translating To begin the test, the ISO burner was rotated so that the flame
frame, which allowed vertical and horizontal traverses. The frami@pinged directly onto the TFGs on the test plate as shown in Fig.
was built in such way to provide a smooth movement for the hegt The distance between the burner face and the surface of the

flux measurements to be taken across the fléfig: 5). TFG was set at 75 mm to conform with 1ISO26@5. The instru-
mented plate was moved horizontally and vertically to 29 loca-
3 Heat Flux Measurements Procedure tions across one half of the test plane, which covered an area of
This section provides detailed descriptions of the heat flux cafiPProximately 0.036 flt was assumed that the burner flame was

held for 60 s while the TFG voltage level was recorded. An initial

3.1 Heat Flux Calibration. The termk/Ax from Eq. (2) transient voltage was observed as the cooled gauges reached a
must be experimentally calibrated due to the uncertainty in thew equilibrium temperature. The voltage signals were later aver-
enamel thickness, thermal properties and the unknown heat traiged over the observed equilibrium period for each 60 s step.
fer properties of the interface between the Inconel and the buripdiring the experiment, condensation occurred in front of the
thermocouples. The TFG heat flux gauge was calibrated at I@oled copper plate generating a thin film of water dripping to the
temperature against two calibrated micro-foil heat fiicro-foil  fioor. It is noted that this exothermic condensation process would
heat flux sensor—RdF Corporation, 23 EIm Ave, P.O Box 49 expected to have artificially increased the surface temperature
Hudson, NH 03051-049Gsensors as shown in Fig. 6. readings. It is also noted that this condensation process would also

The sensors were flush mounted on the enamel surface adjaggifially occur on any component being heated from ambient tem-
to the TFG. A low level of heat flux was applied by a hot air gumerature in a standard fire test.

and assumed to penetrate the micro-foil heat flux gauge and plati-
num film equally. Traversing the gauges through the plume core .
and using only the observed peak values compensated for nonuhi- Heat Flux Distribution
formities in the heat flux distribution from the hot air plume. Itis The heat flux from the ISO burner can now calculated using
noted that micro-foil heat flux sensors were prone to damageiatormation obtained from the heat flux calibratidiAx and the
the higher surface temperatures and were therefore not suitableHistory of the change in temperatuteT during the fire test. The
use in the actual flame experiments. During the calibration, a cartembination of the value ok/Ax, obtained from the heat flux
stant flow of water was supplied into the copper plate to mainta@alibration, with the distribution of temperature differences across
a steady manageable surface temperature at the TFGs for the highheat flux sensor, measured in the flame, enables the calculation
levels of heat flux representative of the 1ISO burner flame. Thu# the distribution of heat flux to an ambient surface in the ISO
voltage signals from the TFGs were amplified to enable a betteurner flame. Figure 7 shows the distribution of heat flux at the
accuracy of the calibration since the voltage changes were véegt plane across one half of the ISO burner plume. It can be seen
small (approximately 0.5uV). that the heat flux distribution from the 1SO burner was found to be
The surface temperature of the enamel was calculated using khvwer than the specified values required by the standard and the
knowledge ofR, and «,,,. The temperature difference betweemmost likely reason for this is given later. Knowledge of distribu-
the surface temperature and the temperature measured by the tiem-of heat flux in the burner plume can be used to benchmark the
mocouple underneath the enamel were used in conjunction witteasurements of local convective heat transfer coefficient made
the heat flux measured from the thermopile sensors to determinghe test plane of the low-temperature analog burner.

an equivalent thermal conductivity to thickness r&tidx of the In order to compare the heat flux levels derived from both the
substrate. low-temperature test and the actual fire-test, the surface tempera-
252 | Vol. 127, APRIL 2005 Transactions of the ASME
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Fig. 7 Heat flux distribution across half of the test plane of the Fig. 8 Heat flux distribution on half of the test-plane from low-
ISO burner plume (circle and dotted lines indicates the position temperature analog burner scaled to flame conditions

of burner head )

ture distribution from the fire-test is used to calculate the expect@@tukov[27] is being employed in this case. Petukov reported
heat flux for the low-temperature test. A similar flat plate impinggimited experimental measurements showing the dependence of
ment test has been conducted at low temperature using the IdVusselt number ratio on gas to wall temperature ratio for pipe
temperature analog burner, as described in Abu T&ig. From flow. The ratio of the Nusselt number can be expressed as:

the low-temperature test, the distribution of heat transfer coeffi-

cient, h;t and adiabatic wall temperaturé,,, 1 is used in con- (NLFT) =g 9)
junction with the surface temperaturer from the fire test to Nut

obtain the equivalent heat flugy; for the low-temperature test

using the following equation. where 0= (Ts/T,,) and n=-0.36. The distribution of Nusselt

number deduced in this manner is then used in conjunction with
Aur =N (Tamr— TseD (7) knowledge of the surface temperature distribution in the flame, as

escribed above, to obtain the expected distribution of heat flux in
For the low-temperature analog burner tests, the heat tran

r ture & flame as displayed in Fig. 8.
coefficient, h;y and adiabatic wall temperatur@,,, r must be Isplayed in Hg

led he fl ditichsel L3N, | The heat flux distribution from the low-temperature test is
scaled to the flame temperature conditidhieely et al.[3]). In ;14 5 he more uniform compared with the distribution of heat

o5 th h the boundary | b h dwall d Hix from the standard fire-test. This may be due to condensation
erties through the boundary layer between the gas and wall dugify o\ anoration processes occurred during the fire-test. During

the large temperature gradient. The Nusselt number, Nu is affec{ﬁ heat flux measurements on ISO burner using the TFG, con-

b);]_thrt]a_c]t}ange inhphysical p_roperftiﬁs of the gp'sﬁp 'bk’ andd,u),l densation was observed in front of the water-cooled copper plate.
which influence the convection of heat across the boundary layghe congensation occurred since the surface temperature of the
The gradient of physical properties is not S|mulated_|n the lo ‘opper(5°C) is lower than the dew point of waté64°C) in the
temperature analog burner case. Therefore a correction procequinstion products. The development of water droplets from
IS ad_opted to account for the property variation. Trdistribution condensation on the copper plate forms a thin layer of water and
obtained from the low-temperature test was scaled to ISO burgl, s qownwards due to gravitational force. However the water

temperature conditions using a power law applied to the ratio ff, eyanorated along the enameled disk since it has a higher
the gas conductivity, ratio of the Nusselt numbers, and the inver,

f . . - CI1SGrface temperature. The surface temperature of the enamel disk
rat.lo of the sizes. The ratios of Nusselt number can be first WrItteIL < 115.74°C when the enamel disk was located at 45 mm above
as: the burner centreline. This indicates that the heat flux distributions
NUET her) (der) [ Kir obtained from_ the ISO burner l_Jsing the TFG system is aIt_ered by
(Nu ): (h_ (d_) k_) (8) the heat required for evaporation. The effect of evaporative heat
L LTAAFLTARET transfer for natural and force convection on vertical plates and
The literature for high temperature ratio experiment is very limorizontal tubes has been investigated by R@&. A simple
ited (Eckert[22], Kays and Crawford23], Loftus and Jonef24], analysis based on mass transfer analogy has been conducted to
Forth [25], and Fitt et al.[26]). However, the approach by estimate the effect of evaporation on the front surface of the TFG
Journal of Engineering for Gas Turbines and Power APRIL 2005, Vol. 127 | 253
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from the burner is calibrated using such a Gardon gauge. The
gauge consists of a constantan circular foil disk attached to a
copper heat sink with a thermocouple connected to the center of
the disk. The output of the Gardon gauge indicates the heat flux by
measuring the temperature difference between the center and the
circumference of the thin foil disk. During the calibration, the
enamelled disk. In this analysis the combustion products from t@ardon gauge is flush mounted within a sheet of ceramic fire
plume were assumed at stoichiometric condition and treated giield as shown in Fig. 10. The gauge is placed 1(25. mm)
ideal gas above the burner centerline.

— 550, The Gardon gauge was constructed in such way that it has a

Nu,=0.664 Ré P32 (10) nonuniform wall temperature across the measuring plane since
A standard Nusselt number correlatipEq. (10)] for a forced only the gauge itself is water-cooled and not the surrounding fire-
convection on a flat plate is applied to the system at the locatishield. The buoyant plume from the ISO burner will immediately
of heat flux measurement along the central vertical axis. Equatiéaflect upwards when it impinges onto the surface surrounding the
(10) can then be written as an average Sherwood nuniber, gauge. Figure 11 clearly shows the development of the thermal

— boundary layer and hydrodynamic boundary layer on a flat plate.

Fig. 9 Comparison of heat flux data at vertical central dis-
placement of the burner

—  kpX 5 0. It is assumed that the thermal boundary lagkeis always thinner
SW_T_O'BGA' RE® S A1) than the hydrodynamic boundary layérfor a partially heated
surface.¢ represents the separation between the start of the im-
Sczi (12) pinging flow and the beginning of the temperature discontinuity
pD between the heated surroundings and the cooled gauge.

— The effects of a nonuniform wall temperature distribution have
wherekp is the mass transfer coefficiem, is the diffusion coef- peen investigated by Schultz and Jofi¢sand Ainsworth[29].
ficient of water,X is the displacemeng, is the Schmidt number, Kays and Crawford23] give a correlation for Nu to account for
p is the density, angk is the viscosity. Using the surface temperanonuniform wall temperature distribution. The local Nusselt num-
ture reading from the TFG at the central vertical location in thger can be written as:
plume, we can obtain the corresponding value of concentration of

water vapor. Therefore the mass flow of water evaporation can be ! £\ 34 -1
found using the following equation: Nu,=0.332 PF3*Re/% 1~ (;) (14)
Mm=kp(Cq—C.) (13)

L ) ) where Pr is the Prandtl number, Re the local Reynolds number,
wherem is the mass flow ratec, is the concentration of water ¢ js the unheated starting length, ards the distance from the
vapor, andc., is the concentration of water in the plume. Hence

the amount of heat flux due to the evaporation can be estimated.
Figure 9 shows a comparison of the corrected heat flux values
from fire-test data with the scaled low-temperature analog burner
data. It is found that the heat flux distributions along the vertice
centerline from the fire-test burner are still less than the leve
required by the ISO standard16 kW m ?) even with the added
evaporation correction.

5 Wall Temperature Discontinuity Effect

1ISO2685 states in Sec. B4.3, “An alternative calorimeter ma
be used, providing the approving authority agrees to that meth«
of measuring the heat flux density.” Therefore apart from the star
dard water-cooled copper tube calorimeter, the heat flux can | |
measure using other types of heat flux gauge. The most commot
used heat flux gauge used in the industry with the ISO propane-i |‘— E _’|
burner is the water-cooled Gardon gauge, which is a water-cooled
circular disc radiometer. At the private commercial fire testingig. 11 Boundary layer development on a plate with an un-
cell, which the authors conducted these experiments, heat flwated starting length, &
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Fig. 13 Wall temperature discontinuity factor distributions.
Average factor =1.467.

stagnation point. Note that this equation is for a laminar boundary
layer but similar equation can be used from a turbulent boundary
layer with an uncooled upstream zone. reason, it is thought not to be surprising that the heat flux mea-

The above equation is applied to half of the diameter of tteired using the TFG system is lower than the ISO standard
Gardon gauge. In this case, the starting section is approximatégguirements.
adiabatic. The discontinuity corresponds to the change from hot
wall to cold wall as opposed to the more familiar cold wall to ho6 Conclusion

wall. The effect of the wall temperature discontinuity and the A \,stom built thin film platinum gaugéTFG) calorimeter has

mathematical solution are independent of the sense of wall teflsapy; shown to be able to withstand the heat load from the stan-
perature change. The gauge is divided into several equally spagedy 1502685 propane-air fire-certification burner and used to ac-

strips. USingmATLAB (Thg MathWorkg Inc", 2001, "MATLAB— urately measure the heat flux distributions across the test plane of
The Language of Technical Computing,” Ver. 6.1 Release 12.§s hlume. The use of a cooled enclosure around the TFG calo-

software a numerical analysis has been conducted to calculate {igor heat flux gauge prescribed the correct form of the thermal

unheated starting length factor; boundary layer expected for component testing. The heat flux
measured from the 1SO burner using a water-cooled circular disk
£\ radiometer(Gardon gaugeembedded within an uncooled fire-
1- X (15)  shield during the burner calibration was significantly lower than
the prescribed heat values required by the standard. It is thought
Figure 12 shows the schematic diagram of the numerical analy8igt the burner has been adjusted to match the measured heat flux
system. The hot plume from the 1SO burner will bend upward® the level set by the standard. It is thought the heat flux on the
towards the platen represent the distance of the plume rise fronh>© burner measured using the Gardon Gauge overestimate the
the centerline of the burner amd is the distance of the Gardonamount of heatzload from the burner. The actual heat flux is less
gauge centerline from the burner centerline. The unheated startfign 116 kW m® specified in 1ISO2685. The levels derived from

length is represented by; low-temperature analog burner test scaled to the fire test condition
were found to be equivalent to the heat flux measured from the
§=&ot+x (16)
where,
18 I T T T T
! ! §— Wall Unifarmity Facter |
&o=m—n—(d/2) a7) j ' ; ; 4 :
X' =(1—cos6)(d/2) (18) : : ’

Hence, the distribution of wall temperature discontinuity factors [ 1 .l 1T R v

can be evaluated and shown in Fig. 13. 5 i | ; ;
The plume rise is not measured directly and so the effect of thw';-:'l 15p R i < - A
change in the plume rise on the wall temperature discontinuity& ; i : ;
factor was quantified and is shown in Fig. 14. Inspection of thez
still photographs from the fire test lead to an estimate of the plumz
rise as approximately 7 mm. When the discontinuity factor is av-= -
eraged over the face of the Gardon gauge, it is found that the wa
uniformity factor can be approximated by 1.467, assuming ¢
plume rise of 7 mm. This means that the actual heat flux measure i ! !
using a Gardon gauge mounted in an uncooled fire shield can t : : i !
overestimated by approximately 46%. In order to obtain an aver 11 - :
age heat flux signal across the Gardon gauge of about 11
kW m~2, the technicians at the test cell have to reduce the mass

flow rate of the gas supplied to the ISO burner compared to tigy. 14 Plume rise effects on the wall temperature discontinu-
mass flow from a burner set up with a perfect gauge. For thig factor

g
H
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ISO burner using the water-cooled TFG plate after applying thef2] Federal Aviation AdministratiofFAA), 1990, “Draft Advisory Circular, Pow-
evaporation correction factor. These Iow-temperature heat flux erplant Installation and Propulsion System Component Fire Protection Test

Methods, Standards and Criteria,” U.S. Department of Transportation, Advi-

measurements provide useful benchmark data and significantly s,y circular No: 20-135.

improve the understanding of the nature of the standard flamez] Neely, A. J., Ireland, P. T., and Mullender, A. J., 1999, “Pilot Study to Inves-
helping to facilitate the successful design of components used in tigate Novel Experimental and Theoretical Fire-Event Modelling Techniques,”
fire zones.
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Nomenclature

m = mass flow ratékgs 1)
u = volume flow rate(m®s™?1)
A = area(m?)
¢ = concentrationkg m™%)
¢, = specific heat capacitfd kg * K1)
d = diameter of the burneim)
D = diffusion coefficient(m®s 1)
h = heat transfer coefficiertt?v m 2K ™1
| = current(A)
k = thermal conductivity W m K™%
k = mass transfer coefficieritn s %)
m = height from burner centerlingm)
n = plume rise(m)
Nu = Nusselt number
Pr = Prandtl number
Q, q = total heat load or heat flug\v m~?)
R = radius(m)
Re = Reynolds number
Sc = Schmidt number
Sh = Sherwood number
T = temperaturg°C)
u = velocity (ms %)
X = substrate thicknes$m)
X = displacementmm)
Greek
A = thermal boundary layeim)
6 = hydrodynamic boundary layem)
p = density(kg m™3)
« = temperature coefficient of resistange 1)
& = unheated starting lengtim)
w = dynamic viscositykgm2s™%)
Subscripts
o = free stream
x = local
aw = adiabatic wall
FT = fire test
g = gas
LT = low-temperature test
0 = ambient surroundings, starting condition
s = surface
wb = water bath
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Flow and Thermal Field
Measurements in a Combustor
Simulator Relevant to a Gas
Turbine Aeroengine

The current demands for high performance gas turbine engines can be reached by raising
combustion temperatures to increase power output. Predicting the performance of a com-
bustor is quite challenging, particularly the turbulence levels that are generated as a
result of injection from high momentum dilution jets. Prior to predicting reactions in a
combustor, it is imperative that these turbulence levels can be accurately predicted. The
measurements presented in this paper are of flow and thermal fields produced in a large-
scale combustor simulator, which is representative of an aeroengine. Three-component
laser Doppler velocimeter measurements were made to quantify the velocity field while a
rake of thermocouples was used to quantify the thermal field. The results indicate large
penetration depths for the high momentum dilution jets, which result in a highly turbulent
flow field. As these dilution jets interact with the mainstream flow, kidney-shaped thermal
fields result due to counter-rotating vortices that develdpOl: 10.1115/1.1806455

S. S. Vakil
K. A. Thole

Mechanical Engineering Department,
Virginia Polytechnic Institute and State
University,

Blacksburg, VA 24061

Introduction comparisons to computational fluid dynamics simulations for the

Eometry provided. Most often the turbulence produced is under-

The flow and thermz_al fields in a _combustor are one of the m edicted with standard two-equation turbulence moggfsically
comple_x occurrences in a gas turbine engine and_ subsequently 8&d in industry This underprediction results in two concerns.
most difficult to predict. Typical gas turbine engine combustor&irst’ the mean flow field will be predicted to have much stronger

for aeroengines have a chamber with a flow area defined by gt—pcondary flowgcounter-rotating vortices from the dilution jets
annulus containing evenly spaced fuel-injection nozzles. Annulﬁ{

busti hambers h the advant f g | an are actually present. Also, the trajectory of the dilution jets
combustion chambers have the advantage ol requiring I1ess Spagie, o e accurately predicted, which make it impossible to track
and weight than cannular chambers, for example, but have

disadvant f beina difficult to obtain both " rof mixing zones. Second, the mixing characteristics will be un-
ISadvantage ot being dificult to obtain both a unitorm air-iue erpredicted resulting in a misprediction of the temperature profile
distribution and exit condition.

i . ._entering the turbine. The data provided in this paper gives the
To evaluate the flow and thermal fields that occur in a typlc%Ommunity an opportunity to compare their predictions of the

combustor of an aeroengine and to further our computational Pigsy,; anq thermal field in a scaled-up combustor prior to predicting

dictive methOds' a large-scale facility was de_velopgd to simulgjgs more complicated case with reacting flow. After describing the
prototypical combustor flows. Although the simulation present velopment of the combustor simulator facility, this paper de-

?n this paper has not included the reacting flow there_by not in_clu cribes the experimentally measured flow and thermal fields.
ing such effects as the heat release due to combustion, it is impor-

tant to recognize that we should begin by determining whether we

can experimentally and computationally simulate the nonreacting

flow field. The heat release, for example, will depend upon the

mixing characteristics of the dilution jets. If the dilution jets can- .

not be accurately simulated under the nonreacting conditions j€levant Past Studies

would be difficult to simulate the reacting flow field. In particular, Many experimental studies have been reported in the open lit-

predicting the turbulent flow fields for high momentum, normaérature documenting both experimental and computational data

jets (dilution jets in crossflow is very difficult. For the design of for model combustor flows. The large number prevents a full dis-

the facility reported in this paper, nonuniformities in both the spagussion of all of the results in our paper. None of these studies,

(radia) and pitch(circumferential directions exiting the combus- however, have provided spatially resolved mean and turbulent

tor have been simulated through the use of cooled combustlmw fields as well as thermal fields for a combustor simulator that

walls, ensuring representative near-wall flows, and dilution jetsicludes two rows of staggered dilution jets, and a film-cooled

ensuring representative mainstream flows with high levels of tuimer wall, which are all upstream of a stator vane sector. The

bulence. combustor geometry reported in our paper is modeled after a mod-
The objective for the work reported in this paper was to quamrn aeroengine design in which both liner-cooling and dilution jets

tify the flow and thermal field conditions for a prototypical com-are simulated. While a complete summary of the literature docu-

bustor design that is nonreacting. Predictions of highly separate@nting combustor-type measurements can be found in Barringer

jets are relevant to that occurring in most aeroengine combusfat, only a few relevant studies will be discussed in our paper.

designs. The dataset reported in this paper can be used for dire@ince the work presented in our paper is for a nonreacting com-

bustor, it is necessary to address any differences that may occur

Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  between the measurements we are reporting and those for a react-

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF ing combustor. Zimmermal®] conducted one of the first inves-

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-;: o+ _ ;
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Ju!%I ations that measured combustor generatEd turbulence at the exit

16-19, 2003, Paper No. 2003-GT-38254. Manuscript received by IGTI, Octob@f & Can-type combustor. Turbulence levels, based on local veloci-
2002, final revision, March 2003. Associate Editor: H. R. Simmons. ties, ranged between 7%at idle conditiong and 10%(at takeoff
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conditions. The measurements indicated the same turbulence lealving opposed rows of jets revealed that for in-line jets the two
els independent of whether combustion took place. Goldstestreams mixed very rapidly and that the effective mixing height
et al. [3] performed LDV measurements at the exit of two canwas half the duct height for equal momentum flux ratios on both
type combustors with and without combustion to determine igdes.
effect on the velocity and turbulence profiles at the combustor In summary, comparing the results from the studies presented in
exit. They reported turbulence levels, based upon local velocitiége literature indicate that there are some differences for a reacting
ranging between 25%Tu<35% without reactions and 15% and nonreacting flow near the primary zone. Most studies have
<Tu<25% with reactions. The dependence of the turbulendedicated the importance of simulating the dilution jets. The tur-
levels upon reactions contradicts the measurements performeddjence levels at the combustor exit that were reported for the
Zimmerman[2] and Mosg 4], who showed no dependence. studies with reaction, were very similar to those found in the
Cameron et al[5] conducted detailed spatial mappings of vestudies vyithout rgaction. There was good agreement between
locity and temperature in the nonreacting and reacting envirofPmputations, which used some form of a two-equation turbu-
ment of a model gas turbine combustor with a dilution jet, simildence model, and experiments in predicting dilution jet penetration
to that of our configuration. They concluded that a strong on-ax@)d combustor exit temperature profiles. The computational mod-
recirculation zone located upstream of the dilution jets wedlS, however, do not have the ability to accurately predict the
present in the nonreacting case, but was dissipated in the reacfifgulent mixing that occurs in the dilution zone. As a result of
case. The combustor exit turbulence levels were 25% for the (1S inability, we believe that it is important to provide data docu-
action case, but no data was available for the nonreacting cas@enting the flow in a combustor environment that is nonreacting.

While some differences may occur, it is important to recogniz-ghis data provides the first test for computational predictions.

data is needed to allow for computational benchmarking. A num-

ber of studies have demonstrated the shortfalls of computational

predictions for combustor-type flows in that there is an underprE’xperimental Facilities
diction of the turbulence levels. Predicting the turbulence levels is ) )
relatively important if accurate mixing predictions are desired. The development of the combustor simulator used in our study
Gulati et al.[6] measured the mean and rms temperatures at th@s previously described by Barringer et[dl3]. The geometric

exit plane of a full-scale, ten-cup, double annular research coffaling factor for the combustor was<9which allows for good
bustor. Their results indicated that the dilution air had a significafté@surement resolution in the experiments. This scaling factor
affect on the mean and rms temperature profiles. As the outer r¥@S matched to that of a linear turbine vane cascade that was
of dilution air was increased, the jets pushed the combustion zd¥&-€xisting. Note that the turbine vane is not the focus of this
toward the inner liner and increased the peak temperature. WHa@Per- Measurements that are presented in this paper include mean
these trends were predicted well by computational models usifigd turbulent velocities as well as mean temperatures.

the standard-e turbulence model, the model consistently under- gyperimental Facilities.  Other than performing the measure-
predicted the fluctuations at the exit. This trend of underpredictiRgents in an actual operating engine, it is not feasible to provide a
the turbulence levels is in agreement with the findings of Holdgneasurement environment with representative turbine engine con-
man[7] and Stitzel[8]. _ ditions. In designing this combustor simulator, the parameters that
Malecki et al.[9] reported results using the standéra turbu-  were chosen for a prototypical combustor for aircraft applications
lence model with wall function near-wall modeling. To overcomegncluded the followingi(i) a nondimensional acceleration param-
the low turbulence level predictions, reduced Schmidt numbeé§er through the combustofii) a combustor exit velocity that
(So) were used to compensate for the low turbulence levels in ti@syred the needed inlet Reynolds number for the downstream
mixing of the product species. Using this scheme, good agreemeithine section(iii ) coolant-to-mainstream momentum flux ratios
was achieved between circumferentially averaged exit tempet-the liner cooling holes and the dilution holes; afiz) scaled
ture profiles from the test rig data and the computationgeometric features of a combustor including the film-cooling stag-
predictions. gered hole pattern and dilution hole size and placement. Note that
Several studies have been reported that discuss the varioustjgé parameters for the prototypical engine combustor are for ac-
fects of different combustor features. In the majority of these stuflral running(hot) operating conditions. The air loading parameter
ies, the dictating features of a combustor flow field are governgaLpP defined in the nomenclaturéor the wind tunnel design was
by the presence of high momentum dilution jets. Goebel et @.40x 104.
[10], for example, measured velocity, turbulence, and temperaturerigure 1 illustrates the wind tunnel containing the combustor
profiles downstream of a reacting small-scale combustor. Thgimulator and turbine vane test sections. Downstream of a primary
found that with an appreciable swirl velocity, the dilution jetfheat exchanger is a transition section that divides the flow into
acted to disrupt the swirl and actually reduce the turbulence leree channels that include a heated primary channel, representing
els. Without swirl and at low swirl velocities, the transverse diluthe main gas patkcenter arrows and two symmetric secondary
tion jets increased the turbulence levels. Stevens and Cétdfte channels (outer arrowy representing the coolant flow path.
also experimentally investigated the combustor dilution zone aggithin the transition section of the primary channel, the flow im-
jet development by focusing on the downstream thermal field inmediately passes through a perforated plate that provides the nec-
nonreacting, annular combustor simulator. Their measurementségsary pressure drop to control the flow splits between the primary
vealed each jet exhibited a kidney-shaped contour, which isadd secondary passages. At a distance 2 m downstream of the
characteristic of jets-in-cross-flow. Liou and Wi2] made mea- perforated plate, the flow passes through a bank of heaters fol-
surements for a nonreacting combustor that consisted of a rectywed by a series of screens and flow straighteners. The heater
gular duct with two opposing side jets. One finding from the studsection comprises three individually controlled banks of electri-
was that the turbulence was inhomogeneous and anisotropitly powered, finned bars supplying a maximum total heat addi-
throughout most regions of the combustor simulator. tion of 55 kW. Downstream of the flow straighteners, the heated
Holdeman[7] simulated a nonreacting gas turbine combustioprimary flow enters the combustor simulator. In the combustor
chamber by conducting computations and experiments on thienulator, secondary coolant flow is injected into the primary flow
mixing of single, double, and opposed rows of dilution jets witlpassage through cooling panels for the combustor liner and
an isothermal or variable temperature mainstream in a confingglough dilution holes. In addition, the flow is accelerated prior to
subsonic cross flow. The principle finding from the investigatioentering the turbine section. In addition to heat being rejected
was that the momentum flux ratio of the jets dictated the exXitom the primary heat exchanger, the flow in the secondary pas-
velocity and temperature profiles. The results from the cases sages must pass through a second heat exchanger to further reduce
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Fig. 1 lllustration of the wind tunnel facility used for the combustor simulator
experiments

the coolant flow temperature. The flow in the secondary passage3he combustor simulator begins at the start of the first panel, as
is then directed into a large plenum that supplies combustor lin#ustrated in Fig. 2a). The cross-sectional area of the simulator at
coolant and dilution flow. this location is 1 m in heightH;,) and 1.1 m in widthW). At the

The cooling hole pattern in the panels is illustrated in Fig®xit of the simulator, the cross-sectional area is 0.55 m in height
2(a)-2(b). To ensure representative coolant flow splits among tteed remained 1.1 m in width, giving an area ratio of 1.8. The
four liner panels and dilution rows, separate supply chambers withidth was to allow for a span that was slightly greater than a
adjustable shutters were used. The mass flow exiting the filturbine sector while the height was matched to that of the radial
cooling holes was set by applying the appropriate pressure ratixtent of a first vane.
between the supply plenum and the exit static pressure. UsingThe liners for the combustor simulator were a streamwise series
previously documented discharge coefficieliBarringer et al. of four film-cooled panels that started 2.7 vane chofé m
[13]) the mass flows through the panels were determined. Thpstream of the turbine test section. The first two panel lengths
mass flows exiting the dilution holes were set by directly measurere 39 and 41 cm while the third and fourth panels were 37 and
ing the velocity through the use of a pitot probe installed at thd3 cm. The panels extended across the full width of the test sec-
exit of the dilution hole. tion, which was slightly greater than a scaled turbine sector. The

102 {F ==

Turbine
Sector

R e

913+

540 540

4| Panel1 10.1 38

| paner 2 Bl 3

Panel 3 6.l 3.5

i Panel 4 10.1 5.8
‘f% ' Dilution 1 | 60540, | %0(810)
e Dilution 2 | 60380, | 1200760,

(b}

Fig. 2 (a) Layout and measurements planes for the combustor simulator (di-
mensions in cm ). (b) lllustration and description of cooling hole arrangement for
liners.
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Table 1 Summary of Coolant Flow Conditions

Momentum Mass Flux

% Mass Flow Flux Ratio Ratio Based on  Density Ratio Ratio of Mass-

Addition Based Based on Local Local Mass- Based on Averaged

on Local Flow  Mass-Averaged Averaged Ups tream Flow Velocity to

Rate Velocity Velocity Conditions Inlet Velocity

Panel 1 2.6 9 3.2 1.12 1
Panel 2 6.3 9 3.2 1.12 1
Panel 3 5.4 9 3.2 1.12 1.6
Panel 4 2.2 9 3.2 1.12 2.7
Dilution 1 18.5 128 12 1.12 1
Dilution 2 12.5 32 6 1.12 1.6

first two panels were flat to maintain a constant cross-sectior@uple welder that resulted in spherical beads ranging in diameter
area while the following two panels were inclined at 15.7 deg tom a minimum of approximately 0.8 mm to a maximum-ef

give the required area contraction. The panels were constructechish. The thermal fields were taken using a 21 probe thermocouple
1.27 cm thick urethane foam with a low thermal conductiviky ( rake. The rake spanned a total distance of 10.2 cm with thermo-
=0.037 W/mK) to allow for adiabatic surface temperature megpuples evenly spaced every 5.1 mm. Each thermocouple probe
surements. The dense matrices of film-cooling and dilution holgg the rake consisted of a 5.1 cm long, 2.5 mm outer diameter

were cut into the urethane foam using a water jet. aluminum casing that encapsulated the thermocouple wire. The
One parameter that is not representative is the coolantﬁIp

inst densi i hich wpicall te hiah. Tvoi oproximate flow blockage was shown to have no effect on the
mainstream density ratios, which are typically quite high. TYpICalo o\ req thermal field. Each thermocouple bead is fixed approxi-
operating conditions consisted of a flow temperature just down-

stream of the heater of nominally 50°C and a coolant flow tenmately 64 mm from the end aluminum ehaft In order to minimize
perature of 20°C. As the coolant flow progressed downstrea{?‘ﬁat conduction effects from the aluminum rod to the thermo-
through the secondary flow channel, there was a small increas ple. » ,
the fluid temperature of nominally 1°C. Although the density ra- Velocities were measured using a two- and three-component
tios were not matched, the jet-to-mainstream momentum flux rasSer Doppler velocimetét DV). The flow was seeded with olive
tios and percentage of mass flow addition by both the film-coolirRjl Particles that were nominally &zm in diameter. The probabil-
and dilution holes were representative. The momentum flux raffy of obtaining a sample was proportional to the speed of the
is the parameter that most affects mixing characteristics of jetsflaw; therefore, statistical particle bias corrections were applied to
cross-flow at high momentum flux ratios. The cooling hole pathe data by weighting each individual sample based on the resi-
terns, shown in Fig. @), were configured in equilateral trianglesdence time of a particle in the probe volume.
and spaced evenly across the panel surface. The diameter of thie taking flow plane measurements that were aligned with the
cooling holes was 0.76 cm, giving dnfD=3.3. flow direction, a single fiber-optic LDV probe capable of measur-
The dilution hole diameters were designed to insure the percerig two components was used. This setup used a 350 mm focusing
mass addition of the dilution fluid and coolant-to-mainstream means without a beam expander and had a measurement volume of
mentum flux ratios were representative of that in an engine. Thig ,m in diameter and 1.3 mm in length. The plane was acquired
first row of dilution holes has three holes evenly spaced with thgith the probe perpendicular to the outer wall surface. This al-

center hole being aligned with the center of the simgl&tmd lowed for the direct measurement of the local streamwise velocity
also the vane stagnatiprirhis first row is located at 43% of the componenty. However, in order to take measurements near the

combustor lengtt0.67 m downstream of the start of the IC""melssurface of the liner panel, the probe was slightly tilted at 7 deg,

The dilution holes |n_the first row have a diameter that_ is8.5¢c pereby there was little effect on the true vertical component
The second row of dilution holes was located on the third panel Asasurements

57% of combustor lengtfD.90 m) downstream of the start of the . . .
panels. The second row of dilution holes contained two hoIesFor the measurements taken in the cross-stream direction where
having a diameter of 12.1 cm. The two dilution holes were stadl’®€-component velocity measurements were made, two separate

gered with respect to the first row of holes. The supply chambBper optic probes were used. _To allow the measurement volume of
for the dilution flow was required to be some distance from th&€ probes to reach the mid-pitch of the combustor simulator, 2 2.6
hole exits giving arL/D ratio of 1.5 for both rows. The combus- Magnification beam expander along with a 750 mm focusing lens
tor simulator is symmetric about the vertical mid-span meanintjere used. With the use of the beam expander, the measurement
that for each row the dilution holes were aligned with one anoth#plume was 73um in diameter and 1.3 mm in length. Using these
in the pitchwise and streamwise directions. two probes, the measurements were conducted through a nonor-
As indicated for the operating conditions of the results reportédogonal setup requiring the velocity components to be trans-
in this paper in Table 1, 45% of the flow is directed through thfermed into the true components. Furthermore, as with the single
primary passage of the combustor simulator while 55% of theDV probe measurements, a tilt was applied to both probes to
flow is directed through the secondary coolant passages for #igw for near-wall measurements. To ensure a single beam cross-
liner coolant and dilution holes. Of the total Cooling flow 36% iSng, both probes were turned 13 deg toward each other off the

injected through the film-cooling holes and 64% is injecte@ross-stream direction while the vertical tilt angle was set to 7
through the dilution holes. deg.

Instrumentation and Measurement Uncertainty. Thermo- N order to compare the day to day repeatability of the test
couples were used in monitoring inlet and coolant temperatures@ditions and ensure that the correct velocity transformations
well as taking the thermal fields within the combustor. All of thavere made, the two- and three-component LDV data were com-
temperature measurements were made using 30-gauge, typpared where streamwise and spanwise measurement planes over-
thermocouples that were connected to a data acquisition systewped. This data is shown in Fig. 3 whereby the measurement
through 20-gauge thermocouple extension wire. All of the thermtimes spanned several weeks. The location of this data was just
couples used in this study were made using an argon-gas thermownstream of the first dilution row and in the spanwise middle of
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Fig. 3 Comparisons of two and three-component LDV profiles measured inde-
pendently in an overlap location just downstream of the first row of dilution

the outer second row dilution hole. This data indicates consisterfbgw conditions that can occur throughout the combustor and in-
of the velocity transformations that were applied to the data akide the following: (i) downstream of the first liner whereby
well as the repeatability of the test conditions. film-cooling holes are presefplane ®); (i) downstream of the
The nominal sampling time for each measurement location wfisst row of dilution holes whereby the jets are being injected at a
40 s whereby 15,000 data points were acquired for each compigh momentum flux ratidplanes D and 1s); and (iii) down-
nent. For the longer 750 mm focusing lens most measuremefteam of the second row of dilution holes whereby the jets are
locations had an average sampling time of approximately 100ging injected from a liner wall that is contractifiglanes 3 and
for the same sample size. 2s). The flow conditions that were set are summarized in Table 1
The partial derivative and sequential perturbation methods, dgr each of the panel and dilution flows. Note that two different
scribed by Moffaf14], were used to estimate the uncertainties &fim-cooling flows were studied for the first pandl=3 and 9,

the measured values. Precision uncertainties were calcul for the remainder of the measurementd &® condition was
based on a 95% confidence interval. The precision uncertainty {Q% oy this panel.

the streamwise rms velocities was 2.6% while the bias uncertainty

for the mean velocity measurements was 1%. The bias and precikiner With Multiple Rows of Film-Cooling Holes. Thermal

sion uncertainties on the thermal field values, wa&04, giving field measurements were performed just downstream of the first
an uncertainty of 4.5% a#=0.9 and 12.6% a#=0.3. cooling panel in plane | for two different flow conditions. The
measurement location was /L =0.24, which is two film-

. cooling hole diameters downstream of the last row of cooling
Measured Flow and Thermal Field Results holes (X/d=2) in panel one. The average momentum flux ratios
The measurements made in this study were taken at a numfsarthis panel were set to eithér3 or 9, giving an average mass

of different locations within the combustor simulator, as shown iflux ratio for the panels oM =1.8 and 3.2, respectively. Fifteen
Fig. 2(a). These locations were chosen to illustrate the differembws of staggered film-cooling holes were present in this panel

10 H:Tm“-
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e
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Fig. 4 Film-cooling thermal field measurements in plane 0 p with an average liner flow
of I=3, DR=1.1
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Fig. 5 Film-cooling thermal field measurements in plane 0 p £z
with an average liner flow of /=9, DR=1.1
. . . . . . . 1
with the hole spacing as that indicated in Figb)2 While these
measurements were conducted, the flow condition for the remain-
ing liner panels was set at the same condition as the first panel =

(I=3 or 9. Figures 4 and 5 show the measured thermal fields for a3
the two blowing conditions. The solid arrows represent the loca-
tion of the last row of film-cooling holes while the dashed arrows
represent the pitch location of the previous row of film-coolingq 6 Thermal field contours in a streamwise plane through a
holes. As can be seen by the thermal field measurements, the §28 row dilution hole  (plane 1) with Lefebvre’s [15] jet pen-
are periodic in the pitch direction across the panel. etration correlation

Figures 4 and 5 indicate a cooler jet for the row of jets closest
to the measurement plaiigolid arrows as compared with the jets
of the previous rowdashed arrows For both flow conditions, the ‘f}g

. gt he solid line shown in Fig. 6 indicates the penetration distance
peak temperature contour representing the coolest fluid is loca dicted by the correlation given by Lefeb\it5]. The correla-

?hwag. fLom the v;/all. ﬁ‘ sepzt;}rated éett confditi%n tiﬁ‘ expect_?_ﬁ gtlx fbn overpredicts the trajectory of the jet and underpredicts the
€ nigh momentum TuX ratio conditions tor both cases. The thele,ying of the jet. One plausible reason for the misprediction may

mal field contours fqr t.he row of cooling holgs closest to thﬁe due to the fact that there is an opposing jet and that these
measurement plane indicate a double-peak with the second pﬁﬁ‘lljtion jets are at very high momentum ratids<(128)

being at a slightly warmer temp‘?ra“(fe:(’-@ than the primary Figure 7 shows the measured thermal field for a plane that
peak(0=0._7). The second peak is located Just ab(_)ve the Comeét(tends in the pitchwise direction downstream of the first row of
p_eak a_md IS a remnant of th‘? upstream cooling jet at the Sallfifution jets at a location that is two film-cooling hole diameters
pitchwise alignment. Interestingly, the contour levels for thaownstream of the last row of cooling holes in the second liner.
dashed arrowdupstream row do not have this double peak,ryisocation is 1.3 hole diameterX € 1.3D,) downstream of the
€diition hole whereby this distance is measured from the hole
centerline. This larger plane was taken to illustrate the pitchwise
Symmetry of the dilution flow. These thermal fields indicate that
the coolant from the dilution jets has been transported to a region
slightly offset from the center of the two lobes of the kidney-
?ngped vortex. It is important to recognize that the distance be-

wise jets merge into one cooler core.
Although the conditions through the holes differ by a larg
amount of cooling flow, the core of the jets closest to the me
surement planécoldest contoyris nominally at the same tem-
perature level at this locatiot¥=0.7) for both blowing ratios.
There are two real differences between these two cases. First,
penetration depth for the=9 case appears to be greater than the
=3 case. Second, and more importantly, the fluid temperature
between the jets near the wall appears to be cooler fot the 0.8+
case(0.25<0<0.35 as compared with thé=3 case(0.15<60
<0.2.

Downstream of the First Row of Dilution Holes. The ther-
mal field measured in the streamwise direction through the fit
row of dilution jets is shown in Fig. 6. Recall at this location in
the combustor simulator, the cross-sectional area of the simula
is the same as that of the entrance. The spanwise dist@nie 4,
normalized by this heightH{;,). The momentum flux ratio for this
large dilution jet isl =128 while the mass flux ratio il =12.

The contours in Fig. 6 indicate a penetration distance that
approximately 18% of the height before the jet trajectory is bel
over by the mainstream flow. Upstream of the jet injection, thel
is a relatively thick film-cooling layer that is being transportec
into the free stream by the dilution jet. It is also clear that th
temperature gradients are quite high at the jet-mainstream int
face near the jet injection, while farther away from the wall th
temperature contours are spreading due to the turbulent mixii
The penetration depth of these dilution jets does not extend to 1
centerline, which is quite probably a result of the opposing jets
that are aligned in the pitchwise and streamwise locations. Fig. 7 Thermal field contours in plane 1 p
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cooling layer to the dilution jet core 2/ W= 0. The warmest fluid
occurs at the same location as the highest negative streamwise
velocity contour indicating a strong vortex motion, as will be
discussed for Fig. 8.

Figure 8a) shows the secondary velocity vectors &nd w)
superimposed on the normalized streamwise velocify;() con-
tours in plane p. The measurement plane was taken across a
symmetric section of the combustor simulator. There is a clear
kidney-shaped vortex exhibited by the secondary velocity vectors
as a result of the shear produced from the jet-mainstream interac-
tion. The velocity contours indicate a strong backward streamwise
velocity located atZ/H;,=0.15 at the hole centerlineY(W
=0). The contours indicate velocities as high as three times the
inlet velocity nearY/W= —0.075 andz/H;,=0.2. These high ve-
locities do not coincide with the center of the vortex core. Near
the spanwise center of the plang&/H;,=0.5), the streamwise
velocity contours indicate a nearly stagnant region as a result of
the interaction between the top and bottom dilution jets.

The turbulent flow field was also quantified for the cross-stream
plane Ip, as shown in Fig. @&). The turbulence levels were cal-
culated using all three velocity fluctuations and then normalized
using the inlet velocity ;,). The turbulence levels produced by
the jet-mainstream interaction are incredibly high, particularly in
the high-velocity region and at the mid-span region where the jets
are impacting one another.

tween the two lobes as illustrated in Fig. 7 is quite large relative to Downstream of the Second Row of Dilution Jets. The ther-
that which would occur for a jet-in-cross-flow without an opposmal field through the center of the second row of dilution jets is

ing jet.

shown in Fig. 9 for plane & The second row of dilution jets are

At the dilution jet centerline, Fig. 7 illustrates the presence afjecting near the start of the contraction section of the combustor
film cooling near the wall even though there is only one row dafimulator. The momentum flux and mass flux ratios for these jets
cooling holes downstream of the dilution jets and upstream of thésse somewhat lower than the first rowlat 32 andM =6.
measurement plane. It is quite plausible that some of the upstreaniwWhile the momentum flux ratio is much lower for the second
film-cooling flow has been wrapped around the dilution jet and i®w of dilution jets as compared to the first row, the physical
present at this location. It is also interesting to note the warmpenetration distance is not that different. In comparing the physi-
temperatures that occur as one progresses up from the filoal penetration distances of ti#e=0.95 contour in Figs. 6 and 9
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Fig. 10 (a), (b) Flow field vectors (left) and contours of turbulence levels  (right) for plane 2 s, downstream of the second row of
dilution jets

for the two rows of dilution holes, th&/H;, penetration depth for large recirculation region, which is characterized by warmer fluid
each is 0.1 and 0.12, respectively. In relating this distance to thehind the dilution jet. Near the wall, it is clear that there is also
respective hole diameters, however, there is a different answaversed flow just downstream of the jet. The coolant present near
The first row of jets penetrated toz D, =1.2 while the second the wall may be in fact transported to this region from the down-
row of jets only penetrated only 8/D,=0.95. The solid line in stream film-cooling holes, which is consistent with the thinner
Fig. 9 indicates the dilution jet trajectory predicted by Lefebvre’'soolant layer. The closest film-cooling injection is locatedXat
correlation[15]. As with the higher momentum dilution jets, the=1D, downstream on the dilution injection. NeX7L =0.75,
correlation predicts the trajectory of the dilution flow fairly accuwhich is slightly greater than two dilution hole diameters (
rately near the liner panels; however, the bending of the dilution2D,) downstream of the jet injection, is the end of the recircu-
flow is underpredicted as the jet penetration continues into thaging region.

mainstream. It is worth mentioning that Lefebvre’s correlation for The vectors also indicate that the flow has been accelerated
this lower momentum dilution jet seems to fit better than it did fopoth in the near wall region, due to the film-cooling jets, and
the higher momentum first row dilution jets. above the jet injection near the mid-span, due to the dilution jet

Similar to that of the first row of holes, the thermal gradientblockage. As the flow exits the combustor, the streamwise profiles
reduce in magnitude at the jet-mainstream interface as osill have remnants of these faster regions.
progresses farther from the wall. Figure 9 also indicates the presFigure 1@b) shows the turbulent flow field measurements for
ence of a cooler bulge neaf/L=0.65 with a thermal contour
level of #=0.45. This cooler region is a result of the lateral
spreading of the cooler fluid from the first dilution row.

The thermal field contours for the near-wall fluid indicate a
relatively thick layer upstream of the dilution jet. Just downstream
of the dilution jets, however, the layer is much thinner but there is
still coolant present. The coolant that is present near the wall B
downstream of the injection is there, despite the fact that there is
some streamwise distan¢ene dilution hole diametgrbetween
the dilution location and the film-cooling injection location. While o
the film-cooling layer near the wall is relatively thin just down-
stream of the dilution injection, this layer becomes relatively thick
caused by the increased turbulence levels generated from the di-
lution jet-mainstream interaction.

Two-component LDV measurements were made for the stream-
wise plane 2 given the symmetric nature of this locatidthe
v-component was nominally zexoThe streamwise velocity vec-
tors in Fig. 1@a) indicate a downward velocity as the flow ap-
proaches the dilution injection location. This downward velocity :
is thought to be the result of the mainstream flow being deflected iy
away from the jet-to-jet impingement of the first row of dilution at
the mid-span center. The velocity vectors indicate that most of the
jet is exiting from the downstream portion of the dilution hole, but o —— 7T J
are pointed toward the upstream direction. This is consistent with e e T
the thermal field contours presented in Fig. 9. These high veloci- I T I ' ¥
ties have enough momentum to have a jet trajectory that is di-

rected upstream. Fig. 11 Thermal field contours in plane 2  p downstream of the
Downstream of the jets, the velocity vectors indicate a verecond row of dilution

ZMin 0.3

0.2
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— the film-cooling injection. As the flow exits the combustor, the
|u| levels relative to the local exit velocity are on the order of 20%.
u Figure 11 shows the thermal field contours downstream of the
second row of dilution jetgplane 2) for a region larger than the
symmetric locations to illustrate the thermal field symmetry. Note
i that both jets inject to approximately the same spanwise location
i relative to the mid-span. The dashed lines represent the spanwise
injection location of the first row of dilution holes while the solid
lines represent the second row of dilution holes. At this stream-
wise location, which is one dilution hole diameter downstream of
the second row of dilution holesX=1D,), the coldest tempera-
ture contour for the dilution flow i¥9=0.55 located aty/W=
—0.25 at abouZ/H;,=0.3. The warmer fluid shown neaf/W
=0 atZ/H;,=0.15 is a remnant of the warm fluid that is trapped
in the recirculating region downstream of the first row of dilution
jets. A similarly warm region is located just above that region near
the mid-span, which is a result of warmer fluid penetrating be-
tween the opposing first row of dilution jets.
Figure 12 shows the secondary velocity vectors superimposed
a | on the streamwise velocity contours at the same plameoi2ly
425 02 015 41 005 0 with a smaller measurement region as compared with Fig. 10. At
T A S this location, it is clear that there is no evidence from the vectors
' as to a strong kidney vortex as there was in the case of the first
row of dilution holes. The high turbulence levels, as will be illus-
trated in the upcoming figures, have caused a reduction in the
swirl velocities. There is a strong upward flow that is a result of
the contraction section of the combustor. The streamwise veloci-
ties indicate that the flow has accelerated to about three times the
plane . The peak turbulence levels, which occur at the jeinlet velocity near the mid-span. At a span of approximately 25%
mainstream interface, are 2.2 times greater than the inlet velocity.the inlet height, there is a near zero velocity just downstream of
It is important to recognize that at the dilution jet injection locathe dilution holes, similar to that of the first row of dilution jets,
tion, the mass-averaged velocity is 2.7 times that of the inlet verhich is caused by the jet blockage. To illustrate the anisotropic
locity (indicated in Table JLas a result of the mass flow injectionbehavior of the turbulence of the dilution jets, Figs(2)313(c)
from the first row of dilution jets and the film-cooling addition.show the measured fluctuations for all three velocity components.
The jet turbulence itself is relatively lower than that occurring a8s can be seen, all three contour plots illustrate a very different
the jet interacts with the mainstream flow. In the jet recirculatingehavior. The highest fluctuation levels in this plane are 1.75
region, the turbulence levels are very high, considering the faanhes that of the inlet velocity. It is important to remember that at
that the local flow velocities in this region are relatively low. Thehis location the mass-averaged velocity is 2.7 times faster than
near-wall turbulence that is generated is also relatively high duettee inlet velocity, which still translates to average rms levels that

®) v, © o
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Fig. 12 Secondary velocity vectors with contours of the
streamwise velocities in plane 2 p
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08 these turbulence levels given the model assumptions of isotropic

turbulence. The exit turbulence levels, based on the local average
exit velocity were 20%.

Further studies need to be done to evaluate cooling schemes
along the liner wall and ensure good coverage near the dilution
holes. More detailed measurements are needed near the dilution
holes to evaluate these cooling schemes. Given the results pre-
sented in this paper, it is possible to compare computational pre-
dictions with measured flow and thermal fields.
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a Nomenclature

025 02 015 4t 005 O . . 1.75, 0.75,T/300; \;

e ALP = air loading parameter, ALPP; ™A D i ' "%m,
Lefebvre[15]
Fig. 14 Contours of turbulence levels in plane 2 p d = film cooling hole diameter

D, D, = dilution hole diameters for first and second rows
H;, = combustor inlet height
| = momentum flux ratio) = p.U%/p..U2
are 0.65 times the local mass averaged velocity. The peak stream- L = film cooling hole length, combustor simulator
wise velocity fluctuations occurs af/H;,=0.3 and Y/W= length
—0.25, which coincides with the core of the jeis indicated by = mass flow rate
the thermal field contours in Fig. L1The peak spanwise velocity = mass flux ratioM =p.U./p..U.

m
M
P
velocity, occur near the liner wall just below the core of the jet. S, S, = streamwise, pitchwise film cooling hole spacing
T

fluctuations ¢,,9, which are slightly higher at 2.1 times the inlet = vane pitch
Similar to the streamwise fluctuations, the peak spanwise fluctua- = temperature
tions occur at the core of the jet and above. TL = turbulence level, T 0.33U2 o+ vt W20 T u;,

The turbulence levels for the pitchwise plane, which is a com- (3-comp) and TL=0.5(Ufs+Wing ® Uiy (2-comp)
bination of the fluctuations for all three velocity components, i, ;,, w = local, mean velocity components
shown in Fig. 14 for plane 2 For the second row of injection x v, 7 — coordinate system shown in Fig(a?
(Y/W=—0.25), the peak level coincides with a region slightly W = combustor inlet width
higher than the core of the jet. While the levels are much lower,
the peak region for the first row of dilution jets coincides mor&reek
closely with the mid-span. p = density
v = kinematic viscosity
¢ = nondimensional temperaturé= (T,.,—T)/(T,.—T,)

Subscripts
Conclusions and Recommendations ave = spatial average

The results of this study indicate the complexity of the flow that rms = root mean square
occurs in a typical aeroengine combustor. While these results were  * = free-stream condition§rimary flow)
acquired with a nonreacting flow, it is important to have a place to ¢ = coolant conditiongsecondary flow
begin when it comes to making comparisons with computational
predictions. In particular, it is important that we are able to undeys
stand how the interactions take place between rows of dilution j ferences
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The Use of Helmholtz Resonators
ainn.1.ousre | 1N @ Practical Combustor

Ann P Dowling The drive to reduce _emissions has_ Ied_to the develop_ment of lean premi)_<ed combu;tors.

' However, lean premixed combustion is often associated with combustion oscillations
which can be so severe that they can cause structural damage to the engine. Since the
associated frequencies are typically of the order of hundreds of Hertz, there is a need for
a compact device to absorb the noise which drives the oscillation. Helmholtz resonators
are commonly used as absorbers of incident acoustic power. In addition they are relatively
compact. However, their use in combustors creates practical issues, such as placement
within the chamber, neck length, and cooling, which need to be addressed. In this paper
we consider these practical problems and describe how to overcome them in a real
combustor,[DOI: 10.1115/1.1806838

Department of Engineering,
University of Cambridge,
Cambridge CB2 1PZ, United Kingdom

1 Introduction and his co-workers for each flow regime separately. In the pres-
ence of a tangential mean flow the convecting vorticity can also

Low NO, combustion can be_ achieved using Ie_an PremiX€hieract with the downstream edge of the aperture and generate
systems. Here the temperature Is more evenly d_|str|buted and g&%nd. This can be overcome by rounding the downstream edge or
peak temperature lower, leading to low N@roduction. Unfortu-

. . . by combining the tangential flow with cooling through the neck.
_nately,_ _Iqw NQ_combustors are often associated with combustloia_:%/na”y we draw some conclusions.
instabilities which can be so severe that structural damage to the

engine occurs. Helmholtz resonators are commonly used to damp
incident acoustic waves in a number of applicati¢sse, for ex- .
ample[1-6]). Helmholtz resonators have the advantage that thgy Practical Helmholtz Resonators

require a relatively small volume to damp oscillations at the rela- 5 1 |ntroduction. Helmholtz resonators consist of a cham-
tively low frequencies found in combustion systems and thus prger and a neck as illustrated in Fig. 1. Oscillation occurs when the
vide a useful damping mechanism for combustion oscillatiofass of gas in the neck vibrates against the gas in the chamber.
[1,3]. In order to control oscillations, they must communicate Withhey can simply consist of a perforation in a plate above the
the combustor itself. This places practical constraints upon thefiamber8], the end correction acting as the neck. In the absence
design, limiting their performance. _of a mean flow, absorption of incident sound is related to the

The need to incorporate the Helmholtz resonator so that it c§Bnlinear viscous damping of the flow in the neck region, and the
communicate with the combustion chamber places strong cQfhsorption is only significant near resonance. This mechanism ul-
straints upon the aperture size, neck length, and volume of tyately ensures that the neck velocity remains finite. Further-
Helmholtz resonator. In particular, the neck length needs to Rgore, a significant proportion of the incident sound energy will
relatively long and this results in a compromise between the abnly be absorbed at high acoustic amplitudes. This phenomenon
sorption obtained at the peak and the frequency range over whigh be modeled by an appropriate nonlinear model such as pro-
significant absorption is obtained. A systematic approach fgbsed by Cumming§7]. A similar model applied to Helmholtz
choosing the parameters is developed and described in this papgtonators was successfully used by Bellucci ef13l.
We also consider the case of a neck which is long in comparisonin the presence of a mean flow incident acoustic waves cause
with the wavelength and its practical use in an engine. unsteady vortex waves to be shed at the edges of the aperture
We consider two types of configuration: no mean flow and wityhich is swept away by the mean flow. This convecting vorticity
a mean flow. The mean flow may be either tangential across t#és as a sink to the incident sound near the upstream edge.
face of the aperture or be like a cooling flow through the aperture. |n this paper, we consider the acoustic response of an idealized
A combination of a cooling flow with a tangential flow is alsosystem consisting of a resonator chamber connected to a pipe
possible. The no flow case is associated with nonlinear absorptigghtaining incident sound energy via an aperture. The problem
of sound which depends upon the amplitude of the neck pressuten be separated into three features: the acoustic properties of the
which in turn depends upon the incident acoustic energy, the cogbmbustion chamber, the local absorption due to a finite pressure
bustor geometry, and the location of the neck. We describe thifference between the pipe and the Helmholtz resonator chamber,
regime by using a model developed by Cummin@$ for the and the enhancement of the absorption due to resonance. When
nonlinear behavior of an aperture and compare our results with #e neck of the Helmholtz resonator consists of an aperture in a
experiment, obtaining good agreement. pipe wall connecting it to the resonator chamber, the local absorp-

In the presence of a mean flow the absorption coefficient fi®on is characterized by the Rayleigh conductivity. This was de-
linear (i.e., independent of neck pressuesd associated with the rived by Howe and his co-workers for mean flow both through the
convection of unsteadily shed vorticity from the neck of the res@aperturg 9] and for tangential flow across[iL0]. A correction is
nator. However, it still depends upon the combustor geometry arefjuired for the finite wall thickness. Howe’s model has been used
the location of the neck. Both tangential and cooling flows amxtensively in the literature to model the interaction between
modeled by using a Rayleigh conductivity first derived by Howsound and mean flow in a wide variety of applications, including

Helmholtz resonatorg2,4—6,11-17.

Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN In a practical system, space will often prevent Helmholtz reso-

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF nators from being attached to the region of interest via a short

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- ; ; ;
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JurQECk' We consider, therefore, praCtlcal resonators with notable

16-19, 2003, Paper No. 2003-GT-38429. Manuscript received by IGTI, octobBRysical lengths. Initially the Rayleigh conductivity for the neck is
2002, final revision, March 2003. Associate Editor: H. R. Simmons. assumed to be a known complex quantty y—id.
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Volume V

Fig. 1 An illustration of a real Helmholtz resonator attached to a pipe

Consider the system illustrated in Fig. 1. This consists of an c%pS
infinitely long pipe of cross-sectional ar&, to which a Helm- p1=u1i(wl - —V) + zu1|u1| (6)
holtz resonator chamber is attachedatO via a neck of effective @
length| and areaS,. An incident sound wave, whose complexFor low amplitudes, the nonlinear real part of the right-hand side
amplitude isA atx= 0, propagates along the pipe from left to rightof Eq. (6) is small and so little absorption of sound energy occurs.
from x=— to x=0. A second incident acoustic wave, with com-The imaginary part then gives resonance at the frequency given by
plex amplitudeD, propagates from right to left from=+ to classical theory.
x=0. At x=0, a right propagating wave, of complex amplitude Nonlinear equation(6) is solved numerically for the acoustic
is generated by the combination of transmission of wavand velocity, u; , for a given neck pressure amplitugg,, which can
reflection of waveD. Similarly a left propagating wave, of com- also be related to the downstream wa@and D using Eq.(3).
plex amplitudes, is generated in the left-hand part of the pipe. Iny; can be related to the incident acoustic velocities by considering
addition unsteady flow of speag,r and mass flown;,; enters the conservation of acoustic mass flow, i.e.,
the Helmholtz resonator through the neck and a low Mach number
(which may be zerpmean flow flows along the pipe from left to SA A-B — 55U + DA (C— D 7
right. We neglect viscous effects, except at the opening. PR\ TP U PR pC ")

We begin by equating the change of mass inside the chambe
the unsteady neck flow:

E&uation(?) together with Eq(3) can be solved to give the inci-
dent and reflected wavesandB.
py . ) L, Equations(3) and (7) together with equatiori6) are used to
V= =pSalir =1 0Vp=pSolig (1) predict the four acoustic waves, B, C and D, for a range of
sound pressure levels. We present our results in terms of the ab-
for harmonic excitation of angular frequenay. If we further sorption coefficient, defined as the fraction of incident energy
assume that the unsteady flow inside the resonator chambeivlsich is absorbed, since we are interested in absorption,
isentropic, then we can relate the fluctuating resonator chamber

pressurep,, to the fluctuating density, , and hence to the neck e A=1— B[>+]C]? ®)
velocity via Eq.(1) to give r |A|2+|D|?2
,_—ZFUQRSZ Sample results are shown in Fig. 2 which is for a neck pressure
P2=C" (2)  of 165 dB which also shows comparison with experimental mea-

) . ) surements. The experimental arrangement is described in the Ap-
The acoustic pressure waves on elthe_r S|de_ of the resonator BERdix. The agreement between the theory and the experiment is
related(from energy or momentum consideratipiy good. Although much of the literature on Helmholtz resonators is
A(1+M)+B(1—M)=C(1+M)—D(1—M) (3) concerned with predicting the resonant frequerisge, for ex-
) o ] ample, Chanaud11,12)), a number of other studies have also
The behavior of the neck is linear in the presence of a me@ind good agreement with experiment for the amplitude response
flow, but nonlinear with no mean flow. We consider the nonlineeEl_’L,4_6113_1}{ At the peak 65% of the incident sound is ab-
behavior first. sorbed. Even at 135 dB the peak absorption is between 50% and
60% depending upon the configuration. However, the absorption
characteristics include a distinct minimum. This results from a
pressure node at the neck of the Helmholtz resonator. This has two
auy effects. The first, and most obvious, is that the sound pressure
pi—py,=—+ zujlug] (4) levels found in practice will be low near this frequency. Second,
a2
when the unsteady pressures nearly cancel at the neck of the reso-
c nator, specific neck pressure levels can only be achieved with
=iwluy+ zui\uﬂ (5) large incident sound waves. The unsteady velocity into the reso-
nator, u;, however, is solely a function of this neck pressure
wherel is the effective length of the Helmholtz resonator neck angmplitude[see Eq(6)] and so will not be affected by the presence
cis the discharge coefficient describing the nonlinear behavior thhe node. Thus the actual amount of energy absorbed is pure|y
the neck. Both the effective neck lengthand the discharge co- a function of the neck pressure and the behavior of the resonator.
efficient, ¢, are determined experimentally. Substituting fof The incident acoustic energy, and thus the fraction of energy
into equation(5), which is absorbed, however, also depend upon the amplitude of

2.1.1 Non-Linear Theory. Following Cummings [7] the
acoustic velocityu; is given by
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Fig. 2 Comparison between the measured and predicted ab- Fig. 4 The predicted absorption coefficient as a function of
sorption coefficient as a function of frequency for an incident frequency for a range Of_ incident sound pressure amplitudes
sound pressure amplitude of 165 dB with a closed end. + ex-  from 120 to 185 dB with increments of 5 dB. The lowest graph
perimental measurement, theory. is for 120 dB.

hug.l.z Linear Theory. To quantify the unsteady mass flow
rgfe into the Helmholtz resonator we relate it to the fluctuating

acoustic energy which is absorbed will always be small pressure difference across the neck via the Rayleigh conductivity

To confirm the effect of the node, comparison is made in Fig.%ef'ned as
between the predicted and measured absorption for a different (P} —ph) k=pi0SU}ix 9)
configuration with an open end. The symbols represent the mea- ) ) ) .
sured values and the solid line represents the predicted behaWiere < is a complex quantity which we choose to write as
Here the minimum shifts to a frequency of 350 Hz. =y—ié, following Howe[9,10]. y represents the inertance of the

Figure 4 summarizes the effect of amplitude, Showing the prgeck and is related to the effective |ength of the netielates to )
dicted absorption coefficients as a function of frequency for souffee reactance of the neck or opening and thus to any generation
pressure levels of between 120 and 185 dB, in steps of 5 dB. Wi¥ absorption of acoustical energye.g., by vortex shedding
only over a very narrow frequency range and the maximum ap-rélates to absorption of sound. _ , ,
sorption coefficient is less than 10%. There is a minimum in ab- Since the resonator chamber pressure is related to this acoustic
sorption at a frequency of about 275 Hz, corresponding to tiglocity via Eq.(2) we can rewrite Eq(9) as an equation faun/,g
frequency at which there is a pressure node at the opening, atimlterms of the acoustic pressure above the npék,as follows:
amplitudes, as discussed above. As a result there are two maxima ]
in absorption either side of the node. p1(y—id)

PUGR=| - ————
PR i 0S,—i(y—i8)c,2S, lwV
All acoustic energy absorbed or generated is associated with the

the incident waves required to generate the neck pressure. T
when the neck is situated near to a pressure null, the fraction

(10

1 , ( . . : , : : : mean acoustical energy flux into the resonator via the neck.
09 1 i.e., absorption= —p/pu/;rS,
0.8 + 1 The acoustical pressugg describes the amplitude of the inci-
- dent acoustic waves and the mode shape of the (@peombus-

0.7 tion chamber to which the resonator is attached. We take this as

our reference and therefore suppose its phase to be zero. Thus
only the real part ofi/,z contributes to the generation or absorp-
tion of acoustical energy.

Evaluating the real part of Eq410) we have

0.6

Absorption coefficient
o
&

0.4
03 —, , 0S)
%(PUHR):_plg( ) 11)
0.2 a®8+(wS,~ ay)?
01 where
. . . ‘ ‘ ‘ . . . c,°S,
50 100 150 200 250 300 350 400 450 500 a= (12)
Frequency/Hz wV
) ) . giving an absorption
Fig. 3 Comparison between the measured and predicted ab-
sorption coefficient as a function of frequency for an incident piZ a)S%
sound pressure amplitude of 170 dB with an open end. + ex- —_— (13)
perimental measurements, theory. p %8+ (0S,— ay)?
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Fig. 6 A graph showing the variation of absorption coefficient

Fig. 5 The variation of acoustic absorption coefficient with with frequency for three different mean aperture velocities, for
frequency for a Helmholtz resonator with a sound pressure a practical Helmholtz resonator with a finite neck length

level at the neck opening of 155 dB and in the presence of a
mean pipe flow Mach number of 0.04. theory, ©---145dB,
X—--—150dB, + — 155 dB.

however, the large neck velocities enhance the absorptiord As
increases, noticeable absorption occurs over a broader range of

Comparison between theory and experimental measurementézgggﬁ n;tl)esso.rpTi(c)J\llwvei\s/etr(,) astugf)srggsr}(;zot:aensge?; dOLIcitrt’:g t'ﬂg%izekd

the absorption obtained by this mechanism is shown in Fig. 5 fg sorption. This is illustrated in Fig. 6, which shows the variation

a sample cross flow Mach number of 0.04. Here the Raylei . .y .
conductivity used for the predictions is taken from Howe’s modé&] 2Psorption coefficient of one Helmholtz resonator at three dif-
rent flow conditions. All configurations are for mean flow

[10]. Similar results have also been obtained for a cooling flo rough the aperture, The volume of the resonator chamber is

and a combination of a cooling flow and a cross fi@iso from chosen to give peak absorption at 500 Hz for the lowest neck

Howe’s model and were presented in a previous paded]. The ; ) . .

absorption is shown for a variety of amplitudes of unsteady pre\é(-eloc'ty’. V.Vh'Ch hag the greatest.peak absorption. .The Raylelgh

sure at the neck and shown to have little effect on the overg(fnductivity used in the calculations to produce Fig. 6 is from
we et al.’s solution for an aperture in an infinitely thin plate

absorption, which is reasonably high here. As before the minim ], as before, with a correction applied to account for the physi-

absorption occurs when the resonator neck is near a pipe n “lenath of the neck. Since the Ravieiah conductivit id
Notice that at this temperature and with a relatively short neck tff&" '€N9th of theé neck. since the Rayleigh conductivity, an
rticular, is a function of Strouhal number and hence frequency,

absorption is high and occurs over a broad range of frequenmgj frequency at which peak absorption occurs varies slightly be-

This ceases to be the case at higher temperatures and with | ) : .
necks as would be required if it were to be implemented in a r en t_he three conflg_uratlons. This has not been compensated for
combustion chamber. The practical implications of this are didcTe Since the magnitude of the absorption depends ugon
cussed below. which is itself a function of the volume. Nevertheless, it is clear
from Fig. 6 that increasingd gives absorption over a broader
2.2 Discussion. For low amplitude sound waves in the ab+ange of frequencies, but at the expense of peak absorption. This
sence of a mean flow, the Rayleigh conductivity of the neck s strong consequences for the use of Helmholtz resonators in
purely imaginary(i.e., =0), leading to the denominator of Eq.combustion systems. If the resonators are to have a significant
(13) being purely imaginary and becomes zero when effect in damping the oscillations, then it is essential that they are
attached to the combustion chamber itself. However, the high tem-
peratures in the combustion chamber result in complicated liners
\% and a cooling system. As a result the neck of the Helmholtz reso-
Since y=S, /I the familiar formula for the resonant nator will often have to be several centimeters long. The damping
Y effecties described by Fig. 6 suggests that this limits the overall perfor-

frequency of a Helmholtz resonator is recovered. Here the U 1ance of the resonator, leaving the designer to choose the balance

steady flow velocity into t_he HeImhoItz' resonator Is Iarg_e, aNfistween the maximum absorption achieved and the frequency
nonlinear effects become important. This limits the velocity an

leads t m nd absorption described ab In th nge over which this absorption occurs. Unfortunately, the cur-
c€ads 1o some sound absorption, as described above. In the Pregs understanding of the instability does not presently giva an
ence of a mean flow, howeves,has a nonzero value, leading to

. - ; : Hriori estimate of the amount of absorption required.
absorption away from resonance. Since the imaginary part of t €he other factors which appear in EQ5) are y; the sound

denominator in Eq(13) can still be set to zero at the frequencys : ——

. ;o peed in the Helmholtz resonator chamlwgr, the volume of the
defined by Eq.(14), this might be supposed to enhance the alyjo|not resonator chambev; the mean densityp; and the
sorption for modes®. When this occurs Eq13) becomes ) . -

acoustic pressure above the apertpie, y describes the inertance
o piE A2 of the aperture per unit area and is large for large radius and short

absorption- —( — ) (15)  neck length. In common witld, y is proportional to the aperture

P diameter. Sincey has a higher power in Eq15) than &, the

sincewS,= ay. Itis clear from Eq(15) that the absorption at the absorption increases with aperture size. The absorption is in-
conventional resonance frequency is inversely proportiondl to versely proportional to the sound speed and so we require a small
This occurs becausé describes the local absorption of the neclsound speed, and thus a low temperature in the Helmholtz reso-
irrespective of its acoustics environment. For very small but finitgator chamber for high absorption. The volume of the resonator
8, there is a little absorption at most frequencies. Near resonanckamber,V, is constrained to give resonance at the desired fre-

©Sy=ay, ie., whenw=c,\/- (14)

sc,
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quency by Eqg.(14). However, since the resonant frequency is 2.3.2 Case 2. This occurs for modest mean flow velocities
related toy/V, the volume must also increase @sncreases to and aperture diameters. The first term in Eq) is not significant
keep the resonant frequency constant. The increased volume #@tgaase 2, sincé is small whenw?S,> a’ y. The second term in
increases the absorption. The mean dengityaffects both the Eq. (17) depends upon the range of frequencies for whicis
incident sound and the absorption equally and so has no effefidse to its maximum. When this range is small, then the only
upon the proportion of incident sound which is absorbed. Thggnificant contributor to this term is when?S,>a’y and 8 is
acoustic pressure above the apertyg, is determined by the small. Then the term evaluates te(p;%/p) y=/4 as for case 1.
incident sound energy and the mode shape in the pipe or combygen this range is large, howeven3S,— a’y)/ 8 can be large
tion chamber containing the incident sound waves. and negative and so this term can be as Iargep@%i@ yarl2 for

The requirements for good acoustic performance, defined Bge «'y. As for case 1 this term is greatest for a short neck

high absorption over as wide a frequency range as possible, @'ggth and a large aperture diameter. It is also worth noting that

therefore summarized as large aperture, large volume, short ngek'iqta) acoustic energy absorption over a range of frequencies is
and low temperature. One might also be interested, however,#s dependent upon a frequency range than is the case for case 1.
the total amount of absorption over the entire frequency range fifis impiies that if the overall absorption over a range of frequen-
cies is the same for two arrangements, one for case 1 and one for
2.3 The Total Energy Absorbed. The total amount of case 2, the acoustic absorption at any given frequency will be
acoustic energy absorbed over a range of frequensieto w, 9reatest for case 2.
can be determined by multiplying E¢L3) by S, and integrating
with respect tow:

interest. This is considered next.

2.3.3 Case 3. This occurs for small mean aperture velocities
and large aperture diameters. As for case 2, the first term in Eq.
(17) will not be significant sinceé is small whenw?S,> a’ y. The

2
Total absorption:f PR (WS, dw= second term in Eq(17) has smalls for most of the frequency
o1 range and so will bev(pizlﬁ) vml2. Once again, overall absorp-
)2 2 tion is improved with a short neck length and a large aperture
_ f’”z P1"dwS; do (16) diameter. Unlike cases 1 and 2, however, increasing the aperture
o | p(@?8%+ (0S,— ay)?) diameter brings the conditions nearer to the limit described by

~case 3. Indeed the diameter is only restricted by the condition that
If yand é are assumed to have constant values over this fréte aperture diameter be small in comparison with the wavelength.

quency range, Eq16) can be solved directly to give It is notable that the most significant factors in determining the
o o total amount of energy absorbed over a range of frequencies are
| = Py~ f) In[a'26%+ (2Sy— a’ )2]"2+ Py (Z) the relative positions of the frequency for pegknd the resonant
o \4 REEP p 2 frequency of the Helmholtz resonator, and the range of frequen-

cies chosen. The absolute magnitudedois only important in

| tar1 w*S—a’y| |2 17 determining the overall absorption for the first term in E&j7)
an a'd an which is only significant when the frequency at whiélis maxi-
“1 mum occurs forw?S,>a' v, i.e., for case 1. The second term in
where Eq. (17) is nearly independent of and depends nearly exclu-
o sively on the range of frequencies and the relative positions of the
c,°S, two optimum frequencies.
a'=wa= v (18)

2.4 The Resonant Frequency for Large Local Damping.

Over the full frequency rangey=0 to w==, §andy will vary, In the discussion, so far, the local absorption by the aperture, for a
and so Eq.17) cannot be used to evaluate the overall acoustgiven fluctuating pressure difference across it, has been assumed
energy absorption directly. However, since it is valid for all freto have been small.e., § has been assumed smatowever, for
quency ranges for whicld and y can be considered constant, itsufficiently large aperture diameters near the optimum Strouhal
can be used to give a piecewise estimate of the overall absorptinamber,s can become significant. This is particularly true in prac-
We consider three cases: maximuirfor »?S,>a’y (case ], tical systems where the physical length of the neck can be non-
maximum & for w?S,~a'y (case 2 and maximums for w?S, negligible and soy is small. It is worth noting, therefore, the
<a'y (case 3. Sincew?S,=a'y at the resonant frequency of effe_ct this hqs on the fre_que_ncy at wh_ich maximum absorption is
the Helmholtz resonator in the absence of a mean flow, and mag¢hieved. Since absorption is proportional to the real part of the
mum & occurs when the local absorption is maximum; these coHnsteady velocity, this frequency can be obtained by differentiat-
ditions correspond to the three possibilities for the relative podnd Eq.(13) with respect taw (for constanty and 6) and equating
tions of maximum local absorption and the no flow resonaf® zero. This gives

frequency of the Helmholtz resonator. bl Rt 2S,0” yor 3’22+ )

2.3.1 Case 1. This occurs when the mean flow speed asso- 75 (@251 (0?S,—a' 7)) (19)
ciated with the aperture is large and the aperture diameter is small. Y
The first term in Eq.(17) is only significant when thew?S, Equating to zero and solving the quadratic equation we have
>a'y and is proportional t&. Sinced is maximum in this range —
for case 1, the first term is maximum for case 1. In practite, w =c_< A/ 472+352_ 7) (20)
«r (for fixed mean flow speed and frequehcwherer is the res— -2 \Y

radius of the aperture. Hence greatest absorption is achieved if th?\lote that this reduces to the no flow result in the limit0

limit is achieved with a large aperture mean velocity rather th : : ; .
with a small aperture diameter. The second term in(Ed. is also afggglrtgiir;(nz.o) can be substituted into EGLY) to give the peak

only significant whenw?S,>a'y. Since § is significant in this

range, the second term evaluates p$*(p) y7/4. y describes the p;2 2 (V4y?+368%—)%? 1)
aperture inertance, and is greatest for a small neck length.d, ke — — 2 i 2,22

vy is proportional tor and so large diameter apertures are benefi- P Aco (87 + 2y —yNay 357

cial. This reduces to
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Fig. 7 An illustration of a side-branch resonator with an arbitrary base attached to

a pipe
12 V2,302 will have no effect. Since their presence changes the boundary
absorptiorr — — (22) conditions this can be the case even if a node does not exist at that
P 4cyS;6 position when there are no resonators in place and is in fact al-

when y> 6. This differs by a factor of 4 from the peak absorptiorfvays the case. More than one Helmholtz resonator can be used to
given by Eq.(15). This occurs because in the lim#—0, the avoid this and then the circumferential spacing required would
greatest absorption becomes infinite and is not a formal magepend upon the order of the circumferential mode.

mum. The formal maximum occurs at a slightly higher frequency

where the absorption is lower. It has already been noted, however, Side Branch Resonators

that absorption occurs over a narrow band of frequencies in this
limit. Broadband absorption occurs in the limity—c. In this Although Helmholtz resonators are a compact way to absorb at
limit the frequency from Eq(20) becomes a particular frequency, it was shown above that a compromise is

set up between obtaining high absorption at the peak and obtain-
| S 2 ing absorption over a range of frequencies. This problem can be
Wres=Ca| 3 V2 (23)  overcome by using a side branch resonator where space permits.
) Consider the geometry illustrated in Fig. 7. Two incident sound
and the absorption becomes waves, one with complex amplitud& propagating from left to
su2 right in the left-hand portion of the pipe, and one propagating
absorptioss pivl’z—— (24) from right to left with complex amplitudé in the right-hand
4c, portion of the pipe, propagate along an infinite pipe of cross-
Thus for large damping the amplitude of the peak absorptig¢ctional ares, towardsx=0. At x=0, y=0; both pipes are
increases withd. In practice, however, the absorption predicted bttached to a side branch of lengtand arezs; via an aperture of
Eq. (24) is small except for very large volumes and such largar¢aS; and Rayleigh conductivityc. Through a combination of

aperture diameters that the assumption that the aperture is céfflection and transmission of incident wavésand D, two out-
pact becomes invalid. going wavegB, propagating from right to left in the left-hand part

of the pipe, andC, propagating from left to right in the right-hand
2.5 Conclusions. In practical systems, physical constraintortion of the pipg are generated. As before a mean flow of low

imposed by the system to be damped can have a strong effiich numberwhich may be zerpflows from left to right along
upon the performance of Helmholtz resonators. A reliable dampgie pipe. An acoustic wave of complex amplitul@ropagates in
would be one which provides high absorption over a large ran@ige negativey-direction towardsy=—1 where it is reflected to
of frequencies, with high absorption at the peak frequency. Thigve a second acoustic wave of complex amplitfd®wardsy
requires a short neck, a large aperture diameter, a large resonat@; The complex amplitudes, B, C, D, E andF are all refer-
chamber volume, and a low temperature within the resonator. djced tox=0, y=0. The factore '*' is suppressed throughout.
addition the resonator should be positioned as near to an acougfi¢he end of the side brandhe., aty= —1) an arbitrary bound-
anti-node as possible. In practice all these factors are constraingg exists which could be a solid wall, an open end, a chamber, or
As a result designers have a trade off between high absorptiorsgine other boundary. The viscous effects are ignored everywhere
the peak and broadband absorption. This trade off can be c@cept in determining the Rayleigh conductivity of the aperture.
trolled via the mean flow speed through the aperture. In designifg a practical system, the infinite pipe could be replaced with a
Helmholtz resonators, designers should first choose as largef@jte length pipe by relating wave8 and D via a reflection co-
aperture diameter, as short a neck length, and as low a resongtfitient at the end of the pipe.
chamber temperature as physical constraints permit. Second, theyne acoustic velocity entering the side-branalyg, is related

should choose the volume of the Helmholtz resonator to give résg-yhe pressure difference across the aperture via the Rayleigh
nance at the required frequency. Third, the mean velocity throug nductivity:

the aperture is chosen to set the Strouhal number of the aperture. o
The absorption should be calculated at this stage to check that the (p1— (E+F))k=pioS;usg (25)
absorption is both broadband and significant. If space will allow, = bit flacti - define th flocti
multiple Helmholtz resonators positioned around the circumfer- or an ar |rarE/ reflection &y we define the retiection
ence can be used to extend the bandwidth for absorption. WhgpeefnmentR asF=RE. Hence

circumferential modes are important, as is often the case in com- Kp;

bustors, circular symmetry means that with only one Helmholtz E= AR x+ia(l-R) (26)
resonator, it is always possible to have a pressure node at the neck

of the Helmholtz resonator and when this is the case the resonaad
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E—F kpl(1-R) absorption and high peak absorption. In designing an absorber,
uSB—( — ) = A+RxFia(1-R) (27) therefore, designers should first try to arrange for the neck length

pCy to be as short as possible and for the aperture size to be as large as
where possible. The volume is then chosen to give maximum absorption
, at the required frequency. The Strouhal number of the neck flow is

, P1 - 0S3 chosen to give the desired balance between broadband absorption

1 pCy C, and high peak absorption. Where space allows, multipl_e resona-
tors should be used and spaced around the combustor in order to

Equation(27) relates the unsteady velocity into the side branclncrease the bandwidth. This is also beneficial since with only one

Usg, to the local acoustic pressung,, and the acoustic proper- Helmholtz resonator the change in the mode shape will result in a

ties of the aperturécharacterized by the Rayleigh conductiviky, pressure node at the resonator neck resulting in no damping.

and the reflection coefficientR. Absorption or generation of Side branch resonators provide an alternative absorber, but

acoustic energy is related to that part of the acoustic velacjfy, these take up a great deal of space and have a number of frequen-

180 deg out of phaséor in phase for generatiorwith the local ~Cies in which the absorption drops to zero.

acoustic pressure; . As for the conventional Helmholtz resona-

tors, we assume that is entirely real and take the real part of theAcknowledgments

velocity. TakingR=Ro(cos(p) +isin(¢)) and x=y—i9, The work contained in this paper was sponsored by Rolls

u Royce plc. as part of the ESPR project under the guidance of Bryn
|A|?% i,B =(y?*+ 6% (1-R3)+ ad(2R,cod ¢)— (1+R3))  Jones. We are also grateful to Dr. Ivor Day for his help in the
1 design of the experiment.

’

(28)
where Nomenclature

|A|2=(y2+ 6%)(1+ R+ 2R, cog $)) + aX(1+ R2— 2R, cog $)) A, B, C = complex amplitude of acoustic waves

5 D, E, F = complex amplitude of acoustic waves
+4yaRgsin(¢) +2a6(Ry—1) (29) M = Mach numberU/c; in the pipe
This simplifies wherRy=1: R = reflection coefficient
S = cross-sectional area
Usg ad(cog p)—1) U = velocity
Rl —|= “denominator V = volume of resonator chamber
P1 (30) ¢ = speed of sound, discharge coefficient
where denominator (y?+ 8%)(1+co +a?(1-co p = pressure
(v A L9))+a( 44) a = positive real function
+2yasin(¢)) v = real part pf quleigh conductivity .
Notice that since cdg)<1, anda(=wS,/pC,) and the denomi- f i gz%?é'i\éi |(r:r(1)?]gd|lrj1(z:atri¥it§)/art of Rayleigh conductivity
nator (=|A|?) are always positive, E¢30) is always negative for p = fluid density
a positived, i.e., the side-branch resonator with simple reflection o = angular frequency

aty=I| always absorbs when there is absorptiolyat0. In con-
trast with the Helmholtz resonators, however, the denominator ofsypscripts
Eq. (30) can become zero even in the presence of absorption at the .
neck because of the phase difference between the acoustic waves + — PiPe

E and F resulting from the length of the side branch. As the 2 aperture
denominator tends to zero the real part of acoustic velocity into side branch
the side branch rises. This gives rise to increased absorption. Th%uperscripts
absorption cannot be greater than the incident sound energy, how-

ever, and, so, as the acoustic velocity rises, the resonator responds , — mean value
by enforcing a node near the aperture. In practice, however, the = perturbation
numerator also becomes zero when

Appendix: Experimental Arrangement

cog¢)=1 (31)

S . Figure 8 shows an illustration of the experimental set up used.
and so overall best absorption is achieved for smab that the e pressure oscillation between 50 and 500 Hz is provided by
denominator vanishes near ¢¢$=—1. Smalla requires a large ,mping air through a rotary valve. The flow rate of air through
sound speedand thus a large temperatiirend a low side tube e main pipe is measured with a flow meter. The Helmholtz reso-
area, which has an adver_se affect on the area over_whlch SOUNfdsor consists of a nylon cylinder of radius 62 mm bounded by a
absorbed. As a result, side tube resonators are likely t0 be fgion cylinder at one end and a metal plate at the other. The metal
stricted in their range of absorption as the absorption will drop {ate has a 12.5 mm diameter circular aperture at the center which
zero near cdg)=1 and it is difficult to arrange for the denomi- geparates it from the test pipe. The plate is flat on the side of the
nator to become zer@nd thus obtain the maximum absorpli@ pyjon cylinder, but curved on the other side so that it smoothly
frequencies greatly removed from this minimum. Side branqﬁ/ ets the test pipe. The volume of the resonator chamber is varied

resonators also have the disadvantage that they require a my djusting the position of the piston between 5 and 20 cm from
greater volume to absorb at the required frequency than is the cg{g metal plate. The aperture has sharp edges.

for Helmholtz resonators. The acoustic waves upstream and downstream of the resonator
. are measured using three kulites in each section of the pipe and
4 Conclusions applying the two microphone technique of Seybert and Rb3k

In this paper, we have discussed the effects of practical cohhe kulites are also calibrated in the way suggested by Seybert
straints on the acoustic performance of absorbers. It has be#sl Rosg19]. Two additional kulites, one below the resonator
shown that the need for high temperatures and long necks ftgck and one in the resonator chamber, are also used to measure
Helmholtz resonators leads to a compromise between broadbardand p;, respectively.
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Surface-Stahilized Fuel Injectors
With Sub-Three PPM NO,
Emissions for a 5.5 MW Gas
Turbine Engine

ALZETA Corporation has developed surface-stabilized fuel injectors for use with lean
premixed combustors which provide extended turndown and ultrblGyemission per-
formance. These injectors use a patented technique to form interacting radiant and blue-
flame zones immediately above a selectively perforated porous metal surface. This allows
stable operation at low reaction temperatures. A previous ASME paper (IJPGC2002-
26088) described the development of this technology from the proof-of-concept stage to
prototype testing. In 2002 development of these fuel injectors for the 5.5 MW turbine
accelerated. Additional single-injector rig tests were performed which also demonstrated
ultralow emissions oNO, and CO at pressures up to 1.68 MPa (16.6 atm) and inlet
temperatures up to 670°K (750°F). A pressurized multi-injector “sector rig” test was
conducted in which two injectors were operated simultaneously in the same geometric
configuration as that expected in the engine combustor liner. The multi-injector package
was operated with various combinations of fired and unfired injectors, which resulted in

low emissions performance and no adverse affects due to injector proximity. To date sub-3
ppmNO, emissions with sub-10 ppm CO emissions have been obtained over an operating
range of 0.181.68 MPa (1.8-16.6 atm), inlet temperatures from 340 to 670K (486
750°F), and adiabatic flame temperatures from 1740 to 1840K (288B0°F). A full

scale multi-injector engine simulation is scheduled for the beginning of 2003, with engine
tests beginning later that yeaDOI: 10.1115/1.1839920

Introduction lytic combustors in gas turbine engines which can achieve sub-3
L . i . ppm NQ, emissiong2]. These combustors use a catalyst to sta-

AlTZETA Corpora}tlon IS devek_)plng a ;unface stabilized COMplize gas phase combustion at temperatures less than 1645 K

bustion system for industrial turbine applications capable of sub;

ppm emissions of oxides of nitrogen (NOwith simultaneous (2500°B. However, precious metal catalyst life is greatly limited
low emissions of carbon monoxid€0) and unburned hydrocar- at temperatures above 1310(K900°F), and temperatures consid-

ably higher than 1365 K2000°F are required to realize accept-

o o ; e
bons. Sqrface-stablllzgd.combusthn is a simple approa(_:h_ Wh'gble CO and HC emissions. Methods have been developed to
can maximize the emissions benefit of lean fuel/air premixing rcumvent these problems, but they introduce additional com-

increasing flame stability, and doing so in a compact and flexib exities and limitations that result in incompatibility with a num-

manner. This paper wil dlscqss progress tovyards deploymg TR of existing gas turbine configurations unless extensive engine
technology, already commercially successful in atmospheric bof jifications are performed

ers and process heaters, in. gas turbine er!gineg. The application &, e stabilized combustion is a simple approach that extends
surface-stabilized combustion to gas turbines is being developg operating range of lean premixed systems to achieve sub-3
under the name nanoSTARTM. . ppm NQ, emissions. The technology has advanced through proof-
Low emissions of oxides of nitrogen (i) as wel] as Carpon of-concept testing in pressurized rigs and demonstration in a 1
monoxide and unburned hydrocarbons can be achieved with thpfpy test engine. Prototype injectors for the 5.5 MW Taurus 60
ough fuel/air mixing and control of the adlabajlc flame tempergiqve been designed, built, and rig tested. The present work is
ture of that mixture below about 1920 (8000°F. One of the f,csed on addressing operational and design issues relevant to an
great difficulties with such lean premixed systems has been malfjar combustion liner configuration. Specifically, the ability to
taining flame stability in the narrow flame temperature range bggite at pressure, operate with adjacent fired and unfired injec-
tween high NQ production and lean flame extinction. Aerody-os and determine the optimal distance between injectors. Addi-
namically stabilized injectors have very narrow ranges Qjonal single injector tests were performed at higher inlet tempera-
operation, necessitating multiple injector stagifigo to four e and pressure to establish the feasibility of applying
stages in some systepner piloting [1]. Such dry low NQ, or 13n0STAR to higher pressure ratio engines. The successful results
DLN systems, have been successfully deployed to achieve subfggay these tests support continued development of nanoSTAR

ppm NQ, emissions in several gas turbine applications, and {gith full combustor testing and engine testing planned for the
some cases much lower. To date, however, such systems haveddghing year.

been refined to reliably achieve sub-3 ppm Ngnission levels.
A more recent development has been the demonstration of cata-
Technology

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF The particu|ar sty|e of surface-stabilized combustion inherent in
ENGINEERING FORGAS TURBINES AND POWER. Paper presented at the Interna—NanOSTAR injeCtOI’S is best described as laminar blue-flame com-
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jupe™ . ) L . .

16-19, 2003, Paper No. 2003-GT-38489. Manuscript received by IGTI, octobBHstion stabilized by significant velocity gradients above a porous
2002, final revision, March 2003. Associate Editor: H. R. Simmons. metal-fiber mat. The operation of this type of surface-stabilized
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(500,000 Btu/l Assuming the firing rate of the injector increases
linearly with pressure, the surface firing rd®FR remains con-
stant as pressure increases. This results in a compact injector size
for a given capacity in high pressure systems. Therefore the 146.5
kW (500,000 Btu/h injector at 0.1 MPg1 atm) becomes nomi-
nally a 1465 kW(5 million Btu/h) injector at 1 MP&10 atm). Put
another way, based on a gas turbine with a heat rate of 10,000
Btu/kW/h and a combustion pressure of 10 atm, only about one
square foot of injector surface area would be required for every
megawatt of gas turbine output.

NanoSTAR injectors are constructed of small metal fibers
which are compressed and sintered, resulting in an all-metal struc-
ture. This porous pad is perforated to produce a proprietary ar-
rangement of perforation zones. The perforated metal fiber pads
have a very low pressure drop but excellent flow uniformity. They
Fig. 1 Surface-stabilized combustion also display excellent durability in fired service. In an atmospheric

cycling test, a nanoSTAR metal fiber pad withstood over 15,000

ignition/cooling cycles over a 30 day period without a significant
combustion is characterized by the schematic to the left of Fig. I@ss in operability. Further material and oxidation studies are to be
which shows premixed fuel and air passing through the metal fibggnducted to estimate injector life which is expected to exceed
mat in two distinct zones. 8000 h. Figure 2 depicts an injector in a gas turbine combustor

In the porous-only zone true surface combustiais realized. liner.

Under lean conditions this will manifest as very short laminar The laminar blue flame combustion zones created by the sur-
flamelets, but under rich conditions the surface combustion wiice stabilization contribute to lower NOemissions in three
become a diffusion-dominated reaction stabilized just over a mikays. The dominant mechanism is the expected benefit from us-
limeter above the metal matrix, which proceeds without visibl&g fully premixed fuel and oxidizer, resulting in a uniform tem-
flame and heats the outer surface of the mat to incandescer@ature across the reaction zone, and lean burning, resulting in
This type of radiant surface combustion can be seen between tfaction temperatures below the 1920(3000°F limit for ther-
laminar flamelets to the right of Fig. 1. mal NQ, formation. The second is the much lower residence time

Portions of the metal fiber mat are perforated to allow highén the hot combustion zone. The peak temperatures are realized in
mass flux(B). In these zones stretched laminar flames are estdbe combustion front formed by each laminar flamelet which, like
lished that are anchored by the adjacent surface combustion. Tthigt of a Bunsen injector flame, is very thin. So the residence time
produces the distinctive flame pattern seen in the right-hand pio-the peak flame temperature zone for a nanoSTAR injector is a
ture of Fig. 1. The specific perforation arrangement and pattefraction of that of a typical aerodynamically stabilized injector.
control the size and shape of the laminar flamelets. The perforafBae third mechanism is a more rapid postflame cooling of each
zones operate at flow velocities of up to ten times the laminhtue-flame zone via the gas phase radiation mechanism. By
flame speed producing a factor of 10 stretch of the flame surfaggreading the flame over a larger surface, the gas layer thickness
and resulting in large laminar flamelets. The alternating arrangat-any specific location on the injector is tHirlative to that of a
ment of laminar blue flames and surface combustion allows higlonventional injectgrand can more rapidly transfer energy as a
firing rates to be achieved before flame lift-off occurs, with theesult.
surface combustion stabilizing the long laminar flames by provid- These mechanisms combine in a nanoSTAR injector to produce
ing a pool of hot combustion radicals at the flame edges. lower NQ, emissions than a typical lean premixed aerodynami-

At atmospheric operation, nominal injector output would beally stabilized injector. Figure 3 shows a comparison between
3.15 MW/nt (1.0 million Btu/h/ff), so an injector with a fired nanoSTAR injector emission results from a high-pressure rig test
area of 0.047 M (0.5 f®) would have a capacity of 146.5 kW and perfectly premixed aerodynamically stabilized emission re-

COMBUSTOR LINER NV Y—y —
SINTERED METAL FIBER PAD /
/ LINER DILUTION HOLES

PREMIXED sttt s bt e el B et e
FUELIAIR[: e R R i
DISTIBUTOR SELECTIVE
PERFORATIONS
MOUNTING RING

Fig. 2 Surface-stabilized nanoSTAR injector
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Fig. 3 Surface-stabilized compared to aerodynamically stabilized emission results; both tests
conducted at 1.01 MPa (10 atm) pressure and 535-590 K (500-600°F) inlet temperatures

sults from a 1990 paper by Leonard and Coiff&la In both cases nanoSTAR injector to provide stable operation through the start
the tests were conducted at 1.01 MA#® atm) and 535-590 K ramp and across the engine load range. An existing modified 1
(500—-600°F inlet temperatures. MW Solar Saturn engine was used. The engine is outfitted with an
In addition to lower emissions with a wide turndown windowexternal side-mounted combustor that allowed for easy hardware
nanoSTAR injectors can be designed to fit within existing conmodification and instrumentation. The side-mounted design also
bustor liners and fitted to existing fuel/air premixers without eXprovides variable geometry in the form of butterfly valves to con-
tensive modification to the combustion equipment or pressuiig| the air flow split between the primary and dilution zones.
case. Furthermore, they require no extraordinary control scheme®n the first day of testing, the surface-stabilized injector took
or equipment beyond that which would be required for an aerghe engine through the start ramp to the point of starter drop-out,
dynamically stabilized lean-premixed injector. the idle point where combustion provides enough energy to main-
tain air flow through the engine. By the second day of testing
stable operation up to 92% engine speed was achieved. Figure 4
Past Work shows the gas producer speed and,N@issions from this test

A previous ASME papetlJPGC2002-26088described the de- run. N_o effort was made to optimize emissions performance as
velopment of nanoSTAR from the proof-of-concept stage to pr(gperatlonal_characterlstlcs of the _tec_hnology were the focus of the
totype testing4]. These tests were part of a development prografffmonstration. However, NOemissions were well below the
pursued after a relationship was established between ALZETA afy@ica! dry low NQ, value of 25 ppr15% ;). On the third and
Solar Turbines. The initial target applications were Solar gas i@l day of testing the start ramp was completely automated. The
bines in the 5—7 MW range. engine was brought to idle speed entirely by the control system

Initial proof-of-concept tests occurred at the National Energ*cept for manual adjustment of the air flow split. As control
Technology Laboratory'$NETL) Low Emission Combustion Test &lgorithms were developed, several system shutdowns occurred,
and Research facility in Morgantown, West Virginia. These higtnd the nanoSTAR injector responded with reliable ignition and
pressure rig tests demonstrated operability and low emissions iR&formance through several start ramps. The engine was operated
simulated gas turbine environment. The surface-stabilized injectdr 95% speed before a high temperature limit upstream of the
was shown to operate stably over a pressure range of 0.18—1t@dpine section(unrelated to the surface-stabilized injegtpre-

MPa (1.8—-12.2 atmat the nominal values of flame temperatur¢ented further increase.

and mass flow, so the operating envelope of the injector wasThe proof-of-concept tests confirmed that nanoSTAR technol-
shown to be large. NQemissions, at the lowest flame temperaogy can operate under the conditions of pressure and temperature
tures, were generally below 2 parts per milli@orrected to 15% found in a gas turbine engine, and can in fact provide the motive
0,) and at times below 1 ppm. The highest value recorded wpswer for an actual engine. The next phase was to design, test,
less than 3.5 ppm. and demonstrate a prototype injector for Solar’s Taurus 60 engine.

After the success of the testing at NETL, additional proof-of- First, the technology itself was refined based on the results of
concept tests were conducted at Solar Turbines’ San Diego facilie previous tests. A new generation of monolithic nanoSTAR
ties. The most significant of these was a demonstration on ijectors were produced. This produced a simplified combustion
operating gas turbine engine, which demonstrated the ability okarface free of welds or other joints, and allowed the injectors to
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Fig. 4 Gas producer speed and NO , emissions from Saturn test run

be produced in a variety of shapes to interface with any particulémer wall. However, nearly all proposed engine configurations
combustor liner. An example of the resulting injector head iwould require numerous individual injectors to be placed inside
shown in Fig. 5 during an atmospheric test. an annular combustor liner. This creates a situation where the fired
An extensive program of single-injector rig tests was conductatirface of one injector will be exposed to the fired surfaces of
at Solar's high-pressure test rig facility. The prototypes wergther injectors just inches away. At this stage in the development
tested under a variety of conditions, ranging from near atmgrogram, it was necessary to determine an optimal separation dis-
spheric all the way up to simulated full-load conditions. The intance for two neighboring injectors in a Solar engine. Interactions
jector demonstrated stable operation at each of ten pressure, tggtween a fired injector and a neighboring unfired injector would
perature, and fuel flow combinations targeted. At a pressure afido be investigated.
air preheat designed to simulate a full-load operating condition Testing was conducted with a set of identical and replicable
(1.24 MPa(12.2 atm, 640 K (690°F inlet temperaturk the fuel injectors. The tests involved a set of two injectors placed side by
flow was reduced to near lean blowout in an effort to identify gjde in a rectangular liner approximating a sector of the combustor
point of optimal emissions. In this range, several data points wejfinulus of a Solar Taurus 60 engiffence the term “sector rig”
collected with NQ emissions less than 3 ppm and CO emissiongstg. This two-injector configuration allowed investigation of all
less than 25 ppm. A final data point was collected with,N@nis-  relevant operating modes. One side of each injector was exposed

sions less than 2 ppm, but CO emissions had jumped to about{8Gne adjacent injector, while the other side faced a hot, insulated
ppm. Figure 6 shows a plot of N@nd CO emissions versus AFT.yaI.

) ] The proximity testing made use of an existing sector rig at
Present Work: Multiple Injector Tests Solar Turbines. This rig was initially designed and used to simul-

All previous testing of nanoSTAR injectors at Solar Turbinet@neously test up to three DLN injectors inside a simulated sector

had involved a single injector firing in conjunction with a coole®f @ Taurus 60 combustor liner. The pressure vessel of the rig
underwent minor repairs and was pressure tested. The combustor

liner, Fig. 7, was completely rebuilt for the test. The top and
bottom of the liner were backside cooled while the ends were
lined with ceramic insulation board. This configuration creates a
thermal environment similar to that found in an engine. The liner
has a rectangular cross section, which adequately simulates the
large radius of curvature in the Taurus 60 engine. The rig and the
liner both feature accommodations for a direct-spark igniter.

The inlet “dome” of the liner was redesigned in order to mini-
mize air leakage into the primary zone at the injector/liner inter-
face. Injectors are flange mounted and can easily be replaced if
necessary. The dome also features a sliding mechanism that al-
lows for continuous variation of the injector separation distance.
This distance can be adjusted from 5 in. down to 3 in., with
S N NN P S R, approximately 3 in. being the target for most engine designs. The
interior of the dome is lined with ceramic insulation board.

Instrumentation and data collection in the sector rig were simi-
lar to that of previous single-injector rigs. Two quartz sight glasses
were installed to allow optical access to each injector via video
Fig. 5 NanoSTAR injector during atmospheric testing cameras connected to monitors in the control room. Emission
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Fig. 6 Emissions versus calculated adiabatic flame temperature

probes drew samples from a number of discrete tubes arrayeds fired at a steady-state condition while the other injector re-
across the exit plane of the combustor liner. These samples warained unlit with only air flowing through the surface. An appro-
combined and sent to the emissions train for continuous samptiate amount of fuel was then supplied to the second injector, and
ing of NO, CO, HC, GQ, and CQ concentrations. Thermo- the resulting ignition event studied.
couples and hydrocarbon sample tubes installed on each injectof he second focus of the sector rig tests was steady-state testing
allowed accurate online calculation of the AFT for each injedwith two injectors firing simultaneously. Beginning at 5 in. sepa-
tor. Pressure losses for the combustor as a whole and for esgHon distance, the two injectors were tested through a range of
injector individually were read with pressure transducers. Co '—méjlgé?]‘(jji‘teig%'n\e/igﬁaelr%tg;gerc\/%?%'ggn;’ li)noilkllj?;lrj)gcftio-{sal:/\r/:fe@ngjolllé
bustor inlet and exit tempere_ltures and liner temperatures W ring testing in order to identify any potential surface nonunifor-
measured. All data were continuously sampled and electronic ities. Emissions data were gathered in an attempt to determine if
recorded throughout the test. emissions are impacted by injector-to-injector interactions. Lean
The first issue to be addressed during sector rig testing was tBgwout testing was also conducted to identify any effect on sta-
of pressurized ignition. Many of the potential schemes for achiepility from the multi-injector configuration. As testing progressed
ing engine turndown involve turning certain injectors, or zones @he injectors were moved closer together and portions of the tests
those injectors, on and off at different points in the engine loadingere duplicated. At a separation distance commensurate with the
cycle. A characterization of ignition of one unfired injector by amaurus 60 enginéapproximately 3 in, a longer steady-state test
adjacent fired injector is critical to the development of these cofras conducted.
trol schemes. Ignition tests were conducted at a variety of inletThe final focus of investigation was steady-state tests with one
pressures, inlet temperatures, and airflow rates that simulate fifbd injector and one unfired injector. Single-injector testing has
and part load turbine speed conditions. In each case, one injeGfgficated that the presence of cold airflow directed at or across the
injector surface can potentially lead to combustion instabilities
and poor emissions. In this configuration, which is integral to
many of the engine turndown schemes, the cold air flowing
through the surface of the unfired injector will likely have some
interaction with the combustion on the surface of the fired injec-
tor. This interaction was studied at each separation distance by
testing one injector through a matrix of simulated engine operat-
ing conditions while the other injector admitted airflow but re-
mained unfired.

Multiple Injector Results

Testing proceeded initially over six days, with the injectors be-
ing moved closer together on succeeding ddig. 8. Day one
was a shakedown test with only one injector installed, while day 6
was a durability test performed at the last separation distance. At

Fig. 7 Solid model of sector rig liner with two nanoSTAR in- each injector separation distance a full day of testing was con-
jectors installed ducted during which firing with only one and with both injectors
280 / Vol. 127, APRIL 2005 Transactions of the ASME
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Injector separations on successive days of testing

intermediate pressures. This is because pre-test cycle analyses in-
dicated that these pressures corresponded to engine operating con-
ditions where pressurized ignition would be necessary for success-
ful low emissions performance.

On days 3 and 4 the ignitions were smooth and repeatable. At
no point were there significant combustion dynamics or pressure
oscillations during these ignitions. On day 5, some of the pressur-
ized ignitions took place at high injector SERear 1.4, resulting
in unusually high velocities through the surface. Under these con-
ditions there were some small measured pressure oscillations dur-
ing ignition, which disappeared once the second injector was fully
burning. At nominal to low SFRs there were no observable dy-
namics or oscillations, just as in the previous tests. Injector sepa-
ration distance did not appear to affect pressurized ignition behav-
ior.

On Day 2 extensive testing was performed with one injector
fired and one not. The presence of the unfired injector did not
appear to influence the stability of the fired injector. Turndown
and NQ, emissions were similar to those observed in previous
single-injector tests. However, the presence of the second injector
did affect CO emissions. Figure 9 shows CO emissions from four
days of testing whenever the one-injector-fired configuration was
run. Emission levels were mostly in the 50-100 ppm rafuge-
rected to 15% §) even at higher AFTs. Relatively cool air from
adjacent unfired injectors quenches CO oxidation that normally
occurs in the liner volume. Within the range tested, the injector

was attempted, pressurized ignition behavior was evaluated, ajgharation distance did not affect this tendency.
emissions data were collected. After each day of testing the injec-The final series of tests were with both injectors firing at all

tors were visually inspected.

simulated operating conditions and the three separation distances.

Table 1 summarizes the pressures at which ignition of the sagen fired in this configuration the observed steady-state interac-
ond injector was conducted while the first injector was fired. Agon between the two injectors was minimal. There was no inter-
can be seen from the chart, most tests were conducted at lowaigion between the laminar flamelets established on the surface of

Table 1 Pressurized ignition summary

each injector, and the sections of the injectors facing each other

did not glow excessively from radiant heating. No excessive com-

bustion dynamics or pressure oscillations were observed.
Figures 10 and 11 show the N@nd CO emissions when both

Testing No. of ignitions Pressuréatm) injectors were fired at the three separation distances tested. NO
Day 3 5 1.3,21,36,48,65 emissions less than 3 ppm and CO emissions less than 25 ppm
Bgyg ? 2'21' 3'12’ ‘21-2?; 2'93’ 2-84 g 9é 8-9% %O-Owere achievable. The CO emissions were higher than those ob-
Da¥ 6 2 T o6 T served during single-injector testing. One potential explanation is
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Fig. 10 NO, emissions for both injectors fired

that purge/cooling air from the two quartz viewports was observedired NQ emissions from the 3 in. separation tests plotted with

impinging on the surface of both injectors, to such an extent thie NQ, emissions from a previous single-injector test with an-
flames in those areas were deflected by the flow. This could hay®er nanoSTAR injector.

driven higher CO emissions than those observed during single-Day 6 included an “endurance test” in which both injectors
injector testing. Also note that the emissions performance is indggre run for a full day. In total, over all days of testing, the total

pe?ﬁ:nér?r:gthgfi?ﬁ;tﬁqrj;;g?sraitniqorélgissetagfoekimity 1o each othe/"ed run time on the first injector exceeded 40 h, while the total
appears to have no adverse effect on the, N@iissions when run time on the second injector exceeded 20 h, including 22 pres-

compared with single-injector tests. Figure 12 shows the me%H“zed starts. After the entire program of testing the two injectors
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Fig. 11 CO emissions for both injectors fired

282 / Vol. 127, APRIL 2005 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Calculated Adiabatic Flame Temperature (°F)
2750 2800 2850 2900 2950 3000 3050 3100 3150 3200 32{50
1 1 ! L ! ! 1 I L 1

10

m  Single Injector
® Dual Injectors - 3" Separation

NO, Emissions (ppm, corrected 15% O,)

1800 1850 1800 1950 2000 2050
Calculated Adiabatic Flame Temperature (K)

Fig. 12 Comparison of day 6 NO , data with data from a single injector test on Dec. 7, 2001

were examined and neither showed any signs of excessive agingbines’ 13.5 MW Titan 130. This engine operates at a pressure
due to the proximity testing. Figure 13 shows before and aftestio of 16 as opposed to 12 for the Taurus 60. To assess the

pictures of the first injector. feasibility of applying the technology to higher pressure ratio en-
) ) gines, a prototype Taurus 60 nanoSTAR injector was rig tested
Higher Pressure Operation under simulated Titan 130 pressure and temperature conditions.

Previous tests at multiple facilities clearly established the vi- AS in previous tests the injector was ignited at near-atmospheric
ability of nanoSTAR surface-stabilized combustion technology &enditions and ramped through a series of pressure/temperature
pressures and volumetric heat release rates consistent with indi@nbinations, however, this time the ramp was continued beyond
trial gas turbines with pressure ratios up to 12. Higher inlet tenfaurus 60 full load conditions, ultimately reaching 1.68 MPa
peratures and pressure ratios are required to increase engine €ff-6 atm and 670 K(750°F. At these elevated pressure and inlet
ciency and are encountered in higher output engines such as Stéanperature conditions, the injector displayed greatly enhanced

Fig. 13 Pictures of the first sector rig injector before testing (left) and after
testing
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Fig. 14 NO, and CO emissions at 116 MPa (16 atm) versus AFT

stability over previous tests at 12 atm and below. A lean blowobly proximity firing. Pressurized ignition was successful and was
ramp was conducted and the injector was able to reach an AFfpeated at several pressures with no observable combustion dy-
below 1685 K(2575°F prior to flameout. NQ emissions as low namics and little pressure fluctuations.
as 1.1 ppm were recorded, though CO had climbed above 100The one issue identified during the proximity testing was that
ppm at that point. More reasonable CO emissions of 29 ppm weZ®© emissions appeared higher when one injector was fired while
displayed at a flame temperature of 17102618°H and corre- the other was not. Two facts might mitigate this effect operation-
sponding NQ emissions of 1.6 ppm. The crossover point wherally, however. One is that for the majority of the test points the
NO, and CO emissions were equal was around 3 ppm and a fla@® emissions in this configuration were between 50 and 100 ppm
temperature around 1755%R700°H. Figure 14 shows measured(corrected 15% ¢). Thus, a small increase in the combustor vol-
emissions of CO and NQat the nominal 1.6 MP&L6 atm) pres- ume may reduce CO to the targeted level. The second is that all
sure condition. cycle analyses conducted on both the Taurus 60 and Titan 130
During these tests the nanoSTAR injector displayed stable, loeycle data indicate that situations involving unfired injectors only
emissions operation in the 1.20—1.68 MR2-16 atm range and arise below about 60% load. Therefore higher CO emissions due
throughout a broad range of surface firing rates and adiabaticnonfiring some injectors would only be a part-load effect. CO
flame temperatures. After testing, the injector was inspected amahissions lower than 25 ppm could be expected at higher engine
displayed no physical change, and indeed after 10 h of intensile@ds. This issue still requires further investigation.
testing and multiple ignition starts the injector appeared virtually Recent rig tests by ALZETA and Solar Turbines have clearly
the same as it did prior to testing. In addition, the lower emissiomemonstrated the viability of nanoSTAR surface-stabilized fuel
and increased lean stability at the higher operating pressure indijectors under operating conditions of 1.68 M@#®.6 atm and
cate that the nanoSTAR injector benefited in terms of stabili§70 K (750°B inlet temperatures. Ultralow emissions of NG<3
from the higher inlet temperature without paying the expectgghm) and CO(<10 ppm were demonstrated at these higher pres-
emissions penalty. Although NCemissions are higher with in- sure and temperature conditions.
creased preheat at any given flame temperature, this effect is mor&LZETA and Solar Turbines are continuing with the next phase
than counteracted by the increase in lean stability. The net effecbis deploying nanoSTAR technology, which will be a multi-
that lower overall NQ emissions are attainable at the increaseidjector full scale rig test in the first quarter of 2003. Engine
temperature and pressure conditions encountered in the Titan 18§ting is scheduled to begin later that same year.
engine.

Acknowledgments

. This work was funded in part by the California Energy Com-
Conclusion mission and the U.S. Department of Energy.

The extensive tests conducted with two injectors in close prox-
imity demonstrated sustainable operation down to 3 in. of separa-
tion as required for application in the Taurus 60 without modifi
cation of the combustion liner. N@missions when both injectors Nomenclature
are fired were unchanged from previous single-injector tests. Det-AFT = Adiabatic Flame Temperature; a value calculated

rimental interaction between the two injectors when fired together from the inlet temperature, pressure, fuel/air ratio,
was not observed, and neither injector was damaged in any way and fuel composition.
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Measurement of Smoke Particle
Size and Distribution Within a Gas
Turbine Combustor

The objective of the work described in this paper was to identify a method of making
measurements of the smoke particle size distribution within the sector of a gas turbine
combustor, using a scanning mobility particle sizing (SMPS) analyzer. As well as gaining

a better understanding of the combustion process, the principal reasons for gathering
these data was so that they could be used as validation for computational fluid dynamic
and chemical kinetic models. Smoke mass and gaseous emission measurements were also
made simultaneously. A “water cooled,” gas sampling probe was utilized to perform the
measurements at realistic operating conditions within a generic gas turbine combustor
sector. Such measurements had not been previously performed and consequently initial

work was undertaken to gain confidence in the experimental configuration. During this
investigation, a limited amount of data were acquired from three axial planes within the
combustor. The total number of test points measured were 45. Plots of the data are

e-mail: mark.j.Jefferies@rolls-royce.com

M. Hilton presented in two-dimensional contour format at specific axial locations in addition to
axial plots to show trends from the primary zone to the exit of the combustor. Contour
M. P. Johnson plots of smoke particle size show that regions of high smoke number concentration once

formed in zones close to the fuel injector persist in a similar spatial location further
downstream. Axial trends indicate that the average smoke particle size and number con-
centration diminishes as a function of distance from the fuel injector. From a technical
perspective, the analytical techniques used proved to be robust. As expected, making
measurements close to the fuel injector proved to be difficult. This was because the
quantity of smoke in the region was greater than 1000 mglinwas found necessary to
dilute the sample prior to the determination of the particle number concentration using
SMPS. The issues associated with SMPS dilution are discussed.
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of a fully annular combustdrl,2]. The segments next to the wall
f the combustor are not representative because of wall quench-
g, and recirculation effects. Measurements were therefore re-

Introduction

With respect to gas turbine engines, the radiation emitted B
smoke particles is detrimental to combustor and turbine blade 1it89
Smoke emissions also pose a threat to health and the environm (_:ted to the two cen_tral segments. S
Although some legislation currently exists for smoke emissions, it test rig has been In use for some years at anetlQ, Pyestock
is likely that more stringent pollution control will be forthcoming.In Hampshire U.K, which has the unique ability of being able to

Currently the only reliable way of determining the smoke corEX{ract gaseous samples from within the volume of a gas turbine
centration is by using experimental test rigs. If, however, a refOmPustor. The test rig has the capability of supplying inlet air
able smoke model were to be evolved, then considerable ci@Peratures up to 900 K, air mass flow rates up to 5 Kg/s and

savings could be the net result as expensive rig testing could J&ssures up to 10 bar. The arrangement of the facility is illus-
reduced or eliminated. trated in Fig. 1. The main components of the rig are compressor,

heater, fuel system, exhaust system, sample probe with traversing
Experimental Configuration gear, and combustion chamber. _ _

- . ) ) ) ) Combustion products were extracted from different axial planes
~ Within this section the hardware configuration will be examin the combustor using an intrusive gas sample probe as identified
ined. In order to provide sufficient data for computational fluigh Fig. 2. Data presented within this paper were measured at
dynamic(CFD) model validation full gas analysis measurementsjanes B, D, and F. Plane B is located at the exit of the primary
were made in addition to the smoke measurements presentedzgne, with plane D downstream of the dilution ports and plane F

High Pressure Test Rig Configuration. A section from a @&t the combustor exit. The total number of test points measured in

fully annular aero, gas turbine combustor was used in this work@nes B, D, and F were 11, 19 and 17, respectively. )
The sector combustor encompassed an arc of approximately 7d h€ gas sample was designed so that the gaseous sample is
deg and comprised four air-spray fuel injectors. Since the corff@nditioned to a temperatufé23 K+ 15) where no further chemi-
bustor was not fully annular, water-cooled sidewalls were pIac@&' reactions are likely to occur z_ind no condensation takes place.
at either side. The area within the combustor which encompas&ﬂeated stainless steel sample line connected to the sample probe

the two central fuel injectors has been shown to be representativ@s used to convey the sample from the combustor to the gas
analysis system. This sample acquisition system incorporates high

7o whom correspondence should be addressed. pressure back purge air, which could be maintained at a pressure
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN ~ Of @about 1500 Pa, and was used to stop fuel flowing down the
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF Samp|e line at ||ght_up The backpurge system was actuated by a

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- ;
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jqulve that allowed almost instantaneous Changes between the

16-19, 2003, Paper No. 2003-GT-38627. Manuscript received by IGTI, OctobeRMPle or backpurge air and was also used to maintain a clear
2002, final revision, March 2003. Associate Editor: H. R. Simmons. passage in the sample probe.
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Fig. 1 Schematic representation of test rig

The probe was intrusive, however it was designed to minimizeriation in smoke concentration, it was necessary that two differ-
the interference with the local environment. The inlet orifice dient analytical techniques were used. In the first, a standard filter
ameter was 1.5 mm and the outside diameter of the sample prejgain technique was employed, whereby a filter paper was used to
was 10 mm. Smaller diameters could not be used because thg a quantity of smoke from a fixed volume of sample gas. A
physical strength of the sample probe would be insufficient andflectometer was then used to determine the concentration of
distortion would result. The traverse mechanism used to drive thg,oke present, the result of which was expressed as the SAE
probe had 4 deg of movement which were pitch, yaw, translati@finoke numbef4]. This technique was generally used at the exit
and rotation. Each of the 4 deg of movement were measured Usgig, gas turbine where the smoke concentrations were likely to be
individual potentiometers. Before rig testing, the position of thg,, The instrument used to make the measurements was a Rich-
sample probe was determined through calibration. The 9aseqys oliver smoke metePart number MK1 1023

samples entered the sample probe under rig pressure; excessNgnon making measurements inside the combustor an optical

sample was spilled close to th_e S?‘mP'e probe. Although tl?(?Chnique was used. A visible light SIGRIST nephalometer, which
sample flow was not perfectly isokinetic, perturbations in th\%

sample train were not significant orks on the principle of deflecting the optical beam at an angle
’ of 15 deg was usefl5]. It should be noted that although the
Smoke Mass Instrumentation. The mass of smoke from the instrument is an optical device, the smoke sample is extracted
primary to the exit zone of a gas turbine combustor has be&om within the combustor and fed to the analyzer. The calibrated
shown to vary by three orders of magnitU@. Due to this large range of the SIGRIST was from 10 to 1000 md/ralthough the

Fucl Injeetar
Mini Mae

AXIAL FLAMES

Fig. 2 Generic sector of combustor
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Fig. 3 Pressure regulation system

analyzer read up to 2000 mginThe SIGRIST was initially cali- ~ Coagulation of smoke particulates occurs when the individual
brated against a known mass of smoke generated by a combugtarticles collide and stick to each otH&d. Upon initial coagula-
[6]. Subsequent checks on the optics were undertaken using tien, more and more of the particulates collide, thus forming ever-
flective rods. Maximum errors associated with the optical techarger particulates. When initially formed, smoke particulates are
nigue have been found to bhe25%. very small, these particulates upon coagulating diminish in num-
ber but increase in size. The effect of coagulation is shown in Fig.
4 which shows smoke particulates magnified 310,000 times. It can
b8 seen that when they coagulate they become larger and lose
their spherical shape. This image, although collected from an aero
EPF'ngne, was not acquired from the combustor used in this work.
ilJuting the sample reduces the proximity of the particulates to
h other thus increasing the mean free path before collision and
sible coagulation occurs.
he dilution air was generated using a compressor and then

SMPS Instrumentation. In order to determine the number
concentration and size distribution of the smoke particulates
TSI, scanning mobility particle sizingSMPS analyzer was used.
The SMPS system measures the size distribution of aerosols in
size range from 14 to about 800 nm using an electrical mobili
detection technique. The SMPS analyzer was connected to
same dedicated smoke sample line which also incorporated
SIGRIST and the SAE measuring instruments. A direct compafi-
son between the different analytical techniques could then ; e ;
made. It was important when using the SMPS analyzer that tgﬁered by using a two stage BOLSTEN filtering system. This

| ted at tant Thi hieved b ystem removes particles down to a size of O, as well as
samplé was 1ed at a constant pressure. This was achieved by\{&er and oil. The total particulate number concentration for this

ducing the sample pressure to near atmospheric. This reductionjjfy e air was measured using the SMPS and found to be be-
pressure must be achieved with minimal disruption to the ﬂOW. fveen 20 and 50 particles/énThe need for filtering the dilution
order t?] reducf(_e effects 9('; S”.‘fc.’kg _mclezgsugements and was acme&’ﬂsas shown by checking ambient air concentration values in the
us_'lflr?t e corll iguration |der(1jt| '? Iln 19. 3. | | h test control room which were found to be between 3000—8000
e sample is expanded slowly into a large volume that |3, icles/crd, The dilution air line was heated to 423 K for a
vented to atmosphere downstream. A small percentage of figth of aboti 1 m prior to joining a Y piece. The Y piece al-
sample flows into the SMPS instrument through a secondafyyeq the dilution air to merge with the gas sample as depicted in

sample tube located in the center of the large volume. This ensur_g& 5. The reason that the air was heated was to offset any po-
that the pressure is reduced while maintaining sample fidelity. {eniiall effects upon the sample

The SMPS system measures the size distribution of particulatesy e a5 analysis system was used to determine the dilution
using an electrical mobility technique. A radioactive Kr-85 Sourcgyiio of the sample. The gas analysis facility consisted of a suite of

ISh useg to tnel’u”"f:'r']ze antd charlge _|fr_1com|r?g ptarllrtlculates. TH&s analyzers, which were used to determine the concentration of
charged particles then enter a classilier where they areé Sequiiitants. The analysers that were available are shown in Table 1.

tially separated by electrostatic repulsion.
After the sample has been “classified” by the SMPS, the It can be seen from Table 1 that the CO and,Calyzers

sample was drawn, by a pump, through a condensation particle
counter(CPQ to determine number concentration.

Sample Dilution. In order to make SMPS measurement
within the combustor; it was necessary to dilute the gaseo
sample before determination of the particle size and distributic
There are several reasons why the sample must be diluted prio
measurement. The main ones are related to water of combusi
concentration, particulate number concentration, and coagulati
of smoke particulates in the sample line.

Particulate number concentration is a concern when values «
ceed 1E7 particles/chrfor any given size range. This instrument
is not able to measure such high values and defaults to a statist
approach(photometric effegt Dilution reduces the likelihood of
this occurring as the particle number counts are reduced.

Water of combustion only becomes a problem if the dewpoil
of the gaseous water is exceeded and particulates are lost in
condensate. Heating the sample lines to 423 K ensures no conc
sation takes place in the sample line. It was not, however, possi
to heat the lines within the SMPS analyzer, therefore the de
point has to be adjusted by dilution so that none of the particulates
are lost due to condensation. Fig. 4 Smoke particulates magnified 310,000 times
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Fig. 5 Layout of the dilution system

covered a number of ranges to enhance the accuracy of the mehere n/ny=The ratio of smoke particles coming out of the

surements. With the cycles considered, the,€@ncentration be- sample line(n) to those entering the line.

tween the combustor face and the exit of the combustor couldV=velocity (m/9

vary between 0.5% and 15%, hence the need for two analyzersL=sample line lengtlim)

The gas analysis system used conforms to the requirements of thB=sample line internal diametém)

International Civil Aviation Organization, July 1998]. The calculated line loss found for the operating conditions used
Dilution was determined by taking a gas analysis measuremémtthis work was found to be between 21% and 24%. All data

before and after the dilution air was added to the sample. NPresented in this paper have been corrected for line loss.

NOy, O,, CO,, total hydrocarbons and CO were measured at . . .

each of the test points. The most stable chemical species, hqwSUmmary of Experimental Configuration. A number of

ever, was CQ, and this was used to determine the dilution rati _acj[ors affect the accuracy of the SMPS _me_asurements, some of

Two individual CQ, analyzers were used to measure the conceW—h'Ch are reduced through the use of dilution and conditioned

tration of the specific species, and the ranges of the two analyzé?&fﬂple lines. Thde experlmlehnt har;s_b_een C°”f'9‘.lgfd todmlnlml_ze all
were 0%—2% and 0%-15%. of the associated errors, although it is not possible to determine an

The dilution ratio as determined by G@vas checked against overall systematic error, the smoke measurements performed will

; ; ; be compared to more traditional techniques to gain confidence in
values obtained using NENO,+NO) and the results obtained L ) > o ;
were in good agreen?ent. Althzough )N@ould be used to deter- the data. Although it is desirable to maximize the dilution ratio,
mine the dilution ratio, NO and NOmeasured individually could the sensitivity of the gas analysis measurement system presented a

not. This is because of possible chemical reactions occurring Rfgctical limitation. SMPS measurements had not been previously

the sample line prior to the measurement of the species. The mdXfrformed within the combustor and as a consequence the mini-

mum uncertainty associated with the dilution ratio wa1% at mum required dilution was unknown at the commencement of the

dilution ratios up to 35, while at a dilution ratio of 150 the uncertes“ng and had to be derived experimentally.

tainty was+23%.

Line Losses. Work undertaken by Hurlejd] has shown that Determination of Minimum Dilution Ratio

smoke particulates are lost on the walls of the sample line as theypilution Effects With Respect to Probe Location. Smoke
are transported to the smoke measuring equipment. Hurley &g gas analysis measurements were made at a number of axial
rived the following line loss equatiofEl). The equation takes planes within the combustor: B, D, and F as illustrated in Fig. 2.
into account factors such as velocity, composition of sample linereliminary tests were undertaken to ascertain the effect of dilu-
line diameter, and length: tion upon the particulate number concentration in each of the axial
_ _ _ _ planes.
N/no=exp(—(1.0F~4V+22E-4)L/DV), (ED) Figure 6 shows a plot of normalized particulate nhumber con-
centration versus particulate size for an individual test point taken
within plane F. The diluted data have been multiplied by the di-

Table 1 Analysers used lution factor as determined from the gas analysis measurements.
Ran The dilution value as determined from the £@easurements was
ge : ] ;
Type of analyzer Technique % found to be 19. The mean particle size for the diluted sample was
S found to be 50 nm while for the undiluted test point the value was
82:882 g:gi:gg :ﬂggﬁgg 0-15 52 nm. The fact that the mean particle size does not significantly
Carbon monoxide Infrared 0—0.05 Change suggests that coagulation is not a problem in this axial
Carbon monoxide Infrared 0-1 plane.
Carbon monoxide Infrared 0-15  Figure 7 shows a diluted test point multiplied by the dilution
Total HC Flame ionization 0-10  factor, and also the undiluted test point acquired at the same spa-
Hydrogen Chromatography 0-10 tial | ti in ol D. G Vsi ts at this test
Oxygen Paramagnetic 0-30 tial location in plane D. Gas analysis measurements at this tes
Nitrogen oxides Chemiluminescense 0-0.1point suggest that the dilution ratio was 19. The value for the

mean particle size of diluted sample was found to be 67 nm while
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Fig. 6 Diluted and undiluted Plane F
Fig. 8 Varied dilution and undiluted Plane D

for the undiluted sample the value was 201 nm. Although it ap-
peared that there was little effect of dilution in plane F, it can be
seen that the effect in plane D is pronounced. This shift in paplane F the geometric mean particle size does not significantly
ticulate size shows that coagulation effects were significant. lter when the sample is diluted, however minimum dilution ratios
similar result, not reported here, was found in plane B althoudH 14 were used to ensure that there was no dewing of the water in
the difference in particle size and dilution factors was moréie sample line.
pronounced. In plare B a dilution test was undertaken but problems with
The above plots show that for planes B and D dilution is negrobe blockage were encountered. This was because it took a
essary, although for plane F it is less significant. The combinatiéfinimum of 4 min to acquire the SMPS scan, plus the time re-
of change in particle size and number concentration with the a@uired to determine the dilution ratio. It should be noted that
dition of dilution air suggests the effect of coagulation is thémoke concentration levels in this zone were sometimes greater
dominant factor. Unsurprisingly the effects are more pronouncéan 1000 mg/ hence probe blockages became more common.
the closer the sample is taken to the fuel injector and thus opfitior to installing the SMPS into the system, the time taken to
mum dilution ratio must be determined for each plane. acquire test data was about 2 min and this generally resulted in
] o ) ) few problems with probe blockage. At the onset of a test it was
_ Effect of Increasing Dilution Air. It was important to estab- not possible to set the dilution air flow to a dilution ratio of, for
lish the effect of varying the amount of dilution air in the samplegxample, 23 and expect the value to remain constant from one test
This was necessary because it is likely that there is a minimugtation to the next. It was found that when moving the probe
amount of dilution air required to avoid coagulation of the sampigom one spatial location to the next, the density and pressure of
in the sample line. At a discrete sample point in plane D of thge sample significantly changed and so the dilution ratio had to
combustor, the dilution ratio was varied and the results are showa adjusted for each test point. This in itself was time consuming

in Fig. 8. ) o _and increased the probability of probe blockage.
Again, Fig. 8 shows the diluted data multiplied by the dilution

ratio (in this case 23, 31, and 2p6alculated from the gas analy-

sis. The mean particle sizes with respect to increasing dilution .

ratio were 63, 61, and 67 nm respectively, while the undilutégXperimental Results

sample had a value of 129 nm. It can be seen that the geometriyith confidence in the experimental configuration determined,
mean particle size distribution does not change significantly wheore detailed measurements were performed in Planes F, D, and
dilution ratios of between 23 and 200 are used. This result ShO‘B_S Both SMPS and smoke mass measurements were performed
that for test running purposes, a dilution ratio of 23 in plane D &fnd are compared. The total number of diluted sample points mea-
the combustor will produce representative results, and this valsgred in planes F, D, and B were 17, 19, and 11 respectively.

was used. It is, however, possible that if localized rich spots affe data presented have been corrected for both line losses and
encountered then this dilution value may prove inadequate. diution.

SMPS Measurements. Figure 9 shows a two-dimensional
3 BOE+07 - e contour plot of the total smoke number _concentralﬁempressed
as particles/cr) for plane F. The test points were about 10 mm
300E+07 - ﬂ LA apart and formed a grid over the area shown. It can be seen from
L] this plot that the distribution across the axial plane is not sym-
= metrical but biased towards the right hand side of the combustor.
1 The reason for this is that this location coincides approximately
with the position of one of the fuel injectors.

This region of high smoke number concentration can also be
seen in axial planes D and B as shown in Figs. 10 and 11, respec-
tively. This pattern shows that should a region of high smoke be
formed in the primary zone of the combustor, it generally persists
through to the exit plane.
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! ! ; Smoke Mass Measurements. The smoke mass as determined
0 50 100 150 20 250 300 30 4 by the SIGRIST optical smoke meter has been plotted for planes

Particle size nm D and B and are shown in Figs. 12 and 13, respectively. It should
be noted that all data points acquired for plane B have been in-
Fig. 7 Diluted and undiluted Plane D cluded in the plot. This is despite the fact that some are above the
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Fig. 9 Particulate number concentration Plane F

calibrated range of the SIGRIST and are therefore extrapolateeeen the two techniques, the gradient of the best fit line allows

concentration values. They have been included to show the tremlds determination of the density. Figure 15 shows the measure-

and not provide definitive quantitative values. ments for plane B while Fig. 16 shows the measurements for
The trends observed in these two plots show reasonable quplane D. Smoke mass concentration values greater than 1000

tative agreement between particulate number concentration cqtig/nfi have been omitted from the plgplane B only as they

tours measured using SMPS, Figs. 10 and 11, and mass conggére outside the calibration range of the instrument. With respect

tration profiles measured using SIGRIST. to plane F, the SAE values were converted to a mass concentration
In plane F of the combustor, it was not possible to measure tho an empirical correlation which was determined at Qing8®

smoke (masg concentration using the optical techniqul- ¢\as necessary to measure the smoke in this plane using the filter
GRIST). This was because the observed values were too low 10 §&i, technique because the smoke concentration was so low that

determined using this analytical method. The values determin SIGRIST could not be used. The problem with this compari-

from the SAE technique are shown in Fig. 14 and the trends 2980, however, is that the SAE measured values were very low and
show a good agreement with particulate number concentratlontﬁg error associated with the analytical technique BSAE units.

shown in Fig. 9. With the exception of one test point which was SAE 9 the rest of
Comparison Between SMPS and Smoke Mass Measure- the values were all less than 4, therefore the errors are large.

ments. The SMPS analyzer does not have the capability of mea-It can be seen that the agreement between the two techniques is
suring the mass of smoke particulates. However, the software &@asonably good in plane B. The agreement between the data in
companying the instrument does calculate the volume of tiéane D shows good agreement along part of the data set. It can be
particulates from their size and number concentration. In order $een that there is one point with a mass of 5.6E-8 which shows
establish how the two techniques compare, plots of smoke massrassive deviation from the rest of the data. Statistically; it would
determined by SIGRIST versus volume as determined by SMP&ve been justifiable to eliminate this point, however there are
are illustrated. As well as providing a means of comparison besasons to suppose it may be correct. It has therefore been left in
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Fig. 14 SAE Plane F

the data set. The main justification for leaving it in is related to thihe value calculated for plane D was 2079 kg/m405. It is
nonspherical nature of the particulatésSg. 4). The volume as recognized by the authors that the best-fit line suggested in Fig. 16
calculated from the SMPS software is reliant upon the pareticis subjective.
lates being spherical for accurate determination. It is a possibilityIn plane F of the combustor two separate best fit lines were
that at this particular point a larger particle of carbon was sheed to determine an average value for density, as shown in Fig.
from the combustor. It is also a possibility that the residence tini&. The two lines span the data set, which has a wider spread and
through the combustor was also variable, thus producing partidess agreement than for planes B and D. The reason for the large
lates with varying degrees of roundness. degree of spread in part can be attributed to the large error asso-
The gradient of the plofmass/volumggives an average value ciated with the SAE measurements at these low concentrations.
for particulate density. The plots shown in Figs. 15 and 16 ha¥@ther factors such as the nonspherical nature of the particulates
best lines fitted alone with error lines corresponding#80% may also contribute. This manifests itself in an incorrect volume
which are the known errors with respect to the SMPS. The aveneasurement as calculated from the number and size of the par-
age density calculated for plane B was 2520 kymb05 while ticulates. The density values calculated from plane F for the two
separate lines were 68 and 480 k&/mhese values are, however,
subject to an error of about100%. The range of the values could
therefore be between 132 and 960 k§/m

1.E-03 - Although errors are high when examining smoke particle den-
sity in this way, a trend of changing density is readily apparent
1.E-03 1 (see Fig. 17. The density decreases from Plane B to Plane F
i (combustor exit with values ranging from 3025 to 132 kgim
“e 8.E-04 . ?
B Unpublished work undertaken at QinetiQ suggests a mean value
- 6.E-04- ; of about 1500 kg/rf) while Sunderland and Faefth0] suggest a
@ value of 1850 kg/m The values obtained are therefore seen as
= 4E041 reasonable.
2.E-04 1 A Axial Trends. Although the number of data points measured
0.E+00 . is not large enough to obtain definitive mass weighted average
0. E+00 1E07 2 E07 3.E-07 4E07 507 Vvalues, some conclusions may be drawn from the arithmetic mean
values.
Volume m®/m’
Fig. 15 Comparison between SMPS and Sigrist Plane V
1.6E:04 2.50E-06
1.4E-04 4
2.00E-06 -
1.2E-04
E 10804 ?::, 1.50E-06
]
j:" 8.0E-05 . -
a § 1.00E-06 -
= 6.0E-05 - =
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Fig. 16 Comparison between SMPS and Sigrist Plane D Fig. 17 Comparison between SMPS and SAE Plane F
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Figure 18 shows arithmetic averages of mean particle siz&cknowledgments

smoke mass, and number concentration against axial location. Exs . ) . .
' . Th hors would lik knowl he financial istan
pressed as mass of smoke in mgj/the average values for planes e authors would like to acknowledge the financial assistance

F D, and B were 0.3, 44, and 958. It can be seen from theg]:ethe Applied Research Program of the UK Ministry of Defense.

values that there are three orders of magnitude change from the
primary zone to the exit of the combustor. The corresponding
average smoke number concentration for these respective planes
is 1.08E6, 3.08E7, and 4.4E7 while the average mean particle size
for planes F, D, and B was found to be 60, 68, and 200 nf¥omenclature
respectively. ) CO = carbon monoxidéppm)
It can be seen that the smoke number concentration and masso, = carbon dioxide(%)
are at a maximum value in plane B and then diminish as a func- 4¢ = ynburnt hydrocarbonépm)
tion of distance. It can also be seen that the geometric mean paryQ = nitrogen monoxideppm)
ticle size diminishes as a function of distance. NOy = oxides of nitrogen(ppm)
0, = oxygen(%)
SMPS = scanning mobility particle sizer
Conclusions and Recommendations CFD = computational fluid dynamics

) SCR = sector combustion rig
The SMPS analyzer has been used to determine the smoképc = condensation particle counter

number concentration and distribution at discrete test points at
three axial planes of a generic annular combustor.
In axial planes F and D the minimum dilution ratio was deter-
mined which removed coagulation and water vapor effects and
minimized dilution measurement uncertainties. It was not possitReferences
to determine a minimum dilution ratio in plane B of the combus- [1] Mosier, S. A., and Roberts, R., 1973, “Low-Power Turbopropulsion Combus-
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; Volume 2.
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Experimental Investigation of the
Interaction of Unsteady Flow With
Combustion

K.-U. Schildmacher

R. Koch In order to reduce the dimensions of the combustor, swirl stabilized flames are used in
Institute of Thermal Turbomachinery, heavy duty gas turbines. In our recent investigation of the swirling flow at a single heavy
University of Karlsruhe, duty gas turbine burner under nonreacting conditions typical instabilities like precessing
Kaiserstrasse 12, vortex cores and vortex shedding have been found (Schildmacher et al., Proceedings of
76128 Karlsruhe, Germany the 6th European Conference on Industrial Furnaces and Boilers). In the present paper

the experimental investigations will be discussed. Combustion instabilities have been
analyzed by phase-locked laser doppler anemometer measurements. For the reacting flow,
also combustion instabilities could be detected. The amplitude increases strongly with the
equivalence ratio. The frequency of the oscillations for reacting conditions has been found
to be slightly shifted towards lower frequencies compared to those of the corresponding
nonreacting flow. In addition, for the reacting flow a linear and nonlinear range of
oscillations could be discriminatedDOI: 10.1115/1.1789512

Introduction Burner Operation Conditions

Strong limitations of NQ emissions imposed by legislation The burner can be operated either in nonpremixed or premixed
forced the gas turbine industry in recent years to adopt premixewde [6]. In case of nonpremixed operation, the natural gas is
lean combustors which lead to a significant decrease of emissiamigcted solely through the nonpremixing nozzles. In premixed
[1]. However, premixing burners of present gas turbines excestbde, the premixing gas nozzles and to a minor extent the pilot
the emission level of an ideal premixed flame by a factor of abonbzzles are used. In both modes, the air is fed through the axial as
2 which is mainly to be attributed to nonperfect air-fuel mixingwell as through the diagonal swirler passages with the same flow
As pointed out by Kraemer et d2], spatial mixing is quite per- split.
fect in most cases, but temporal fluctuations degrade the mixingin the gas turbine at nominal operation conditions, the burner is
quality. These temporal fluctuations of the mixing can be causegerated in premixed mode with pilot gas injection for better
by vortex shedding or Kelvin-Helmholtz instabiliti¢3]. flame stabilization. Under test rig conditions, the pilot gas injec-

Although precessing vortex cores and vortex shedding hatien is not necessary for stable combustion. In order to prevent
been investigated in a lot of publications of nonreacting swirlingny disturbance of the premixed flame by the pilot burner, no pilot
flows [4] not very much is known about the impact of these flowgas was used. In this study, the investigations have been per-
instabilities on combustiorf5]. In order to analyze instability formed in premixed mode with a constant air volume flow at
mechanisms of the reacting flow in detail, a spatially and timetmospheric pressure. The air was pre-heated to 673 K. The Rey-
and phase-resolved flow field analysis using LDA has been pewlds number at the burner mouth was #0d the thermal power
formed. The oscillating reacting flow was analyzed at differentaried between 420 kWgp=0.5) and 810 kW(4$=0.83).
sound levels. The LDA investigations were supported by pressure
fluctuation measurements which where also used to synchronize
the laser doppler anemometer. In the paper, first the transparent .
test rig will be described and a short outline of the measuremdrXperimental Techniques
technique will be given. In the main part, the cold flow instabili- The velocity field was investigated by a two-dimensiot2i)
ties will be reviewed briefly and then the instabilities of the reactaser doppler anemometgt DA) (Fig. 3) in back-scattering
ing flow will be discussed. mode. The axial and tangential velocities have been recorded in

the x-r plane(Fig. 2. The air stream was seeded by,B% par-
ticles of an average diameter of m. The data rate was 4-20
Burner kHz in the main flow and the validation rate was 60-90% for a

In this study, a single test burner of industrial size was investiluration of 20 s per measurement position. Close to the center
gated within an atmospheric test (igig. 1). It is fired by natural where the recirculation zone of the flame is located, the data rate
gas. The burneFig. 2) is operated in a combustor casing whictdropped sometimes to less than 1 kHz.
provides excellent optical access for velocity measurements byin addition, the LDA investigations were accompanied by pres-
LDA. The combustion chamber has a square cross section witlswre fluctuation measurements. Due to the high temperatures in
truncated pyramid shape at the exit. the combustion chamber, the quartz pressure sensor was imple-

The burner air passage consists of two concentric annular swirtented into the air plenum of the burner where the air tempera-
ers. The inner axial swirler has nozzles for pilot and nonpremixedre is 673 K. The pressure signal was conditioned by a bandpass
gas. At the outer diagonal swirler, the gas is injected through holii¢er of 2.5 Hz half width around the pronounced peak fre-
in the swirler blades in order to enhance premixing with the airquency at 254 Hz. This filter signal was also used to synchronize

the burst spectrum analyzers of the LDRg. 3). In contrast to

Contributed by the International Gas Turbine InstitU@Tl) of THE AMERICAN  the nonoscillating flow, the LDA-particle distribution over time is
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  not uniform. The instantaneous records exhibit a much h|gher par-
ENGINERING FOR GAS TORBINES AND POWER Paper presented at the Intema icle rate at moments of high velocitigg]. Thus velocity biasing
ional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jupe . .. ;

16119, 2003, Paper No. 2003.GT-33644. Manuscript received by IGTI. Oct. 2003ad 10 be taken into account when determining the time-averaged
final revision, Mar. 2003. Associate Editor: H. R. Simmons. velocities of the oscillating flow8,9].
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Fig. 1 Sketch of the test rig

Review of Cold Flow Instabilities ducer. The pressure amplitude at the peak frequency was just

Investigations of the nonreacting fldiQ] reveal a pronounced tv;/ilr?e ssngli%Znisvz?tigﬂibgjslﬁﬁlggg%{sg? noise at nominal oper-
frequency of the instabilities which is proportional to the air flow? Agd'bl illati tarted at e .I i ter th
(constant Strouhal numbe(Fig. 4). This phenomenon was attrib- uaivie osciiiations staried at an equivaience ratio greater tnan
uted to vortex shedding at the burner mouth. An accompanyi .71 with a pressure amplitude of the pronounced frequency peak
| . . . ) that is five times higher than the turbulent combustion noise. In
arge eddy simulation of the nonreacting flodl] revealed that
there is a precessing vortex core which triggers vortex shedding in
the shear flow region at the burner mouth. In addition, investiga-
tions of the fuel concentration for nonreacting conditions showe
that alternating pattern of rich and lean fuel concentrations is ge
erated by vortex sheddinig. 5), through the time-averaged fuel

concentration is axis symmetrical and much more homogenec
[10]. For comparison, the corresponding operation point of tr

Combustion

Exhaust
Chamber

reacting flow is indicated in Fig. 4. The reacting flow was inves
tigated at constant air flow.

Reacting Flow Analysis

Combustion Stability. As indicated previously, under react-
ing flow conditions the air flow was kept constant and the equivi

Quartz Pressure
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Cooling Air

2D-Probe

lence ratio was varied by modifying the fuel flow. | | crage || mper L TTE |
The pressure fluctuations of the combustion oscillations we | Amplifier Signal
found to strongly increase with the equivalence réka. 6). At Signal-Conditioning
¢=0.66 first oscillations could be detected by the pressure trar ~
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™ premixing gas nozzle Fig. 3 Experimental setup for the LDA investigations

Fig. 2 Sketch of the burner
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Fig. 5 Instantaneous fuel concentration for premixed opera-
tion (nonreacting flow )

the transition region a$~0.75, the sound level was not constant

over time but fluctuated between quiet and loud.¢At0.77, the

oscillations became loud with a pressure amplitude that was mo
than 50 times higher compared to the turbulent combustion noit
at nominal operation. The pressure fluctuation amplitudes of tr
quiet oscillations are 3.2% of the amplitude of the loud oscilla
tions. This observation indicates that for the present burner tf
amplitudes steadily grow with increasing equivalence ratio in cor
trast to a sudden excitation which can observed in other combu

tion systems.

Self-Excited Combustion Instabilities at High Oscillation

Sound Level. Subsequently, the flow fields, as recorded by

LDA, will be compared. Nonoscillating flow conditions at
¢=0.66 and the oscillating flow condition exhibiting we#é#
=0.71) and strong pressure fluctuatiof5=0.83 will be consid-
ered.

Figure 7 shows the time-averaged axial velocity field at higlz

oscillation level($=0.83. The flame is stabilized in regions of

high velocity gradients and therefore is very sensitive to instabili” 4,
ties like vortex shedding which are possibly triggering combustio
oscillations. The signal of the pressure sensor which is locate
inside the air plenuniFig. 3), was used as reference signal for
phase angle matching. All plots of the velocity measurements a
referenced to the phase angle of the pressure fluctuations at the
plenum(Fig. 8). From the phase-locked LDA data records, meai
fluctuations have been derived by averaging over 5000 perioc

a) maximal axial velocity b) maximal negative axial
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These averaged data revealed different phase shifts and wave _ _ o _
forms depending on the location. At the reaction zom¢D( Fig. 7 Normalized axial velocity field and normalized local
=0.63,r/D=0.56), the highest fluctuations of the axial as well gBhase-locked velocity fluctuations at high oscillation sound

the tangential component were detectgiy. 7). The averaged level (¢=0.83)

phase-locked RMS values were nearly constant over the phase

angle. At a position radially further outwardk/©=0.63, r/D

=0.75) the highest mean axial velocities are present. There, f¢al as well as tangential velocity fluctuations revealed the first
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0.5 0.6 0.7 0.8
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Fig. 6 Pressure amplitude and oscillation frequency for differ-
ent equivalence ratios
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harmonic frequency which must be attributed to nonlinear effects.
This phenomena was only detected at equivalence ratios greater
than 0.75. In the recirculation zone &tD=0.63, r/D=0.19
strong oscillations of the tangential velocity were detected which
may be caused by mushroom shaped ring vortices.

The swirl has a major impact on flame stabilization. In Fig. 9
the local velocity ratiov/u is plotted over the phase angle for
different positions and an equivalence ratio of 0.83. Regions
which may trigger combustion instability are characterized by
strong fluctuations. The fluctuations of the velocity ratio have

pressure
p/ Prax [']

-1

90 180 270
phase angle [DEG]

360

Fig. 8 Pressure amplitude at the air plenum
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| —— x/D=0.63, 1/D=0.56 (reaction zone) \ PRod
[ x/D=0.63, 1/D=0.75 |time-averaged normalized axial velocity field]
7

.

Fig. 9 Phase-locked velocity ratio  v/u at high pressure fluc-
tuations

been analyzed on basis of the LDA data. The data reveal, tt
strongest fluctuation of 02v/u<0.8 are found in the reaction

zone k/D=0.63,r/D=0.56). Because of the periodicity of the
signal, the fluctuations must be attributed to coherent structure
The plot also indicates that for a short time at around 150 de
phase angle, swirl stabilization of the flame is interrupted whicl
may cause to strong strain rates in the reaction zone and loc
flame quenching. Outside the recirculation zone only minor fluc
tuations of the velocity ratio were recorded.

/D

Self-Excited Combustion Instabilities at Low Oscillation
Sound Level. For an equivalence ratio o0p=0.71 barely au- —— .
dible oscillations have been detected. The amplitude of the pre ° ;?8;%?6%'?02:& ‘139 9 ;?SZ%OQSZC:?&O 63
sure oscillations was more than thirty times smaller compared 1, ' 02 2 e
strong oscillations but five times higher than the turbulent com :
bustion noise(Fig. 6). Figure 10 shows the flow field and the _ ®'3-~ Iy Wﬁ i

phase-locked velocity fluctuations at different positions. Every;f 00
where inside the combustion chamber the frequency of the velos
ity fluctuations was identical to that of the pressure oscillations -7

% 0.0 WNA\ Y

-0.1 -

Higher harmonic frequencies amplitude compared to operation , ’ ; : 02 i ; .
high oscillation level, the velocity fluctuations were reduced only 0 % 180 270 360 0 % 180 270 360
by a factor of 4. phase angle [DEG] phase angle [DEG]
The velocity ratiov/u only varied between 0.35 and 0(Big. - ——
11), and due to the reduced strain rate the flame was more stab — tangential velocity ¥/linmay, siong oscitation

aXiaI VebCity ﬁ/ umax. strong oscillation

Fluctuations Close to the Onset of Combustion Oscilla-
tion. As stated previously, the first onset of combustion oscillq:-i 10 Normalized axial velocity field and normalized local
tions was detected at an equivalence ratio of 0.66. The tim@ﬁg' ) : ety At

e . . ase-locked velocity fluctuations at low oscillation sound
averaged velocity field ap=0.66 was quite similar to that of the jeye| (4=0.71)
weakly oscillating flow aip=0.71.

Due to the small amplitude of the pressure oscillations that was
just twice as high as the turbulent combustion noise, it was not
possible to generate a useful trigger signal for synchronization of
the burst spectrum analyzers. Therefore subsequently frequency
spectra will be used for the analysis. For extracting the spectral
data, the resampling method was adofdte?,13).

The frequency spectra of the local axial and tangential veloci-
ties are shown in Fig. 12. Generally, a pronounced frequency peak
was not found for the stable operating conditions. Very small sinu-
soidal velocity fluctuations at about 254 Hz could only be detected
in the axial component at regions of high velocitieg = 0.37,
r/D=0.56). Comparing the spectra obtained for the reacting case ]
(Fig. 12 to those of the corresponding nonreacting flow case, the 00
coherent flow structures which are present in the nonreacting flow 0 90 180 270 360
and which cause the pronounced frequency peak at 263 Hz are not phase angle [DEG] ‘
reproduced under reacting flow conditions. | e X/D=0.63, 1/D=0.19

Moreover, even in the flow field upstream of the reaction zone — x/D=0.63, 1/D=0.63 (reaction zone)
(e.g.,x/D=0.37,r/D=0.56) no fluctuations are present. This em- [mooes x/D=0.63, 1/D=0.75
phasizes the strong impact of the heat release on the generation of ‘
coherent flow structures. This observation is also confirmed Ipyg. 11 Phase-locked velocity ratio  v/u at low pressure fluc-
Fig. 13. The frequency and the corresponding Strouhal numheations

-
[=}

4
[

velocity ratio v/u [}
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Fig. 12 Normalized axial velocity field and power spectra with-

out oscillations

(¢=0.66)

St=fgD/c,. of the oscillations are plotted for nonreacting an
reacting conditions over the normalized volume flow. For the no
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Fig. 14 Power spectra of velocities without oscillations at
$=0.5

conclusion that for self-excited reacting conditions, the resonant
frequencies are linked to the acoustic eigenfrequencies of the
combustion system which do not depend much on the burner air
flow.

Conclusion

In order to study the impact of flow instabilities such as pre-
cessing vortex cores and vortex shedding on combustion, the un-
steady reacting flow has been investigated by phase-locked LDA
measurements. The velocity fluctuations of the reacting flow at
different equivalence ratio$=0.66; ¢$=0.71; $=0.83 have
been recorded and compared to those of the nonreacting flow.

At an equivalence ratio of 0.66 no audible pressure fluctuations
could be detected and in the spectrum of the velocity fluctuations
no pronounced peak was found. For the same flow conditions, but
for the nonreacting flow, a predominant frequency peak was found
which could be attributed to coherent flow structures. Comparing
the spectra of the velocity fluctuations of nonreacting to those of
reacting flow, the pronounced frequency peak previously found
under nonreacting conditions was not present under reacting con-
ditions. This observation indicates that the heat release has such a
strong impact on the onset of coherent structures in flow.

At equivalence ratios lower than 0.66, a pronounced frequency
peak could not be detected either by the L[¥g. 14) or by the
quartz pressure sensor. For nonaudible oscillatiop=20.66 only
axial oscillation modes were identified, indicating that the onset of
combustion oscillation is mainly triggered by axial-acting fluctua-
tions. A Strouhal number about 0.25 could be associated with the
?i)resence of these vortex rinfE4].

" Increasing the equivalence ratio to 0.71, weak oscillations were

reag:ting flow, the frequency increases linearly to volume ﬂow "€5und. The amplitude of the oscillations increased steaitt
sulting in a constant Strouhal number. Such an observation Mgyqqenly when increasing the equivalence ratio. The frequencies

be attributed to vortex sheddin§,10]. For reacting flow condi-
tions, however, the frequency only slightly changes with norm
ized flow and the Strouhal number decreases. This leads to §
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Fig. 13 Frequency of instability and Strouhal number
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juencies of the combustion system and do not change with air

. The velocity oscillations are of sinusoidal shape and of the
same frequency as the pressure oscillation. This indicates that the
instability can still be described by linear acoustics. The velocity
ratio v/u showed small fluctuations that did not compromise
stable combustion.

In the transient regiolip=0.75 the sound level alternated be-
tween quiet and loud. A small increase of the equivalence ratio to
¢>0.75 led to very strong pressure oscillations but only to a small
increase of the velocity fluctuations. The flow began to oscillate
strongly and higher harmonic frequencies could be detected in the
velocity fluctuations. The velocity oscillations are so strong that
additional coherent structures such as ring vortices are generated
which may be the reason for the first harmonic frequency found in
the main flow region. In this region clearly a nonlinear acoustic
mechanism is present. Strong fluctuations of the velocity tdtio
between 0.1 and 0.8 were detected, and thus the swirled stabiliza-

a%;;Vhese weak oscillations correspond to the acoustic eigenfre-

APRIL 2005, Vol. 127 / 299

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



tion of the flame was disturbed periodically for a short time. This ' = turbulent component
mechanism seems to have a major impact on the combustion sta-

bility.
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sesstein | FOrced Low-Frequency Spray
e.Feitag § Characteristics of a Generic
- - pirblast Swirl Diffusion Burner

T. Sattelmayer

Lehrstuhl fur Thermodynamik, The low-frequency response of the spray from a generic airblast diffusion burner with a
Technische Universitat Munchen, design typical of an engine system has been investigated as part of an experimental study
85747 Garching, to describe the combustion oscillations of aeroengine combustors called rumble. The
Germany atomization process was separated from the complex instability mechanism of rumble by

using sinusoidal forcing of the air mass flow rate without combustion. Pressure drop
across the burner and the velocity on the burner exit were found to follow the steady

R. von der Bank Bernoulli equation. Phase-locked particle image velocimetry measurements of the forced
velocity field of the burner show quasisteady behavior of the air flow field. The phase-
T. Schi||ing locked spray characteristics were measured for different fuel flow rates. Here again quasi-
steady behavior of the atomization process was observed. With combustion, the phase-
Rolls-Royce Deutschland Ltd. & Co. KG, locked Mie-scattering intensity of the spray cone was found to follow the spray behavior
Combustor Aerodynamics, measured in the noncombusting tests. These findings lead to the conclusion that the
Eschenweg 11, unsteady droplet Sauter mean diameter mean and amplitude of the airblast atomizer can
15827 Dahlewitz, Berlin, Germany be calculated using the steady-state atomization correlations with the unsteady burner air

velocity. [DOI: 10.1115/1.1789515

Introduction spray diameter spectra were taken to provide a clear picture of the
unsteady atomization process. The conclusions were verified us-

The demand for significant reductions of pollutant emissior]% Mie scattering of the spray cone in the combusting environ-

Ilketl_\le an(_j smoke frOT gfatsh turbln% aet_roenglnes has m‘t);'.vatt nt. For all measurements, a periodically forced air flow in the
continuous improvement of the combuslion processes within 19e.,,ency range 50-150 Hz was provided at different mean air

constraints of the engine operation. New concepts of fuel atomjz_ <« flows(AMFs) and fuel mass flowsFMFS), covering the
zation, pre-vaporization, and staged injection have been dev bical range of rumble.

oped or are currently being tested for their operability. However,
with the improvements gained, thermoacoustic combustion insta- .

bilities known and feared for their destructive potential in statiorEXpe”memaI Setup

ary gas turbines have also become more prominent in aeroenginesn this section, the experimental setup, the measurement tech-
During recent years intense scientific efforts were undertakennaues and the error estimates pertaining to the data presented in
understand and specify the underlying driving mechanié@rg., the results section are being presented. Also, the operational pa-
Refs. [1-3]). A particular combustion instability of aeroenginerameters of the experiments are given.

combustors is related to the fuel spray atomizers used. It exhibitsT

I . est Facility. The single sector test rig, in which the measure-
a low-frequency oscillation between 50 and 150 Hz at idle ar}ﬂents were conducted under atmospheric pressure conditions, is

SUb'd.Ie condltl_ons, commonly called_ “‘mb'e- In engine deS|gr§ etched in Fig. 1. Harmonic forcing on the electrically pre-heated
practice, certain atomizers or comblnathns of fu_el injector anfir flow is created by a siren. The siren works on the principle of
combustor have become known as being particularly rumble i iing disc in an axial flow. The rotor has rectangular orifices
prone, yet a standard procedure to predict and to prevent a giyiising double sine shaped apertures on the stator plate. Practice
designs susceptibility to this kind of instability has still to b a5 shown that a sinusoidal excitation is well achieved if the air
formulated[4]. Work in this area was performed by Zhu et aligakages around the rotor are kept small. The siren is driven by a
who formulated a computational fluid dynami@SFD) model to 1 1.kw induction motor. The rotation speed is controlled by a
numerically simulate the response of a two-dimensiof2D) frequency converter, producing excitation frequencies up to 850
model combustor to forcing of the fuel and air stred@isas well  Hz. In order to adjust the excitation amplitudes, the siren unit has
as the onset of self-excited oscillatipé]. In this paper we pro- a bypass valve, which allows the alteration of the air mass flow
vide the experimental results which clarify one of the key mechaatio between the siren and the bypass passage.
nisms of the rumble instability, i.e., the fuel atomization. A ge- A supply tube connects the siren to the combustion chamber.
neric airblast atomizer with a design typical for current systenne supply tube has a circular cross section with 124-mm inner
has been incorporated into a thermoacoustic combustor test digmeter, and its length is adjustable from 850 to 1450 mm. In this
simulating rumble conditions. To isolate the effect of acoustiway tube resonance effects may be used or avoided to further
oscillation upon the atomization, the forced response of the atogontrol the forcing amplitude. For the measurements presented
izer has been investigated under noncombustion conditiomgre the maximum supply tube length was used. The acoustics of
Phase-locked measurements of the pressure velocity couplinghet supply were shown to be 1D using the ten equally spaced
the burner, the combustor velocity field, as well as the associat@itrophone ports in the far field of the siren. The supply tube and
the combustion chamber are connected with an adapter piece ac-
Contributed by the International Gas Turbine Institd@TI) of THE AMERICAN ~ commodating the injector/burner investigated. A thermocouple
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF gives the air temperature at the injector inlet. The mean and os-

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- Jipy.+i P . B}
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jur%”atmg pressure dl’Op over the injector are determined by corre

16-19, 2003, Paper No. 2003-GT-38646. Manuscript received by IGTI, Oct. 20d3P0nding pairs of pressure taps and microphone ports close to the
final revision, Mar. 2003. Associate Editor: H. R. Simmons. burner inlet and outlet planes.
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Fig. 1 (Color online ) Schematic representation of the test rig
Fig. 2 (Color online ) Schematic representation of the position
of the PIV-investigation area  (light gray ) and the Malvern laser
The combustion chamber has a square cross section, and ni&am (dark gray ) in the vertical center plane of the combustion
sures 990X 300 mm. Exchangeable side plates allow a flexiblghamber relative to the injector outlet
adaptation to the requirements of the measurement techniques ap-
plied. The primary combustion zone is optically accessible by
exchangeable quartz windows. A hot-wire probe can be mounted 3
mm downstream of the burner outlet for the determination of the ) )
acoustic velocities. Ignition is achieved using a spark plug. For tihed to start a programmable counter on a PCI board, which trig-
combustion chamber, an acoustic open end condition can be @&ts the measurement devices on completion of the preselected
sumed, since the exhaust tube measures 500 mm in diameter &@gntdown.
does not contain a silencer.
The generic airblast diffusion injector/combustor system inve
tigated is of the rich-quench-lean type, such that holes for seco

Particle Image Velocimetry (PIV).PIV was employed to de-
crmine the flow field in the central longitudinal section of the
)mbustion chamber. For detailed data at the combustor outlet, a
h% ion in the vicinity of the injector exit was investigated which

combustion chamber, meeting the aerodynamic and st0|ch|om_e asured 2832 mm starting 1 mm downstream of the combus-

operating conditions. The hole pattern and location was deriv front as shown in Fig. 2. 100 vector maps were recorded and

from the real(annulay liner geometry. The hole diameters were, o a0eq to obtain the flow field data at every measured phase

determined from the original air distribution on the basis of CFDangIe. The recording of the air velocity field took place without

The air flow through these holes is diverted from the main flog ray and flame. Oil droplets were used as seeding. The PIV light-
upstream of the siren valve and is controlled by a flow r esm‘?t%ﬁeet was also used for spray visualization by Mie scattering.
valve with a corresponding measurement orifice. Dilution, fllr’Q:

. S h omparison of the PIV data with CTA data of corresponding cases
and liner cooling in the downstream part of the combustion cha ;ads to a relative error estimate of abat8% of the measured
ber were omitted since they do not contribute to the formation 0 locity
the primary zone aimed at in the current investigation. '
Malvern Particle Sizing. The Spraytec Particle Sizer was used
to characterize the spray at the injector exit under nonignited con-
ons. The measurement volume made up by the laser beam had
Hiameter of 15 mm and was located at a distance of 12 mm
fownstream of the injector exit in the horizontal center plane of

ved £ th . loci fie combustofsee Fig. 2 The recordings have been performed
resolved measurement of the acoustic velocity, anb-constant  pnaqe triggered, taking 1250 samples at a sampling frequency of

temperature anemometETA) hot-wire probe has been used. Ity 5"y 11, “For the ambient temperature spray measurements, re-

was located 3 mm downstream of the injector exit in the horizofy, apility and consistency checks make the SMD size measure-
tal centerplane of the combustion chamber. The position of t

ents rather reliable. At elevated temperatures, beam steering

i low local turbul level btained. t ke th Bised by density gradients may introduce a considerable source
Ime a low focal turbulence level was obtained, {0 make the Mege o g, Again repeatability and consistency were checked, e.g.,
surement representative of the acoustic burner velocity. Additio

i Y, ing th f the SMD
ally, the dynamic pressure drop over the burner has been measq%ﬁ:ompanng the measured temperature dependence of the S

1 : . - the temperature scalings known from literatfif¢ From the
by means of twoz-in. microphones being located directly up+ ;e gata scatter an error bar 86% is estimated for the SMD
stream and downstream of the burner. The acquisition of t

. L easurements.

acoustic data(pressures and velocitiesis controlled by a
multichannel-I/O board300 kHz, 12 bit. The microphone chan- Operating Conditions. The measurement points were de-
nels and the CTA channel were sampled with 10 kHz each. Timeéved from the startup operating conditions of the real combustor.
domain sequences of 10,000 samples each were taken and Fodiiery are characterized by low pressures inside the combustion
transformed. Then the amplitude and phase of each signal at dmamber(1.2—-3.6 bars moderate air temperaturdsmaximum
forcing frequency were stored. Finally, the averages were cod30 K) and low AFR'’s in the combustion zor{@8-40, without
puted for all measurement sets from a given operating conditiaffilution). Since measurements were to be performed at ambient
The errors of the CTA velocity measurements are estimated to fessure, the preheating temperatures were maintained and the air
below =3.5% relative error and those of the microphone pressuaad fuel mass flows were adapted such that the AFR of the pri-
amplitudes to be below-5% relative error. mary zone and the characteristic pressure losses over the burner

Phase-locked PIV and spray measurements were obtainedwsre retained. For the spray measurements without combustion, a
means of a hardware trigger. The rectangular reference signafristure of 90% ethanol and 10% water was used as fuel which

Measurement Techniques and Data Analysis. A major re-
quirement in the current experiments is to capture phase loc
data. For this the siren shaft provides a reference signal, such

ments relative to the forcing can be determined. For the tim
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shows good agreement with the properties of kerogeraximum For a droplet Reynolds number in the rangeRe<1000 the
10% deviation on the main physical properties determining sprayag coefficient,, is well approximated by an augmented Stokes-
formation. type law[9],
The parametric study included steady-state and unsteady mea-
surements. The steady-state measurements were performed to 24 5
characterize the general atomization behavior of the burner and Cw=Re(170.15 RE&%) (%)
the corresponding flow field and comprised a variation of:
1. Air temperature: 290 Kambienj and 430 K with
2. Air mass flow:m/my=0.8—2.0 in 13 different AMF’s
3. Fuel mass flow: 1.0, 1.3, and 1.8 g/s, covering the whole dllus—uy|
range of AFR’s occuring in the real engine. Re= ——— =
For the unsteady measurements, external forcing has been ap- Va

plied at frequencies between 50 and 150 Hz, corresponding to th

usual rumble frequencies. The unsteady measurements were coﬁ{yith this e>_(pressi(_)n inse_rted into_E@P‘), the following miIdI_y .
ducted for the same temperature and FMF conditions as for fpanlinear ordinary differential equation for the droplet velocity is

©)

steady-state case, but only for selected burner AMFnbf, oPtained:
=1.0, 1.6. .
Uf Ve
- : —=—-18——(1+0.15 R&%® (u;—u,). 7
Theoretical Analysis dt RE ( f~"a @

For the interpretation of the data shown in the results section a . . . . . -
few derivations are needed, which are provided in the followin Solving thls_equatlon for typical droplet d!am_eters, itis founo_l
sections. The pressure velocity coupling for a quasi-steady inj%ﬁt the deviation from the Stokes drag relation is only relevant in
tor, the droplet motion time scale and its evaporation time, a e |n|t|a_I acceleration of the dro_pl_et, _When the slip velo_cny 1S
finally a relation between Mie scattering intensity droplet diametg?rge' It is found thqt a characteristic time scalean be defined
and velocity are being introduced. analogously to the linear case by

Quasi-Steady Pressure Velocity Coupling. The measured 1 Vgt
flow field as well as the pressure and velocity measurements at the —= 18—2 (8)
burner suggest that the burner response to the forcing is quasi- T d

steady in the low-frequency range. To verify this notion, the . . ) L
quasi-steady relation between the amplitudes of burner veloch{ich will scale the solutions of Ed7) for zero initial droplet
and pressure drop is derived from a perturbation expansion usH;joc'ty- In the linear case; gives the time in which the droplet
the perturbations of pressure and velocity in the steady BernodlifS accelerated to 63% of the gas velocity, whereas in the nonlin-
equation. Due to the very large area ratio between the supply (i case 63% of the gas velocity are reached after aboat 1/3
and the burner channels, the supply tube may be treated as gjme Scales of Evaporation. For the higher air temperature
plenum chamber, neglecting the contribution of the air velocity t@easurements, droplet evaporation may influence the size mea-
the total pressure. For a low Mach number flow from a plenug),rements. Therefore time scales of droplet heatjrand droplet
through the burner channels, the total pressure balance from H%poratiortv have been estimated for the typical operation con-
plenum to the burner exit is given by ditions using the simpld?—t law, which has been shown to work
P reasonably well for volatile liquids like ethanfl0,11. As sug-
Ap=§u2(1+ {p). (1) gested there, the property values have been determined at the
average temperature between the liquid boiling pdipeand the
Introducing the perturbed values of pressprep’ and velocity air temperatureT,. Droplet flight was simulated using E§7)
u+u’ into Eq. (1) and subtracting from this the equation of thédetween the atomizer lips as the virtual start and the measurement

averages, the fo"owing perturba’[ion equa’[ion is obtained: volume. ThlS resulted in an average droplet Sllp of 50% of the air
) , speed, which was used to determine the droplet Reynolds number
p'=puu’(1+{g). (2)  Eq.(6).

Referring the left and right sides to the respective averages, thel he total evaporation time used to estimate the importance of

quasi-steady relation of relative pressure and velocity perturf8€ process for the current measurements is the sum of both times
tions results: tp+t,. For the low AMFs where the SMD is around %&n the

total evaporation time is estimated at around 11 ms, whereas for
_ 3 the high AMF with SMD of around 2Qum a time of 6.2 ms is
2Ap u’ 3) obtained. To assess the influence of droplet evaporation on the

easured diameter, these time scales are compared with the mean

Equation(3) means that for a quasi-steady burner response tﬁ:‘ght time calculated integrating EG7) between the atomizer lip
relative velocity amplitude will be half the relative pressure drog,q the measurement volume. For the given setup the ratio of

amplitude. residence to evaporation time scale is 0.06 for the.66and 0.02

Droplet Motion Time Scale. The dynamical behavior of the for the 20um droplets, indicating that this effect may be ne-
spray is characterized by the time scale of droplet motion. A¢lected when comparing to the other measurement uncertainties.

estimate for this time scale can be obtained from the equation ofgpay visualization Analyis. Apart from extracting the spray

motion of a simple spherllcgl droplet for.a constant alr_velocn eometry from phase-locked average pictures of Mie scattering
This way the frequency limits of a quasi-steady behavior of theyn sheet tomography, the intensity oscillation of the scattered
spray in an unsteady air flow can be assessed. This is needed was analyzed. In dilute spray the average intensity observed

discussing the forced spray SMD measurement results. Followiggm, e scattering depends on droplet diameter and number den-
Hinze[8] the equation of motion of a spherical particle reduces ‘Qty approximately as

the balance of inertia and drag force,

wd® dug _ Pa 7d? y | d\2 Nmeconst 4 )2 d 73_d0 .
P a2 oy Wrtluul @) el < lells e ©
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For a constant fuel mass flow rate, the particle number ratio in
the second term of Eq9) can be expressed by droplet diameter.
For the current atomizer under steady-state conditions the droplet
diameter and air velocity correlate well with

d (uayo)f
d_o U_a 1. (20)

Given Eqgs.(10) and(9), the measured intensity amplitude can
be transformed into a velocity amplitude,

uy 11’
Uao €10
With this equation and given the steady atomizer characteris-
tics, relative velocity amplitudes may be calculated from relative

Mie intensity amplitudes for quasisteady behavior of the atomizer.
Thus it provides an easy check for quasi-steady spray behavior.

(11)

Fig. 4 Phase-locked velocity field at 90 Hz without combus-
tion: the left half shows two contour levels of velocity magni-
Pressure Velocity Coupling Under Forcing. In Fig. 3, the t_ude for all ten phase angles, the_ right half shows t_he same
comparison of the amplitudes of half the relative pressure drdf!d Scaled with the average velocity at the burner exit
oscillation measured with microphones and the relative velocity
oscillation measured with the hot wire are compared for three
mean flowrates: 1, 1.3, and 1.6 times the reference air mass flow = o ) ] ]
rate. velocity field is invariant during the forcing cycle. Therefore the
The correlation between the relative velocity amplitude and had€rodynamic behavior of the injector is quasi-steady for the fre-
the relative pressure amplitude is very good. Therefore (By. duency range considered, which is in line with the pressure-
holds, which means that the burner flow responds quasi-steady/&0city coupling discussed above.
the low-frequency forcing. The small differences observed be- giationary Atomization Measurements. Figure 5 shows the
tvyeen velocity a_nd pressure amplitudes, seen in particular for the.asured SMD of the burner for different AMF’s and two air
higher frequencies at the lowest flow rate’f2p and u'/u for  temperatures. As typical for airblast atomizers, the SMD is domi-
m/my=1), decrease with increasing flow rate. This is due to theated by the air mass flow rate and relative atomization velocities
signal-to-noise ratio of the CTA which improves with mean veat the atomizer lip. For relative AMF1.5 and low viscosity fuel,

the burner are seen to decrease, because the rising burner kggk Referring to the relation given in Réf]:
pressure reduces the relative forcing amplitude.

Results

Velocity Field Under Forcing. Figure 4 shows the velocity cWe ™. (12)
distribution at the burner exit for a forcing at 90 Hz. On the left
half of the picture, the contour lines represent two fixed levels of For the current data an exponex#=0.8 with respect to the
air velocity magnitude at ten different phase angles with a phas®iF variation andx~ 0.5 for the temperature change is obtained.
separation ofA¢=36. The spread of the superposed contourEhis is in agreement with the typical values for air blast atomizers
gives an impression of the injector’s velocity response and sho¥egind in the literaturd7,12]. A possible reason for the different
how the swirling jet velocity grows and diminishes during thealues ofx may be secondary spray breakup. With decreasing
forcing period. relative AMF<1.5 the disruptive forces decrease strongly, which
On the right half of Fig. 4 the contourlines of equal relativeéends to decrease the slope of the curve in this range. According to
velocity are shown. These are obtained by normalizing the lod&le stationary curves in Figs. 6 and 7, the SMD is fairly insensi-
phase-averaged velocities with the injector exit velocity of thiéve to changing FMF, giving only a 10% diameter increase for
respective phase angle. The contours coincide, meaning that #h@ost double fuel flow rate.

0.15
Ethanol-Air, FMF=1.8g/s

-
So.10
B
E
o
< 0.08
[V

0.00 T

1] 50 100 150 | . . ,
Frequency (Hz) 0.8 1 12 14 18 1.8 %

Fig. 3 (Color online ) Comparison of measured pressure am-
plitudes (symbols ) and velocities (lines) over frequency for Fig. 5 (Color online ) SMD over relative AMF for different pre-
three mass flow rates in a noncombusting environment heating temperatures in the stationary, noncombusting case
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Fig. 6 (Color online ) Comparison of unsteady SMD  (symbols )

data with the steady atomization curve at 1.0-g /s fuel mass flow

rate Fig. 8 Mie scattering images of the spray cone with combus-

tion at m/my=1.6, fuel flow rate of 1.3 g /s, T,,=430K, and f
=130 Hz. The contours show constant levels of scattered in-
Atomization Measurements With Forcing. The atomization tensity. Left half: minimum velocity phase; right half: maximum
of the forced spray was measured using the Malvern particle sixgfocity phase. Crown lines show constant spray geometry.
for a relative AMF ofm/my=1.0 and 1.6, fuel flow rates of 1 and
1.8 g/s, 290 K air temperature, and frequencies between 50 and

150 Hz. From the time series of SMD, the diameter mean and ) ) .
amplitude were extracted. To compare with the steady data, oggmPusting environment has been analyzed by means of Mie scat-

the momentary SMD values for the maximum and minimum v&€ing. Figure 8 shows two phase-averaged pictures at minimum
locity phase have been plotted in Figs. 6 and 7 together with tR8d Maximum velocity phases with constant levels of Mie scat-

SMD curves obtained from the steady-state atomization expel/ind intensity, which were averaged over 150 individual record-
ments. ings. The intensity of the scattered light varies during the period

For the higher air mass flow rates rafm,= 1.6, the compari- due to the variation of droplet number and size with the air veloc-

son is good, showing quasi-steady behavior of the atomizer. FBf @ Seen by the fixed contourlines. But the crown lines on the
lower air flow rate atn/m,=1.0, the droplet SMD and thus its intensity contours of both phase angles coincide, showing that the

motion time scale, E¢(8) increases to the same magnitude as tHiNderlying spray geometry does not vary with the periodic veloc-

forcing period. Now, convection will bias the drop size distribul® Oscillation. _ . . .
Figure 9 shows the comparison of relative burner air velocity

tion in the measurement volume towards larger droplets, since . o : L
larger droplets from the low velocity phase still continue to reaci’d meéan Mie scattering intensity oscillation for the same opera-

the measurement volume during the high velocity phase. Thefi2" point taken from phase locked PIV measurements. To obtain
fore the time series of drop size becomes assymmetric betwdBf intensity amplitude, a sinusoidal fit was used, which is also

the low and high velocity phases, leading to larger SMD amp"OWn. L
tudes at the forcing frequencies. For the 1.0-g/s fuel flow rate, Fig. 12King into account the average convective time delay of the

6, the comparison at the lower AMF is better than in Fig. 7, whichPray (=10 deg at 130 Hg the net phase angle difference be-
is consistent with a 20% lower droplet time scale. Therefore {/€€n the scattering intensity and velocity trace is negligible,
seems that the deviations seen are mainly an intrinsic measU{ich means that the spray response to velocity forcing is in

ment problem related to the measurement technique employd}fSe- Using Eqll) with a velocity exponent of=1.6 (taken
[13]. from the static atomization behavior shown in the second previous

subsectionthe quasi-steady velocity amplitude is calculated from
Spray Cone Angle, Mie Scattering Intensity. In order to the Mie intensity amplitude. A relative velocity amplitude of 5.4%

assess the applicability of the forced spray behavior under nonigsuits, which compares well with 5.3% measured velocity ampli-

nited conditions to the case with combustion, the spray cone in thele. The validity of Eq(11) implies that quasi-steady atomiza-

Ethanol-Air, FMF=1.8g/s

® forced, %.u=1
A forced, 1%1,="{‘

-
-

—+ [nbensity

-+~ Intensity Fit
= Ajr Velocity

40 - ®

a0 4 steady 16°C

Normalized Amplitude [-]
—
[=]

d

u T T T T T
0.8 1 12 14 16 18 ry ne e =
m, 0 B0 120 180 240 300 360
Phase Angle [*]
Fig. 7 (Color online ) Comparison of unsteady SMD  (symbols )

data with the steady atomization curve at 1.8-g /s fuel mass flow Fig. 9 (Color online ) Air velocity and Mie scattering intensity
rate fluctuation for the spray at 130-Hz excitation
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tion behavior is also found under combustion conditions and that Re
the momentary fuel mass flow rate in the spray is constant. SMD

-
Findings and Conclusions t

The atomization behavior of a generic airblast atomizer with a Y
design typical for aeroengine systems has been investigated undetVe
forced oscillation, which yields the following findings. €

» The pressure velocity coupling of the burner air flow obeys
the steady Bernoulli equation in the frequency range investigated.

» The phase-averaged velocity field of the cold flow in the com-
bustor has an invariant distribution throughout the oscillation pe-
riod.

N9 R~

Reynolds number

Sauter mean diameténm]|
temperaturgK]

time [s]

velocity [m/s]

Weber number

density ratio;e = p,/ps
thermal conductivityf W/(m K)]
dynamic viscositym/s]
density[kg/m?®]
characteristic time scalg|
pressure loss coefficient

* The phase-locked SMD measurements for oscillating air flogubscripts

lie on the steady atomization curve. Agreement is good for higher
mean air flow rate, but the deviations observed at lower mean air(())a
flow rate are most probably measurement bias. B
« In the case of combustion, the basic spray geometry is unaf- o
fected by the forcing. The measured Mie scattering intensity 0s- On
cillation obeys a quasi-steady relation derived for a constant fuel ; {P
mass flow rate. E g”
Our experimental findings lead to the conclusion that a quasi- *’°

= air

burner

fuel

heating

for constant pressure
vaporization
reference

steady description of an airblast atomizer in the context of lovBuperscripts

frequency combustion oscillations like rumble is appropriate.
Thus the instantaneous SMD may be calculated using the momen-

()’ = perturbation, amplitude

tary velocity data and the steady-state correlation between Vel?—?éferen ces

ity and SMD. The constant fuel mass flow rate will lead to sub-

stantial fluctuations of the equivalence ratio which could be thelt] Paschereit, C. O., Polifke, W., Schuermanns, B., and Mattson, O., 1998, *In-

- . f . vestigation of the Thermoacoustic Characteristics of a Lean Premixed Gas
reason for rumble. The design of the generic airblast atomizer 1 inc Bumer,” ASME Paper 98-GT-582.

used here further suggests that this conclusion should also hold fgp] satteimayer, T., 2000, “Influence of the Combustor Aerodynamics on Com-

typical systems used in aeroengines today.
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Nomenclature

AFR =

AMF

air fuel ratio of the primary zone

= air mass flow{g/s]
Cy =

drag coefficient

heat capacityJ/(kg K)]

droplet diametefm]

fuel mass flow[g/s]

enthalpy[J]

light intensity [W/m?]

characteristic atomizer dimensi¢pm]
droplet number

Nusselt number

pressurg P3|

= Prandtl number
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Experimental Study of Surface
and Interior Combustion Using

T. L. Marbach . .
a k. agrawal | GOmposite Porous Inert Media
School of Aerospace and Mechanical Combustion using silicon carbide coated, carbearbon composite porous inert media
o Engineering, (PIM) was investigated. Two combustion modes, surface and interior, depending upon the
University of Oklahoma, location of flame stabilization, were considered. Combustion performance was evaluated
Norman, OK 73019 by measurements of pressure drop across the PIM, emissioN®pfind CO, and the

lean blow-off limit. Data were obtained for the two combustion modes at identical con-
ditions for a range of reactant flowrates, equivalence ratios, and pore sizes of the PIM.
Results affirm PIM combustion as an effective method to extend the blow-off limit in lean
premixed combustior{DOI: 10.1115/1.1789516

Introduction rior combustion allows heat transfer to the PIM both at the reac-

Reduction of pollutant emissions is one of the most im ortati n zone and downstream by interfacial convection between the
P P %oducts and the porous structure. The result of this additional

goals of combustion research today. Many new technologi Snvective heat transfer is the potential for increased preheating

aimed at reducing nitric oxides (N carbon monoxidéCO), ¢ reactants and consequently a greater control of flame stability
and unburned hydrocarbofi§HCs) have arisen to meet increas-5,q temperature, leading to ultra low N€ombustion.

ingly stringent emissions regulations. The most direct method 0fthe concept of recirculating energy from products to reactants
controlling emissions is to control the flame tem_per_ature. Varl_at_JJﬁ the “excess enthalpy flame” was introduced by Hardesty and
geometry combustion and advanced fuel atomization and mixiRgeinberg[5]. PIM combustion research has been reviewed by
techniques are being used to reduce emissions from lean premixgflvell et al.[6], Viskanta[7], and Trimis and Dursf8]. Kotani
(LPM) combustion. Staged combustion, including the rich-burind Takend9] found that a porous burner increased the laminar
quick-quench, lean-burRQL) combustor, selective catalytic re-flame speed by more than an order of magnitude. Subsequently,
duction (SCR and direct catalytic combustion are other methodgarious aspects of combustion with PIM have been investigated
of reducing emissiongl]. Direct catalytic combustion offers the experimentally and numerically. Hsu et &.0] used two porous
potential to greatly reduce N@missions by decreasing the reaceeramic cylinders of different pore sizes stacked together. The
tion gas temperature of lean premixed fuel and 2jr flame was stabilized at the interface of two blocks over a range of
Combustion stabilized with the use of porous inert mgBid1)  mixture flow rates for a given equivalence ratio. A similar concept
is another technique that is capable of achieving low emissionsOAbilayered reticulated ceramic burner with an upper layer with
flame can be stabilized on the surface or in the interior of a PIM &ger pores and a lower layer with smaller pores to improve the
illustrated by Fig. 1. For a flame stabilized on the surface, tHgable operating regime was used by Rumminger ¢tlL|. Pick-
energy released by the reaction is transferred to the porous ftacker et al[12] have developed several commercial concepts
face, which in turn emits it to the surroundings, such as in radiatvolving combustion inside the PIM.. )
burners. A portion of the energy is radiated and conducted u _A critical component of PIM combustion is the porous mate'rlal.
stream to preheat the reactants in the preheat zone. A surf ortant characteristics of the porous structure are the maximum
burner with high radiant output and low NOCO and UHC out- operating temperature and thermophysical properties such as ab-

put is feasible by optimizing the pore size, geometry, and therrn%(_)rptivity, emissivity, and thermal conductivity. Materials used in

physical properties of the PIM, fuel/air flowrates, and equivalenceé(perlmental porous burners are wide ranging, with ceramics be-

? . . 1Ng the most common. Although porous ceramics have good ther-
ratio (). R_ecently, Alzeta Corp_oratlon demonstrated _combus_tl_orﬂgl resistance, they suffer frgm pstructural damage cau%ed by re-
at gas turbine conditions, stabilized above a porous sintered in '

J - _ .
tor surface comprised of high temperature metal fil§8isThey ?)(éated start-up and shutdown and therefore, are not suited for gas

d firi h der of Wi heri turbine applications. In recent years, new materials have become
reported firing rates on the order of 30 MW/t 10-atmospheric oy 4jjahle with advancements in manufacturing techniques. One

pressure. Initial results show that the combustor simultaneouglyp example is the carbon—carki@-C) composite with carbon
achieved single digit emissions of NOUHCs and CO. Ontko fiher reinforcement imbedded in a carbon matrix. Properly fabri-
et al.[4] used sintered tungsten, formed into a truncated cone,dgteq C—C composites have the highest specific strength
extend the turndown ratio in porous surface combustion. Loptrength/weightof any known material and retain their strength
NO, and CO emissions were simultaneously obtained. to over 2775 K[13]. The drawback of C—C composites is their
Although heat transfer mechanisms similar to surface combugability to resist oxidation at temperatures above 775 K. An
tion serve as the basis of interior combustion, the amount of heatidation-resistant coating of high temperature materials such as
transferred in each mode can be significantly different. Duringjlicon carbideg(SiC), rhenium, hafnium, or iridium may be depos-
surface combustion, heat is transferred from the reaction zoneittd on the composite structure by the chemical vapor deposition
the PIM at and slightly below the burner surface. However, intéechnique. These porous materials offer structural rigidity as well
as thermal/oxidation resistance required for combustion at gas tur-
Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  bine operation conditions.
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF The Objective of this research is to Study combustion perfor-

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- ; _ f ;
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jurﬁ@ance of a SiC coated, C-C composite foam deSIQned to operate

16-19, 2003, Paper No. 2003-GT-38713. Manuscript received by IGTI, Oct. 20020ntinuously at temperatures above 1675 K without significant
final revision, Mar. 2003. Associate Editor: H. R. Simmons. thermal or structural degradation. Figure 2 depicts a SiC coated,
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Fig. 1 Schematic representation of (a) surface combustion, *
(b) interior combustion T S —H
C-C composite porous material of 4 pores per (@pcn). The 20.3 uel(Alr Tnlet
> A -5 cm Section
overall goal is to gain insight to advance PIM burners for gas
turbines and other combustion applications. Past experimental in-
vestigations of combustion in PIM have focused on either surface
or interior combustion. In the present study, both surface and in- -

terior combustion modes were investigated at identical operating

conditions to compare the performance. The operating parameters Fig. 3 Schematic diagram of the experimental setup
include fuel/air mixture flowrate, equivalence ratio, and the pore

sizes of the PIM. The combustion performance was characterized

by measurements of pressure loss and emissions Qfal@® CO.

_ a needle valve, and metered by a mass flow meter calibrated in the
Experimental Setup 0-60 slpm range. Air and fuel enter the experimental setup at a

The burner, depicted in Fig. 3, is comprised of four sections: tgMPerature of about 300 K. A quartz extraction probe with a
fuel/air inlet section, the fuel/air mixing section, the PIM sectiorfaPered tip to quench the reactions is used to sample the products.
and the emissions shield. Each section is constructed of stainlé8§ Sample is passed through water traps prior to the measure-
steel square tubing of 4.04 cm by 4.04 cm inside cross section 4R§NtS 0f CO, NQ and Q concentrations using electrochemical
a wall thickness of 0.48 cm. The 15.2 cm long fuel/air mixin%?ﬂ[l‘_sors' The uncertainty of emissions measurement2ippm.
section is comprised of a 2.54 cm thick, 32 ppcm porous-piece ZISSIONs data are reported on an uncorrected dry basis. The pres-
the upstream end to assist fuel/air mixing, with free space makifg'€ drop across the combustion section was measured with a
up the remaining mixing length. The PIM section is 10.2 cm long: 12-5 €M HO pressure transducer. o
with four 2.54 cm thick porous pieces arranged in various con- At €ach set of operating parameters, surface and interior com-
figurations of 4, 8, 12, and 32 ppcm material. bustion Qata were obtained. Th'e switch from surface to interior

The porous pieces are sanded to fit precisely into the PIM s&mbustion was made by reducing the mean fuel/air mixture inlet
tion. A tight fit is critical because space between porous materi4f/oCity (v) to about 0.4 m/s and increasing the equivalence ratio
and combustor wall could cause the flame to propagate around {iéPout 0.8, which caused the flame to propagate upstream into
PIM. A shield is used downstream of the PIM section for emidh®e P!M. Onc_e interior combustion was establls_hed, the mean inlet
sions measurements without entraining the ambient air. A set Iocny_was increased and the equivalence ratio was decreased to
pressure taps is located near the exit of the fuel/air mixing sectifif desired values.
to monitor the pressure drop across the PIM. The product gases
are discharged through the emission shield at atmospheric pres-
sure. Results and Discussion

The combustion air is supplied by an air compressor, dried, an
qu(;?es(l;rf%? I(J)Es;gtg%aga?]f dtgr% tiil,:gr'grptg %:?ﬂ;%ﬂ%ﬁ:ﬁ;ﬁrﬂéCa‘J’b'S'S'S' This refers to the PIM section filled with one 32 ppcm

X ) ) iece (preheat zong followed by three 8 ppcm piecédsombus-
gas fuel is supplied from a compressed gas cylinder, controlled Eéfn zg:ui). The bas)?eline conditi{ms Were%pefine%@se{o.m and

v=1.0m/s. Parameters varied during experiments include equiva-
lence ratio, mixture inlet velocity, preheat zone pore size, and
combustion zone pore size. Both surface and interior combustion
were established at identical conditions, allowing direct compari-
son of the performance of the two combustion modes.

Several differences between surface and interior combustion are
notable. As seen in Fig.(d4) surface combustion results in the
characteristic blue flat flame of lean premixed combustion. How-
ever, as Fig. &) depicts, interior combustion emits an orange
glow from the radiating PIM. Audibly, surface combustion pro-
duced sound similar to that from a Bunsen burner, while interior
combustion was virtually silent. This is a result of the muffling
effect of the porous material between the flame front and burner
exit. Consequently, the resolution of noise-related instabilities by
interior combustion is a significant benefit in LPM gas turbine
Fig. 2 SiC coated, C—C composite PIM of 4 ppcm combustion systems.

.dThe baseline configuration for the experiment was defined as
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bustion, however, more than doubles the pressure drop in the PIM
section, in part, because of the higher velocity of the product
gasses moving through the PIM. Results suggest that pore size
and thickness of the PIM region are important to minimize the
pressure drop for practical applications.

CO and NO, Emissions

First, experiments were conducted to determine the uniformity
and length of the reaction zone. To quantify this, emissions pro-
files at baseline conditions we(a) in the flow direction(vertical
along the combustor midpoint artd) in the transverséhorizon-

Fig. 4 Visual images at baseline conditions  (a) surface com-  tal) direction at a vertical plane= 63 mm above the PIM surface.

bustion, (b) interior combustion Figure 7 presents data for N@nd CO emissions of surface
and interior combustion versus vertical distafmeabove the PIM
surface. Both NQ and CO emissions of interior combustion are
constant throughout the entire length of the emissions shield.

Pressure Drop Therefore, all of the NQand CO are generated within the PIM.

Pressure drop resulting from cold flow through the PIM rangedowever, surface combustion concentrations change radically
from O to 1% of the operating pressure. Figure 5 presents thear the PIM surface. CO concentration increases sharply as the
percent pressure drop across various individual porous pieg&fiissions probe is lowered into the flame front. Nfncentra-
(each 2.54 cm thickand the baseline configurati¢d2-8-8-§ ata tions decrease sharply as the probe is moved into the flame. Re-
range of flow rates. As expected, the pressure drop increases Wilits show that the NQformation was completed withire
the flowrate. Note that the measured pressure drop across the 3325 mm from the PIM surface. The CO oxidation however con-
8-8-8 configuration is within 5% of that calculated by adding th@nued downstream until aboat= 35 mm.
pressure drop across the individual pieces. Figure 6 presents pefigure 8 presents NOand CO concentrations of surface and
cent pressure drop for surface and interior combustion overirfierior combustion versus horizontal distar(ge from the com-
range of flow rates. With surface combustion, the pressure dropggistor midpoint atz=63 mm. Evidently, the CO and NGemis-
the PIM is virtually the same as that for cold flow. Interior COMsjons are nearly constant over the entire width for the two com-
bustion modes. Emissions profiles obtained with leaner mixtures
showed CO increasing and N@ecreasing near the combustor

sttt wall, which suggests a quenching effect of heat loss through the

0s p _509 wall. Based on these results, the combustor_ mldpomtzat

‘ S— 4ppam 7 e =63mm was selected for all subsequent emissions measure-

08 - > ~ 8ppom b4 os ments, representing the postreaction zone.

-~ 12 ppem //® 3

o7 " 32 ppem ’y o7 Effect of Reactant Flow Rate. Figures 9a) and 1Ga)
8 s iz Jos present data for NOemissions versus equivalence ratio at various
N mean inlet velocities for surface and interior combustion, respec-
B 08 '5"'5 tively. At a given equivalence ratio, the NQoncentration is
B o4 o4 weakly dependent on the mean inlet velocity, varying over a factor
= 03 jo‘a of 2. Khanna et al[14] produced similar results, citing constant

3 NO, emissions over a range of flame speeds or mixture flowrates.
0.2 Jo2 NO, increased exponentially with equivalence ratio, suggesting
01 o4 thermal mechanism as the primary source of,N§&neration.

Single digit NQ, concentrations are obtained in both combustion
modes for equivalence ratios of up to 0.65. Figurés and 1@b)
present CO concentrations for surface and interior combustion,
respectively. Figure ®) shows that the CO concentration at a
given equivalence ratio is nearly independent of the flowrate for
surface combustion. Khanna et [gl4] observed similar results to

e K
Mean Inlet Velocity (m/s)

Fig. 5 Effect of pore size on cold flow pressure drop

? P 2 those depicted in Fig.(B); little dependence of CO concentration
F ] on reactant flow rate. The CO concentration increases with
visg —5— ColdFlow J'7®  equivalence ratio, similar to the trend observed in nozzle-
- - <& - Suface | A3 stabilized LPM flameg15]. Mital et al. [16] also observed in-
18 2 i E e creasing CO concentration with increasing equivalence ratio from
o 13sE Hyas interior combus_tion using r_eti_cula_ted ceramics. Data presented at
e "t 3 the lowest equivalence ratio in Figs. 9 and 10 correspond to the
~ 4E 3, lean blow-off limit. Results show that the equivalence ratio at the
= o ] lean blow-off limit increases with increasing mean inlet velocity.
2 .5E Joss In general, the CO concentration for interior combustion in-
Dt = ] creases with equivalence ratio as shown in FigbL0n this case,
osE dos  a significant flowrate effect is observed, especially at lower flow-
E 3 rates. Note that the combustor was air-cooled by natural convec-
025 Jo25 tion to prevent overheating and structural damage to the stainless
. 1 steel enclosure. At low flowrates, a larger fraction of heat released
0 b ettt T is believed to be lost to the surroundings. The resulting decrease
"““Mean Inlet Velocity (m/s) in the flame temperature could affect the oxidation reactions to
produce larger CO concentrations. The fractional heat loss is ex-
Fig. 6 Effect of combustion on pressure drop for baseline pected to diminish at higher flow rates, which show minor effect
configuration (32-8-8-8), ®=0.6 on CO emissions.
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Fig. 7 Effect of vertical measurement location on emissions (a) NO, and (b) CO

Surface Versus Interior Combustion. NO, and CO concen- trend with equivalence ratio, although interior combustion results
trations versus equivalence ratio for surface and interior combus-slightly higher concentrations, attributed to a higher fraction
tion at various flow rates are compared in Fig. 11 for heat loss as explained above.

=1.0m/s. Results show that the combustion mode has little im- ) )
pact on NQ concentration at a given equivalence ratio. Interior Effect of Combustion Zone Pore Size. Thermal feedback to

combustion extends the lean blow-off limit, offering further NOreactants in both combustion modes depends upon the geometry
reduction. At the baseline conditions, the lean blow-off limit foef the PIM. To examine this issue, surface combustion experi-
surface combustion is about 0.58 while that for interior combugents were conducted with 4, 8, 12, and 32 ppcm PIM and inte-
tion is 0.55. Theoretically, this extension of the lean blow-off limitior combustion experiments were conducted only with 4 and 8
corresponds to a decrease in flame temperature of about 50 K. @@m PIM because smaller pores would quench the flame. Results
concentrations of the two combustion modes follow a similan Figs. 12a) and 13a) show a relatively weak trend of larger
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Fig. 9 Effects of mean inlet velocity on emissions from surface combustion, (a) NO, and (b) CO
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pores resulting in higher NOemissions at a given equivalencetively, for surface and interior combustion. In both cases, CO con-
ratio. The PIM with larger pores has smaller optical thicknessentration increases with decreasing pore size. Several phenomena
compared to that of a PIM with smaller pores. Therefore, it igay be responsible for this trend. In case of surface combustion,

plausible that the higher NQgeneration of the large pore PIM j,creased flame length and residence time with larger pores would

(32-4-4-9 is an effect of the greater preheating of reactants t%% ; At ; .
radiation from the flame zone. Detailed meastrements near ssist oxidation reactions to reduce CO emissions. Furthermore, as

e

flame front are therefore necessary to fully explain these obserfiScussed above, a porous structure with smaller pores has a larger
tions. optical thickness than a similar porous structure with larger pores.

Figures 12b) and 13b) present CO concentration versusTherefore, less heat is radiated upstream and less preheating of
equivalence ratio for various combustion zone pore sizes, respegactants occurs. The decrease in preheating is akin to the flame
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Fig. 11 Emissions measurements for the two combustion modes, (a) NO, and (b) CO
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leading to higher CO emissions. Flow dynamics on the pore sigdoncluding Remarks
scale level is another factor affecting CO concentration. Small _. . . .
pores cause greater redirection of the gases moving through th<§IC coated, C-C composn_e foam structu_res, offerln_g superior
structures, resulting in increased local velocities. The increasgfuctural and thermal integrity at gas turbine operating condi-
velocity results in a higher strain rate for small pore size struéons, were investigated as PIM for combustion. Methane/air
tures, leading to higher CO concentrations at a given equivalerfigmes were stabilized on the surface and interior of the PIM at
ratio. identical operating conditions, allowing for a direct comparison of

the two combustion modes. Simultaneous,Nid CO emissions

Preheat Zone Pore Size. The degree of reactant preheating,¢ oo than 10 ppm were obtained for a range of equivalence
for interior combustion is largely dependent upon pore size of the

preheat zone. The size of the pores in this region must be smallr%IOS anq mean inlet flowrates. While sm_Jrfac_e combustl_cm pro-
enough to quench the flame and eliminate flashback. However, fffF€d noise typical of a flat flame burner, interior combustion was
pores should be large enough to allow significant thermal feeyrtually s[lent. The main results of this study are summarized in
back to the reactants. The effect of upstream pore size on entli€ following:

sions for interior combustion is presented in Fig. 14. At a given (1) Surface combustion resulted in only slight increase in pres-
equivalence ratio, NQconcentrations for the two preheat zone sure drop in the PIM compared to that in cold flow. How-
pore sizes tested were virtually identical. Figurel}4shows a ever, interior combustion increases the pressure drop by
noticeable reduction in CO concentration with larger preheat zone more than a factor of 2

pore size, suggesting more effective preheating of reactants. Ex- For both combustion modes, the N@oncentration was

tension of the lean blow-off limit with large pore size further @ Kiv d dent the Tl locit PIM :
substantiates this observation. No flashback occurred at any of the weakly dependent upon the Tiow velocity or pore size.

conditions with the 32 ppcm preheat region. However, flashback ~ NOx concentration increased exponentially with equiva-

occurred with the 12 ppcm preheat region at equivalence ratios ~ €nce ratio, suggesting thermal mechanism as the primary
above 0.58 and mean inlet velocity of 1.0 m/s. This result indi- source of NQ generation.

cates that the preheat region pore size should be optimized td3) For both combustion modes, the CO concentration in-

increase the heat transfer upstream and to quench the reaction at creased with increasing equivalence ratio. The CO concen-

the most likely flashback conditions. tration decreased with increasing PIM pore size.
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Fig. 14 Effect of preheat zone pore size on emissions from interior combustion at v=1.0m/s, (a) NO, and (b) CO
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(4) Interior combustion extended the lean blow-off limit over [3] Sullivan, J. D., Kendall, R. M., and McDougald, N. K., 2000, “Development
surface combustion at all conditions tested of a Low Emission Gas Turbine Combustor,” AFRC International Symposium,

. . Lo Newport Beach, CA.

(5) Increasing po_re size eXtende_d the lea_n bIOW-O_ff “_mlt in [4] Ontko, J. S., 2000, National Energy Technology Laboratprivate commu-
both combustion modes. The increase in pore size is how- ~ ication.

ever constrained by the increased potential of flashback. [5] Hardesy, D. R., and Weinberg, F. J., 1976, “Converter Efficiency in Burner

, , ' . Systems Producing Large Excesstialpies,” Combust. Sci. Technoll2, pp.
The experimental results of this study affirm PIM combustion 1%’;_633? roducing Large Excesstfalples.” Combust. Sl Technoll2 pp

as an effective method of extending the blow-off limit in lean (g) Howell, J. R., Hall, M. J., and Elizey, J. L., 1996, “Radiation Enhanced/
premixed combustion. Experimental investigation provides evi- Controlled Phenomena of Heat and Mass Transfer in Porous Media,” Prog.
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Professor The application of wavelet analysis to diagnose loose blades condition in gas turbines is

g-mail: salman@citycampus. utm.my examined in this paper. Experimental studies were undertaken to simulate loose blades
condition occurring in gas turbines in an attempt to understand vibration response asso-

Institute of Noise and Vibration, ciated with loose blades under different operating conditions. Results showed that loose
University of Technology, blades were undetectable under steady state operating condition. During turbine coast

54100 Kuala Lumpur, down, a loose blade could be detected based on the impactic signals induced by the loose

Malaysia blades on the rotor and thus excited the natural frequencies of the rotor assembly. Results

from the coast down condition showed that wavelet analysis was more sensitive and
effective than Fourier analysis for loose blade diagnosis. The severity, the number, and
the configuration of the loose blades could be potentially estimated based on the pattern
of the coast down wavelet majDOI: 10.1115/1.1772406

1 Introduction 2 Experience of a Loose Blade Problem

Blade faults represent a major and common source of problemLoose blades, and more pertinently intermediate packing pieces
in power generation gas turbines. Over the years, extensive véiich are used as spaces in securing individual blades, had been
search had been undertaken on this subject. Previous work kgewn to occur in some commercial gas turbiriees example,
ported in the literature included studies on the characteristics BB gas turbines[6]). The experience of the authors related to
various blade faults and potential diagnostic methods. Reviews @tr-unit commercial open cycle gas turbines used in power gen-
this subject were published by Meher-Hoiffji-4] among others. eration. The axial flow compressor section of the gas turbine had
The reviews showed emphasis on blade faults involving bladd blading stages. The compressor stator and rotor blades were
rubs, blade cracks, foreign object dama@®©D) or loss part, made ofhlgh-ten_sne ferrite chro_m_e steel, and manufactqred partly
blade deformation(creeping and bendingblade fouling, blade by precision forging and part milling. The blades were fitted into
mistuning, and blade fatigue failure. To the author's knowledge, i€ radial grooves of the rotor and compressor casing and were
was Kuo[5] who attempted to address the problem of loosgEParated by the intermediate pie¢E. 1). Rotor blades of the
blades in gas turbine. Dynamic response and characteristics gt ten stages were fitted directly n the rotor shaft by fir tree
loose blades in gas turbines are therefore less quantified. Thfquts' Wh'le ‘h‘? blades for the remaining stages are rooted in the
appeared to be limited effective diagnostic method in the detecti ermediate pieces. It was at these latter stages that the problem

of loose blades in gas turbine. When loose blade is suspecteao{ploose blade _problem was more prev_alent due to the root or
attachment design of the intermediate pieces.

gas turbines, the methods used usual_ly involved method_s MO rom previous inspections on the turbines, visual observations
Su'tabl.e for convent_|on_a| faUIt.S' These include bla(_je passing frSw'owed that some intermediate pieces, particularly from stages 11
quenues(BP_F) monitoring (s_ultable for blade ru_bb|r)g perfor- 5 21 protruded out and/or had cracks at the rdsee Fig. 2.
mance monitoring methotsuitable for blade fouling and pres- i tayit could potentially result in further secondary failures,
sure measurement meth@ltable .for blade deformlaltlc)mSuch particularly foreign object damag&O0D), if the roots of the in-
methods are often exclusively suitable for a specific blade faylymediate pieces completely failed. In addition to the cracked
only and are less effective or sensitive in detecpn_g other bladgyi(s), blades in the vicinity were also found loose. Copper rings
faults. It is therefore very unlikely to find a unifying method(rig. 1) used in the assembly beneath the loose blade were found
Wh|Ch iS We“ Suited to diagnose a“ kindS Of blade faults that Coulﬂiat’[ened; hence providing the room for the b|ades to |Oosen. Th|s
possibly occur in gas turbines. Furthermore, these methods g(gjgested that the root cause of the cracks on intermediate pieces
usually based on the measureméeither vibration, pressure, could originate from the loose blades at this particular location. It
noise, etd.taken during the steady-state operating conditions. Itigas likely that the space provided by the flattened ring and rotor
also often the case that chand@s vibration, pressure or noise grooves enabled the loose blade to raftlrate), with similar
resulting from a defect or fault may not appear in all operatingttling of the intermediate pieces. Cracks eventually developed at
speeds ranges. It was intention of this work to examine vibratiahe roots of the intermediate pieces.
response of loose blade under different operating conditionsSome power plant operators in the Asia Pacific region are in-
(steady-state operating condition and coast down condjteomd  creasingly faced with the dilemma to operate their gas turbines
to formulate suitable diagnostic methods from this experimentaéyond recommended running houflSOH) stipulated by the
study. In this paper, the potential of the wavelet analysis methotanufacturers due to continuous electricity load demand and eco-
to be used for diagnosis of loose blades was examined and cammic pressure for plant availabiliNg and Zahi{6]). The de-
pared against conventional Fourier analysis method. mands in pressing electricity load despatch appeared to be a com-
mon occurrence in the power generation industry world wide.
Contributed by the International Gas Turbine Instit(@TI) of THE AMERICAN ~ Manufacturers(OEM) recommend preventive maintenance, in-
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF  cluding blades replacement, on the basis that life expectancy of

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- ; i B ;
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jur(1:é)rnp0nents is reached upon SpeCIfIC running hours. The necessity

16-19, 2003, Paper No. 2003-GT-38091. Manuscript received by IGTI, Octob@'d €xperience of the Connaught Bridge Power Sta@BPS of
2002, final revision, March 2003. Associate Editor: H. R. Simmons. a public utility company in Malaysia, and the experience of the
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(o]

1. Compressor Blade
2. Intermediate Pieces
3. Radial Grooves

4. Rotor Shaft
5.Copper Rings

Fig. 1 Basic configuration of compressor rotor and its pertinent components
(Ng and Zahir [6])

authors in assisting the Station in seeking out feasible vibratidinis study. The first condition was such that only a single loose
monitoring and assessment for blades looseness and cracksblanle (abbreviated as “SJ was introduced into the test rig. This
these actual gas turbines, lead to experimental studies to be condition was designed to examine whether if the effect of a loose

dertaken in the laboratory. blade could be differentiated in the vibration spectrum of the rotor
bearing measured under rotation. Fourier analysis and wavelet
3 Experiment Test Rig analysis were undertaken to confirm its viability and sensitivity to

detect the loose blade. The second loose blade condition was in-

Atest rig consisting of sub-assemblies of rotor-shaft, blades aced such that all implanted loose blades were seated in adjacent

intermediate locking pieces, drive and casing was designed for
laboratory study of typical loose blade dynamic response. A hol-
low rotor of 300 mm nominal diameter was used on the basis of3
practical working dimensiofand machining constraintsBlades
were located onto radial grooves in similar manner to the abo
industrial gas turbines, although simplified for the purpose of th
experimental study. Flat blades were used to avoid undue comj
cations in attempting to replicate the aerodynamic profile of g
actual blade. Other basic features such as blade incidence a
width, length and thickness were nevertheless maintained.
test rotor had 12 blades. A photograph showing an overall view
given in Fig. 3, and the blade assembly is given in Fig. 4. The te
rig incorporated elements which were considered important f
understanding the behavior of loose blade. A slackness adjug
and locking mechanism was incorporated into each blade s
that controlled looseness could be induced in each blade.

Experiments were undertaken to quantify a tight and inducs
fault condition. Three different conditions were incorporated i

Fig. 3 View of the experimental test rig

Fig. 2 Typical crack location on intermediate pieces (Ng and  Fig. 4 Photograph showing blade assembly with intermediate
Zahir [6]) locking pieces
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position (abbreviated as “A). This condition was intended to to wavelet, typically do not have its waveforfsinusoid limited
examine the effect of adjacent loose blades on the vibration sigimaitime (i.e., repeated over timeWhile a sinusoid is smooth and

of the rotor bearing. The third case involved loose blades seataedictable, wavelet on the other hand tends to be irregular and

randomly, i.e., scatterg@bbreviated as “R} in the rotor rig. This asymmetridrefer to Sidneyf14]). The irregular shape of wavelet

condition was intended to compare with test condition numbeenders it suitable for the detection of nonstationary signals with
two whereby the results of these two conditions would provide atiscontinuity or sharp changes. Whereas its nature of compactly

indication as to whether the position of the loose blade wouklipported in timéenergy concentrated in timenables signals to

affect the measured vibration signals. All loose blade conditiom® analyzed in time and frequency domain simultaneously. There-
were investigated with 1 mm and 2 mm looseness severity, ffiere, the driving impetus behind wavelet analysis is their property

spectively,(such quantum of loosenedgee play or slacknes$sre of being localized in time as well as in frequentscalg. This

typically found in the above mentioned gas turbinéswas real- provides the time-frequency representative of the signal. Continu-

ized that the vibration resulting from a defect or a fault such as tloeis wavelet transforfiCWT) is defined as the sum over all time

loose blade might not appear at all operating speeds. The chamitthe signalf(t) multiplied by scaled, shift versions of the wave-

teristics of these loose blade conditions were examined for tvet function, as represented in Ed).

different operating conditions—typically the steady-state speed

condition, and the coast down condition. .
. . C(scale,positio f(t) y(scale,positiort)dt 1

4 Signal Processing ( P = ffx O P ‘ @)

The vibration spectrums of steady state operating condition
were measured in the span of 0 Hz to 500 Hz with frequen

resolution of 0.625 Hz. This setting allowed the blade passi%girlfefétv)v;et:ﬁ ;')%r;f?(l::’grﬁ the wavelet function, an@ is the

frequency(BPF) (12 bladex20 Hz (operating frequengy=240 Th . :

) . . - ! e results of CWT are many wavelet coefficiersin func-
Hz) _and its second harm_on(@lSO H2 to be_mcluded_ln the VI tion of scale and position. Multiplying each coefficient by the
bration spectrums. BPF is the frequency inherent in all rotati

blades assembly. Literature had reported applications of BPF
blade faults diagnosis since the 1970s. MitcH&®75, for ex-
ample, showed that the relational changes in the blade pass\img,
frequency(BPF and its harmonics provide useful information fo
blade faults diagnosigited in Meher-Homiji[3]). The use of vi-

bration analysis for blade faults diagnosis was also studied ap (with lower scale resolution and larger spamas obtained

Simmons[7,8], Parge et al[9], and Pargd10]. They have con- : : - :
firmed that by observing the relative changes in the BPF and f%m the wavelet analysis to provide an overall view of the dy
I

harmonics amplitude; the blade faults can be possibly detect(z mics of the entire time waveform. Local wavelet mapth

. . . her scale resolution and shorter spansimply a zoomed ver-
The use of BPF in blade faults diagnostic had been documente n of the global wavelet map particularly around the BREO

various text (Hewlett Packard application note 2431], and P P
Mitchell [12], for examplé. It was documented that the increaquZ) level. This display allowed a close monitoring of the BPF for

of sidebands indicates blade faults has occurred. The bla
passing profile is also used as the fundamental parameter in sq
novel signal analysis methods for blade faults diagnosis suchg t
the wavelet analysigefer Aretakis[13]) and artificial intelligent dowi
(refer to Kuo[5)).

Synchronous time averaging method is typically used R
average-time waveforms measured in moderately steady-state fo!
erating condition. The averaged-time waveforms were then ang;
lyzed with Fourier analysis method to yield the frequency speg,
trum. With this operation, interference of the noise signals on tr&%
vibration spectrum was minimized to obtain a more accurate SPES,

velets of the original signal.

rious task, which required relatively long computation time in

n signal(last 2 secondswas extracted to perform the wavelet

ntinuous wavelet transforfCWT) and the discrete wavelet
nsform(DWT). DWT is implemented to reduce the computa-

trum. Synchronous time averaging was used in the data acquisly

tion process. m scale(highest frequengyof the original signal up to the

maximum scaldlowest frequencythat determined. CWT is also

forms are critical in wavelet analysis. In this case, the time Wav%pntmuous in its shifting: during computation, the analyzing

forms of steady-state operating condition were measured fo
total of 1.6 s(1/0.625 with the sampling frequency of 1280 Hz
(0.000781 s time resolutigonThis setting was found to produce
fine and clear wavelet map for steady-state operating conditi
monitoring. The vibration spectrums of the _coast_down condition Thére are numerous wavelet families available for wavelet
were measured from 0 Hz to 1600 Hz. This setting was used ﬂalysis of a signal. The selection of the wavelet families for
ensure capture of structural natural frequencies excitation of t
experimental rig during the coast down. Waterfall measuremen
of coast down condition were taken for every 0.5 s for a total

24 s until stand still condition. The time waveforms of coast dow|
condition were recorded for the 88 s with sampling frequency

of 1792 Hz(or 0.000558 s time resolutipronly due to memory

storage capacity constraint of the vibration analyzer, mental signal based on the fact that Coifllietvel 5 wavelet is

fairly symmetrical and regular in shagsee Fig. 5.

5 Selection of Wavelet Parameters Wavelet map plotted with this wavelet was found to be fairly

propriately scaled and shifted wavelet yields the constituent

Two different wavelet analysis settings were performed on the
A ation signal obtained from the steady-state operating condi-
tion. These results were then displayed on different graphs known

s the global wavelet map and local wavelet map. Global wavelet

ose blade diagnosis. To perform the wavelet analysis on the
fitire measured length of coast down time waveform is indeed a

andard desktop PC. Therefore, only a portion of the coast

analysis in the computer. There are two different transformation
ethods that could be used for wavelet analysis. There are the

n time required in wavelet analysis by calculating the wavelet
efficients at the scale and position based on the powers of two.
n the other hand, CWT operates at every scale from the mini-

avelet is shifted smoothly over the full domain of the analyzed

rsf"énal. The wavelet map produced by CWT is therefore smoother
and provide better visualisation for feature recognition purpose.
On this basis, then CWT method was chosen in this experimental

ignal analysis depends on its characteristics of that family such as
shape of the wavelet: symmetry, the number of vanishing mo-
ents, and the regularity. The wavelet family is important to the
Battern of the wavelet map representing the signal in hand. Coiflet
(level 5 wavelet was chosen for wavelet analysis of the experi-

symmetrical and smooth for the display of the vibration signals

Wavelet is a “small wave,” which has its energy concentratetheasured from the experiment. Wavelet analysis in this work was

in time, fairly similar to an impulse waveform over time. Purgerformed using the Wavelet Toolbox embedded in Matla
sine wavewhich is also the basis of Fourier analysi® contrast integrated technical computing software
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It could be concluded that the loose blade condition in the test rig
1 could not be readily detected under the steady-state operating con-
dition. It was however reported by Kué] that loose blade could

0.5 be diagnosed under the normal operating condition by using
multi-vibration sensor system with FFT analysis combined to-
gether with neural network and fuzzy logic for pattern recognition
based on an experimental model. Differences in findings between
this work and Kuo, however, could be explained by the physical
05 . differences in the test rig. Kuo’s work was based on an angular
displaced(loose blade from its regular position, which free play

is not necessarily in the radial direction only. The loose blade

0 5 10 15 20 25 examined the study in this work involved a vertical displaced
) ) looseness solely in the radial direction.
Fig. 5 Coiflet (level 5) wavelet From the global wavelet maps shown in Fig. 8, it could be seen

that the vibration signals of steady state operating condition were

dominated by the periodical components. The first-order running
6 Experimental Results and Discussions speed(20 H2 was clearly seen from the extracted wavelet coef-

ficients at scale 4420 Hz from the wavelet map. It was also seen

6.1 Steady-State Operating Condition. Comparing the that the dominating frequencies of the vibration signals were at

baseline(good condition and loose blade condition number onghe scale of 1 to 10 or corresponding to 800 Hz to 100 Hz in
(single loose blade with 1 mm and 2 mm looseness seVeiity frequency spectrum. This suggested that the BP0 H2) was
could be seen that there was no noticeable changes on the steggy included in the region. Figure 9 shows the zoomed wavelet
state vibration spectrumsFig. €). With loose blade condition map(termed as local wavelet mpparticularly at the scales 1 to 6
number two(adjacent effect with three and six loose blades 1o capture changes in BPF when loose blade conditions were in-
bration spectrumsFig. 7) were almost identical to the baselineyyced in the experiment. By inducing one and three loose blades
condition (Fig. 6). Even with increased looseness severity angh the blade assembly, there was no appreciable change found in

increased number of loose blateg., Case 4 in Fig.)7the BPF he |ocal wavelet maps, which distinguished the loose blade con-
and sideband$220 Hz or 260 Hz amplitudes remained almost yition from the baseline conditiofCompare Figs. @), 9(b), and

unchanged or unaffected. It could be inferred that under steagiy)) These findings were in good agreement with the findings
state operating conditioi.200 rpm, the loose blades did not 5, nq apove that suggested that during the steady-state operating
result in any appreciable change to the vibration signals and lo dition, the centrifugal force will displace the blade in an

blades could not be detected in the vibration spectrums. Under e qed position, which therefore would be similar to baseline
steady-state operating condition, the centrifugal force would keEBndition.

the loose blade at the most extended outer position in the rotor
groove hence rendering the loose blade condition similar to the6.2 Coast Down Condition. As typical in any machinery
baseline condition with all blades firmly seated in a tight positiortoast down, resonant frequencies would be excited as the rota-

Case ) - Baseline Condition
Case 1 — S1-1 (1 blade. 1mm)
Case 2 - S1-2 (1 blade. 2mm)

&L » ﬁ-‘.&L\kJJ«- ~«d&d&.‘)&vﬂ’\.hﬁﬂﬂj‘l\h‘ Mm@ﬁm&p&w;ﬁmwﬂ»m\ﬁm/.-)ibw\«.v .{JS“M_...W, _«,,\;‘&.‘.«...J&M«\;w._..__.,,._w; e D

BPF = 240 Hz
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25— ‘ 5 ﬁ | 5 | |
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Fig. 6 Comparison of baseline and faulty condition 1

Journal of Engineering for Gas Turbines and Power APRIL 2005, Vol. 127 | 317

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



I

0.2 —

L
i

0.15 —

0.1,

Amplitute (mmy/s)

0.05 —

50 100 1 50

200

Case t - Al-1 (3 blades. Imm)
Case 2 - Al-2 (3 biades. 2mm)
Case 3 - A2-1 (6 blades. 1mm)
Case 4 — A2-2 (6 blades. 2mm)

) w\d1l~4§44 JAM&MLUA@\AM \MM*{\}LA"J]L}JJL&\M&J‘A‘%IA k\MJ‘A,m_,\;__»..AN.»J...A,A,...\._..l\_.m.‘«: AAAAAAA 4

‘vx )$_j‘:,~y«,,ﬂ\__/\,ﬁﬂ.ﬂ/ﬁ{\’l)lh ‘i (Mﬂ\w hﬁ «A)l(\b\a‘u‘ Al N.&wy\\ﬁdﬂ 4 A««.w st Muh«&hv_kw,.»m 3

lA., - I’f\ L,ﬁ }uwﬁa mﬁk&z“w J#&Aﬁm M:&M‘\« AR, }h)u o Y JWJH; Aoha s 'V""/\x SOV VNP W SeeON ¥ vl bt s D

!L\L '\L Ao thwh J ﬁ)u MMM&A, MAN .MA«QMAAN WNMAM\V et «\*Aw‘u N

2583

25 300 350 400 450 500
Frequency (Hz)

Fig. 7 Comparison of faulty condition 2

tional speed coincides with the natural frequency of the rotor andHowever, by increasing the looseness severity of that single
structure. Waterfall plots of FFT vibration spectrum were exanteose blade to 2 mm, some minor ripples were noted in the region
ined for all test conditions. For the baseline, and a single loos&400 Hz to 800 HZsee Fig. 1()). By increasing the number of
loose blades from one to three blades, it could be seen that the
with resonant peaks at critical spegdand thereafter at low ripples increase accordinglyefer to Fig. 10d)). This finding sug-
gested that the loose blade may have triggered a series of impact

blade conditions, the waterfall plots were found to be nortinel,

speeds cleafi.e., no additional peaksFig. 10a) and Fig. 1Qb)).
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Fig. 8 Typical global wavelet map
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Fig. 9 Local wavelet maps: (a) baseline, (b) condition no. 1 (one blade, 1 mm ),
(¢) condition no. 2 (three blades, 1 mm )

on the rotor, which excited its natural frequency of the experimenf a single loose blade and minimum looseness severity of 1 mm,
tal rig. These impacts could only happen during the last 10 s significant changes were noted in the wavelet maps. Relatively
coast down when the weight of the loose blade was greater thaigh amplitude components in the region of 1-10 scale or corre-
the centrifugal force. It was seen that there was no significasponding to 1000 Hz to 150 Hz along the time scale was observed
difference between three loose blades and six loose blades coiBig. 11(b)). This suggested that light impacts had occurred
tions even though it was thought reasonably that the total enertipereby exciting natural frequencies which was evident in the
of impact was proportional to the number of loose bla@@sn- wavelet map. It was seen that increasing the looseness severity
paring Figs. 10d) and 1@e)). In addition, the different in loose from 1 mm to 2 mm, resulted in greater change consistent with
blades configuratiofadjacent and random loose blades positionsncrease in impactcompare the gray color tone of impacts in
could not be differentiated in waterfall profilésomparing Figs. Figs. 11b) and 11c)). The increase in the number of loose blades
10(d) and 1@e)). Notwithstanding the above, it is acknowledgedrom one blade to three and six blades resulted in longer impact
that the differences in the waterfall plots with fault condition weréuration as seen in wavelet maps, Figs(dl@nd 1Qe). Examin-
not readily apparent. This makes it even more less applicableing the total impact time seen in wavelet maps provided a basis of
real machines. estimate in the number of loose blade. It was found that the
In the baselinggood condition, the coast down wavelet mapgreater the looseness severity the higher the impact energy would
was clean(see Fig. 1(a)). With a nominal loose blade condition be seen in the wavelet maps. Changes in intensity as represented
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Fig. 10 Waterfall plots: (a) baseline, (b) condition no. 1 (1 ) ! i ‘
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Fig. 11 Coast down wavelet maps: (a) baseline, (b) condition
at the color in the wavelet map, indicated severity of loosenes®. 1 (1 mm), (¢) condition no. 1 (2 mm), (d) condition no. 2
Differences in loose blades configurati¢adjacent and random (three blades, 2 mm ), (e) condition no. 3 (six blades, 2 mm )
loose blades positigrcould be fairly estimated based on the time
duration taken for the two consecutive impacts as seen on the
wavelet maps(compare Figs. 1) and 11e)). In conclusion,
loose blade was detectable in the wavelet map during the cogs
down condition. The looseness severity, the number of loose
blades, as well as the configuration of the loose blades could bel. It was shown that the loose blade conditions were undetect-
differentiated based on the pattern of the wavelet maps. able under steady-state operating condition, either by using the

.3 Discussion. Some important and significant findings of
experiment are summarized as follows:
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Fig. 12 Zoomed BPF time waveform

Fourier analysis method or wavelet analysis method. It was onljere ten peaks found in the local wavelet map plotted for the
during the coast down condition, that a loose blade could be d#uration of ten cyclegsee Figs. @) to 9(c)). These peaks were
tected based on the impacts imposed by the loose blade, whigdtter seen in the BPF time waveforms extracted from the local
excited the natural frequency of the rotor system. This suggegigvelet map(the lower diagram of every local wavelet maps in

that not all kinds of blade faults could be readily detected durir.gg_ 9). For clearer view, the enlarged BPF time waveform is
normal or steady-state operating condition. Ehown in Fig. 12.
e

2. Wavelet analysis was shown to be more sensitive than t
conventional FFT waterfall in detecting loose blade. This was It was found that in one rotation&0.05 9, there were approxi-
evident from changes in the wavelet map with a single loose blagately 12 pressure gradients, which represented 12 pressure pro-
with nominal (1 mm) looseness, which was not obvious in FFTiles imposed by each blade on the experimental rig. This method
waterfall plots. This was due to the fact that the impacts signals potentially suitable for diagnosis of blade deformation faults
are nonstationary signals, which would be better analyzed Pyuch as crack, FOD, loss part, and erosion and corrpsiet
tlme.-frequency anaIyS|s. method such as wavelet anal.y§|s.. Co¥roduce changes to the blade surface or geometry. This in turn
ventional Fourier analysis was more suitable for deterministic al

stationary signal. When Fourier analysis method is used to ana_uld potentially alter the BPF time waveform profiles. Wavelet
lyze these nonstationary impactive signals such as those genergl% ysis has the capability to extract BPF time waveform from the

by loose blade, these signals would be normalized over the entifV vibration signal. The _extra(_:ted BPF. time waveform COU|d.
time series. These impactive signals would therefore be mask8§n be used as the raw signal inputted into the wavelet analysis
by noise or more prominent frequency components present in g6 the second time for feature recognititfault recognition pur-
frequency spectrums. This observation was in agreement wiRRses. This methotteferred as “dwi-wavelet analysig'in some
findings of Aretakis and Mathioudakj43] that the wavelet analy- ways are similar in intent of Cepstrum analysis used in vibration
sis allows local features and hidden details of a signal to be idemralysis. This method seems promising for blade faults diagnosis
tified that makes it useful for condition monitoring in turbomasparticularly for blade deformations faults. Figure 13 showed the
chiney components, where the detection of small changes simulated blade passing time waveform for good and faulty blade.
dynamic quantities is important. Minor distortion of BPF time wavefornidue to blade deforma-
3. Over the years, frequency spectrt8PP) of Fourier analy- tion) would not be obvious in Fourier analysis spectrum. This
sis has been used as the primary tool to diagnose blade faultsyjfor alteration on the blade passing time waveform could, how-
gas turbines. It was however noted from this work that wavelgler pe clearly detected with wavelet analy&smpare Figs.
analysis is superior over Fourier analysis for loose blade deteﬁ;)(a) and 13b)). This illustrates the feasibility that BPF should be

tion. Wavelet map provides a 990d lllustration to visualize .th Fated as nonstationary signal and blade fault could therefore be
dynamics response of a mechanical system. It could show SIMBtentially detected with “dwi-wavelet” analysis. This could in-
taneously the periodicity and the transient components of vibra® y ysIS.

tion signal. This offers an advantage over the Fourier analy§r§duce a new paradigm for blade faults diagnosis whereby BPF is

where the transient signals would be normalized, and only th@ 'onger treated as stationary sigfas the case with frequency

averaged energy of particular frequencies band is shown in tHectrum but would be recognized as a nonstationary signal. This
frequency spectrum. Aretakis and MathioudaKi§] had showed i then well suited for time-frequency analysis method such as
that the extracted wavelet amplitude differences near BPF w&gvelet analysis.

viable in diagnosing twisted blade and fouled blade. This method, if combined with the phase information could be

4. In addition, the extracted BPF time waveform provides begble to detect the number and the position of the faulty blades
ter visualization on the pressure profile trailing each blade. Themdich is never possible using the Fourier analysiace the time
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Minor distortion on
blade passing profile.

Raw Signal
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1 —

Wavelet Coefficients Line at Scale 2.5 Wavelet Coefficients Line at Scale 2.5

P

H—

FFT Spectrum

a)

Fig. 13 Wavelet analysis (a) good condition (b) with fault

information is lost. On-going work is still in progress to confirm

figurations implanted in the test rig. The question that remained to
be answered was how the impacts signals could be captured by an
accelerometer if the rotor to blade weight's ratio was large? Would
the impact signal be overwhelmed by the more prominent signal
or noise? How well this method will perform in a more complex
environment of an actual gas turbine shall require a pilot study on
actual gas turbines correlated with observation of physical faults
and maintenance post-mortem.
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Aircraft Turbofan Engine Health
oansimon | EStimation Using Constrained

Electrical Engineering Department,
e | Kalman Filtering
1960 East 24th Street,

Cleveland, OH 44115 . . . .
¢-mail: d.j.simon@csuohio.edu Kalman filters are often used to estimate the state variables of a dynamic system. How-

ever, in the application of Kalman filters some known signal information is often either
ignored or dealt with heuristically. For instance, state-variable constraints (which may be

Donald L. Simon based on physical considerations) are often neglected because they do not fit easily into
U.S. Army Research Laboratory, the structure of the Kalman filter. This paper develops an analytic method of incorporat-
NASA Glenn Research Center. ing state-variable inequality constraints in the Kalman filter. The resultant filter is a
21000 Brookpark Road, combination of a standard Kalman filter and a quadratic programming problem. The
Cleveland, OH 44138 incorporation of state-variable constraints increases the computational effort of the filter
g-mail: donald | simon@grc.nasa.gov but significantly improves its estimation accuracy. The improvement is proven theoreti-

cally and shown via simulation results obtained from application to a turbofan engine
model. This model contains 16 state variables, 12 measurements, and 8 component health
parameters. It is shown that the new algorithms provide improved performance in this
example over unconstrained Kalman filterifq@Ol: 10.1115/1.1789153

Introduction engine data in order to evaluate the health of the engine and its

components. The health evaluation is then used to determine

For I|r_1ear dynamic system_s with white process and mgasurr%éintenance schedules. Reliable health evaluations are used to
ment noise, the Kalman filter is known to be an optimal estimata

; S ) . a{hticipate future maintenance needs. This offers the benefits of
However, n the ﬁpp"ca“‘?” of Ka'ma”.f"ter$ there is often kn0\_/v proved safety and reduced operating costs. The money-saving
mod(_el or signal |n_format|on that is either ignored or dealt wit otential of such health evaluations is substantial, but only if the
heurlgtlcal!y[l]. This paper presents away to generah;e the K valuations are reliable. The data used to perform health evalua-
man filter in .SUCh away th.at.known inequality cqnstramtg amonghns are typically collected during flight and later transferred to
the state variables are satisfied by the state-variable estimates

e ) >ground-based computers for post-flight analysis. Data are col-
The method presented here for enforcing inequality constraifis.iad each flight at approximately the same engine operating con-

on the state-variable estimates uses hard constraints. It is basedidBns and corrected to account for variability in ambient condi-

a generalization of the approach presented in Rafwhich dealt jons and power-setting levels. Typically, data are collected for a
with the incorporation of state-variable equality constraints in tr}feriod of aboti3 s at arate of about 10 or 20 Hz. Various algo-
Kalman filter. Inequality constraints are inherently more compliithms have been proposed to estimate engine health parameters,
cated than equality constraints, but standard quadratic progragich as weighted least squafds, expert system$5], Kalman
ming results can be used to solve the Kalman-filter problem wit{iers [6], neural network$6], and genetic algorithmis].

inequality constraints. At each time Step of the constrained Kal- This paper app"es constrained Kalman f||ter|ng to estimate en-
man filter, we solve a quadratic programming problem to obtagine component efficiencies and flow capacities, which are re-
the constrained state estimate. A famlly of constrained state ewrred to as health parameters. We can use our know|edge of the
mates is obtained, where the weighting matrix of the quadrajiysics of the turbofan engine in order to obtain a dynamic model
programming problem determines which family member form®,9]. The health parameters that we try to estimate can be mod-
the desired solution. It is stated in this paper, on the basis of Refed as slowly varying biases. The state vector of the dynamic
[2], that the constrained estimate has several important propertig@del is augmented to include the health parameters, which are
The constrained state estimate is unbia@orem 1 belowand then estimated with a Kalman filt¢10]. The model formulation

has a smaller error covariance than the unconstrained estimiatehis paper is similar to previous NASA woik1]. However,
(Theorem 2 below We show which member of all possible con-Ref. [11] was limited to a 3-state dynamic model and 2 health
strained solutions has the smallest error covariafiteorem 3 parameters, whereas this present work includes a more complete
below). We also show the one particular member that is alway$s-state model and 8 health parameters. In addition, we have
(i.e., at each time stemloser to the true state than the unconsome a priori knowledge of the engine’s health parameters: we
strained estimatéTheorem 4 below Finally, we show that the know that they never improve. Engine health always degrades
variation of the constrained estimate is smaller than the variationer time, and we can incorporate this information into state con-
of the unconstrained estimat€heorem 5 below straints to improve our health-parameter estimatidris is as-

The application considered in this paper is turbofan engirsiming that no maintenance or engine overhaul is perfopmed.
health-parameter estimatidB]. The performance of gas turbineThis is similar to the probabilistic approach to turbofan prognos-
engines deteriorates over time. This deterioration can affect tties proposed in Ref12]. The simulation results that we present
fuel economy and impact emissions, component life consumptidrere show that the Kalman filter can estimate health-parameter
and thrust response of the engine. Airlines periodically colledeviations with an average error of less than 5%, and the con-

strained Kalman filter performs even better than the unconstrained

Contributed by the International Gas Turbine InstitU@TI) of THE AMERICAN  filter.

SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF It should be emphasized that in this paper we are Confining the
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the '”tema'ﬁaroblem to the estimation of engine health parameters in the pres-
tional Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jufie t epr . X
16-19, 2003, Paper No. 2003-GT-38584. Manuscript received by IGTI, Octob€NCe Of degradation only. There are specific engine fault scenarios
2002, final revision, March 2003. Associate Editor: H. R. Simmons. that can result in abrupt shifts in filter estimates, possibly even
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indicating an apparent improvement in some engine componeritising the fact that the unconstrained state estiatz (the con-
An actual engine-performance monitoring system would need ditional mean ofx), we rewrite the above equation as
include additional logic to detect and isolate such faults. . ~ o ~ ~

g min(X"2 ¥ — 2Xx™> " %X)such thatDX=d. 7

X

Kalman Filtering Note that this problem statement depends on the conditional
Consider the discrete linear time-invariant system given by Gaussian nature ok, which in turn depends on the Gaussian
nature ofxq, {w,}, and{e} in Eq. (1).
Xk 1=AX+Bugt+w,, . . .
1) The Mean-Square Method. In this section we derive the

Vi=Cxt+ ey, constrained Kalman-filtering problem by using a mean-square
minimization method. We seek to minimize the conditional mean-

wherek is the time indexx is the state vecton is the known square error subject to the state constraints.

control input,y is the measurement, afd,} and{e,} are uncor-
related zero-mean white-noise input sequences. WeQugede- min E(Hx7§||2|Y)such thatDXx<d, (8)
note the covariance dfw,} andR to denote the covariance of *

{ey}, andx to denote the expected value xfThe problem is to

find an estimate X ,; Of Xo., given the measurements Where[-|| denotes the vector two-norm. If we assume thandY

are jointly Gaussian, the mean-square error can be written as

{Yo.Y1, - - - Yi}. We will use the symboY, to denote the column
vector that contains the measuremefyts,ys, - . . .yx}. The Kal- ~12 o~
man filter can be used to solve this problem as follows: E(Ix=XII?1Y)= [ (x=%)"(x=X)P(x|Y)dx 9)
K,=A3,CT(C3,CT+R) L, 2
— T _ogT ovakv,
Res 1= AXc B+ Ki(Yi— CX), @) —f X"XP(x|Y)dx— 2x fo(x|Y)dx+x X. o)
Si1=(AY — K CIYAT+Q, 4

T S Noting that the Kalman-filter estimate is the conditional mean of
where the filter is initialized wittko=X,, andZo=E[(Xo—X0) ¥, i.e.,
X(Xo—Xo) ']. It can be showi13] that the Kalman-filter estimate
has several attractive properties. It is unbiased, and of all affine S

? e S X x= | xP(x]Y)dx, 11
estimators, it is the one that minimizes the variance of the estima- f (XY) (1)
tion error. In addition, ifo, {Wk}z andie} are jointly Gaussian, \ye formulate the first-order conditions necessary for a minimum
then the Kalman-filter estimate is the one that maximizes the cos
ditional probability density function of the state given the mea- o ~
surement history. min(X™x— 2x™)such thatDX=d. (12)
X

ey . . . Again, this problem statement depends on the conditional Gauss-
Kalman Filtering With Inequality Constraints ian nature ofx, which in turn depends on the Gaussian nature of
This section extends the well-known results of the preceding, {w,}, and{e,} in Eq. (1).
section to cases where there are known linear inequality con- . ) ) )
straints among the state components. Also, several important "€ Projection Method. In this section we derive the con-
properties of the constrained filter are discussed. Consider ined Kalman-filtering problem by directly projecting the un-

dynamic system of Eq(l) where we are given the additionalConstrained state estimakeonto the constraint surface. That is,
constraint we solve the problem

Dx,<d,, ) min(X—X)TW(X—X)such thatDX=<d, (13)
x

where D is a knownsXn constant matrixs is the number of ) ) . . o .
constraints,n is the number of state variables, asetn. It is Where W is any symmetric positive-definite weighting matrix.
assumed in this paper thBtis full rank, i.e., thatD has ranks. This problem can be rewritten as
This is an easily satisfied assumption.Ofis not full rank that min(X"Wx— 2X"WX)such thatDX<d. (14)
means we have redundant state constraints. In that case we can %
simply remove linearly dependent rows frdin(i.e., remove re- ) o ) )
dundant state constraiftsntil D is full rank. Three different ap- 1h€ constrained estimation problems derived by the maximum
proaches to the constrained state estimation problem are giverPfRbability method of Eq(7) and the mean-square metljcl)d of Eq.
this section. The time indek is omitted in the remainder of this (12) can be obtained from this equation by settiWg=%"" and
section for ease of notation. W=1, respectively. Note that this derivation of the constrained

estimation problem does not depend on the conditional Gaussian

) The Maximum Probability Method In this SeCtion we de- nature Of;(, i.e., Xg, {Wk}1 and{ek} in Eq. (1) are not assumed to
rive the constrained Kalman-filtering problem by using a maxpe Gaussian.

mum probability method. From Rdf.13], p. 93ff.] we know that

the Kalman-filter estimate is that value »fthat maximizes the

conditional probability density functioR(x|Y). The constrained  The Solution of the Constrained-State Estimation Problem.
Kalman filter can be derived by finding an estimatsuch that the The problem defined by Eq14) is known as a quadratic pro-
conditional probabilityP(X|Y) is maximized and satisfies the gramming probleni14,15. There are many algorithms for solv-
constraint of Eq.(5). Maximizing P(X|Y) is the same as maxi- ing quadratic programming problems, almost all of which fall in
mizing its natural logarithm. So the problem we want to solve cahe category known as active set methods. An active set method
be given by uses the fact that it is only those constraints that are active at the
solution of the problem that are significant in the optimality con-
ditions. Assume thatt of the s inequality constraints are active at

(6) the solution of Eq(14), and denote b)f) andd thet rows of D
such thatDX=d. andt elements ofd corresponding to the active constraints. If the

max InP(X|Y)=min(x—x)Ts " }(X—X),
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correct set of active constraints was known a priori then the solonly time that equalities hold in the theorems is if there are no
tion of Eq. (14) would also be a solution of the equality-active constraints at the solution of E44); that is, if the uncon-

constrained problem strained Kalman filter satisfies the inequality constraints.
min(XTWx— 2X"™Wx)such thatDX=d. (15) ) o
* Turbofan Engine Health Monitoring

This shows that the inequality-constrained problem defined by Eq.The high-performance turbofan engine model used in this re-
(14) is equivalent to the equality-constrained problem defined Bgarch is based on a gas turbine engine simulation software pack-
Eq. (15). Note thatX depends entirely o at each time step. g€ callebiGTem (digital turbofan engine model8,16]. DIGTEM
Although the equation fok is recursive as seen in E¢B), the IS written in Fortran and includes 16 state variables. It uses a

equation for X is not recursive. Therefore, an inequality-t@ckward difference integration scheme because the turbofan

constrained Kalman filter that uses active set methods to enfoff@del contains time constants that differ by up to four orders of
the constraints completely reduces to an equality-constrained k&iagnitude. ) ) )

man filter, even though the active set may change at each timel he nonlinear equations usedorcTem can be found in Refs.
step. The equality-constrained problem was discussed in[Ref. [8:9]. The time-invariant equations can be summarized as follows:

in which there is no assumption that the constraints remain con- x=f(x,u,p) +wy(t)
stant from one time step to the next. Therefore, those results can (21)
be used to investigate the properties of the inequality-constrained y=g(x,u,p)+e(t).

filter. X is the 16-element state vectorjs the 6-element control vector,

Properties of the Constrained State Estimate. In this sec- P is the 8-element vector of health parameters, wnsl the 12-
tion we examine some of the statistical properties of the coglement vector of measurements. The noise tft) represents
strained Kalman filter. We useto denote the state estimate of thénaccuracies in the model, aegt) represents measurement noise.
unconstrained Kalman filter, andto denote the state estimate ofThe state variables and their nominal values at the selected oper-
the constrained Kalman filter as given by Ef4), recalling that ating point are as follows:

Egs.(7) and(12) are special cases of EQL4). Low-pressure turbinéLPT) rotor speed9200 rpm

High-pressure turbin€HPT) rotor speed 11900 rpm
Compressor volume stored ma€s91294 b
Combustor inlet temperatuf@325 R

Combustor volume stored ma&s460 lbm

Theorem 1. The solutiornx of the constrained state estimation *
e HPT inlet temperaturé2520 R

problem given by Eq(14) is an unbiased state estimator for the
system given by Eq(l) for any symmetric positive definite
weighting matrix W. That is,

E(X)=E(x). (16) HPT volume stored mas@.4575 |bm
LPT inlet temperaturé¢1780 R

Theorem 2. The solutionx of the constrained state estimation LPT volume stored mas&.227 lbm

problem given by Eq(14) with W=3"1, where3 is the error }
covariance of the unconstrained estimate given in(Eg.has an Augmentor inlet temperaturd160 R

error covariance that is less than or equal to that of the uncon- Augmentor volume stored mags.7721 lbm
; . ; * Nozzle inlet temperaturél160 R
strained state estimate. That is,

» Duct airflow (86.501 lbm/$
Cov(x—X)<CoMX—X). (17) » Augmentor airflow(194.94 lbm/$
 Duct volume stored mag$.7372 lbm

At first this seems counterintuitive, since the standard Kalman, pct temperaturé696 R

filter is by definition the minimum variance filter. However, we
have changed the problem by introducing state-variable cohhe turbofan controls and their nominal values are as follows:
straints. Therefore, the standard Kalman filter is no longer the
L . e . » Combustor fuel flow(1.70 lbm/3
minimum variance filter, and we can do better with the con « Augmentor fuel flow(0 lom/s

strained Kalman filter. « Nozzle throat are#430 in.2)
Theorem 3. Among all the constrained Kalman filters result- * Nozzle exit areg492 in?)

ing from the solution of Eq(14), the filter that use®v=3 "' has  * Fan vane anglé—1.7°)

the smallest estimation error covariance. That is, » Compressor vane ang(é.0°)

Cov(x—Xs-1)<Coux—Xy) for all W. (18) The health parameters and their nominal values are as follows:

Fan airflow(193.5 Ibm/$

Fan efficiency(0.8269

Compressor airflow107.0 lbm/$
Compressor efficienc{0.8298

HPT airflow (89.8 Ibm/s

HPT enthalpy chang€l67.0 Btu/lbm)
LPT airflow (107.0 Ibm/$

LPT enthalpy changé75.5 Btu/lbm)

The turbofan measurements and their nominal values and signal-
to-noise ratioSNRS9 are as follows:

* LPT rotor speed9200 rpm, SNR=150
where Tf-] indicates the trace of a matrix, and Qevindicates * HPT rotor speed11900 rpm, SNR-150
the covariance matrix of a random vector. e Duct pressuré34.5 psia, SNR-200

Theorem 4. The solutiorx of the constrained state estimation
problem given by Eq(14) with W=1 satisfies the inequality

[xec=XdI=<Ilx— X4 for all k, (19)

where |-|| is the vector two-norm and is the unconstrained
Kalman-filter estimate.

Theorem 5. The error of the solutio® of the constrained state
estimation problem given by Eq14) with W=1 is smaller than
the unconstrained estimation error in the sense that

Tr[CouX)]<Tr[CovX)], (20)

The above theorems all follow from the equivalence of Egs. « Duct temperaturé696 R, SNR=100)
(14) and(15), and the proofs presented in REE]. We note that if Compressor inlet pressuf86.0 psia, SNR-200
any of thes constraints are active at the solution of Ety), then Compressor inlet temperatu(@98 R, SNR=100
strict inequalities hold in the statements of Theorems 2—-5. Thee Combustor pressur@67 psia, SNR-200)
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» Combustor inlet temperatuf@325 R, SNR=100) equations automatically use this information to improve its esti-
e LPT inlet pressurg70.0 psia, SNR-100) mate of all of the state variables and generate the optimal state
e LPT inlet temperatur¢1780 R, SNR=70) estimate.

e Augmentor inlet pressur€1.8 psia, SNR-100 It is known that health parameters do not improve over time.
e Augmentor inlet temperaturgl160 R, SNR=70) That is, 6p(1), dp(2), dp(3), p(4), 6p(6), and Sp(8) are

always less than or equal to zero and always decrease with time.

The SNR values above are based on NASA experience and %ﬁhilarly, 5p(5) andsp(7) (the two turbine airflow parameters

viously published datfl7]. Sensor dynamics are assumed to bEre alwa : :

. . . ) ys greater than or equal to zero and always increase with
high ?”Ough bandW|_dth that they can b‘? ignored in the dynanHFne. In addition, it is known that the health parameters vary
equationg17]. Equation(21) can be linearized about the nominal ~

operating point by using the first-order approximation of th&°WlY Withfgmi' As an exarr;ple, Siﬁoﬁf)(”l) is the constrained
Taylor-series expansion. This gives a linear small-signal systémtimate ofép(1), we canenforce the following constraints on

model defined for small excursions from the nominal operatingP(1):

point: Fp(1)=<0,

(22) P a(1)=p 1)+ 27)
B 1(1)=8p 1)~ 71

wherey; andy; are nonnegative factors chosen by the user that

SX=A,0x+Bu+A,0p+wy(t),
8y=C,6x+Ddu+C,8p+e(t).
We note that

ot allows the state estimate to vary only within prescribed limits.

Al_&' Typically we choosey; > y; so that the state estimate can change

_ (23)  more in the negative direction than in the positive direction. This

. AX(i) is in keeping with our a priori knowledge that this particular state
AuiL))~ AX(j)" variable never increases with time. Ideally we would haxe

e . . =0 since 6p(1) never increases. However, since the state-
Sl_mllar equations hold fqr thgz, C1, andC, matrices. We ob- yariable estimate varies around the true value of the state variable,
tained numerical approximations to the, A,, C;, andC, ma- e choosey; >0. This allows some time-varying increase in the

trtlce?_ bé var()j/mgx agd P ftrrc])m their n(()jmlnal tvalu_esone element state-variable estimate to compensate for a state-variable estimate
at a time and recording the neéw andy VEctors INDIGTEM. that is smaller than the true state-variable value.

b1t—h'e goal of ou;turbgfantenglne L‘.eﬁlth “?0“”"”'”'9 pr_(t)r?ltt_em IST0' These constraints are linear and can therefore easily be incor-
obtain an accurate estimate &, which varies slowly with time. orated into the form required in the constrained filtering problem

We therefore assume thap remains essentially constant during & sement of Eq(5). If the state constraints are nonlinear they can
single flight. We also assume that th? control input is constant, 89 jinearized as discussed in RE#]. Note that this does not take
du=0. (In reality, 5u= 0, which complicates the problem and Willinto account the possibility of abrupt changes in health parameters

give different results than we present in this paper. This will b(fi’ue to discrete damage events. That possibility must be addressed

explored in further work. This gives us the following equivalent - h ! o
: X - y some other mean®.g., residual checkinf3]) in conjuction
discrete time systerfi18], p. 90t with the methods presented in this paper.

X 1= A1 OXy T Agg Py + Wy, (24)
Simulation Results
We simulated the methods discussed in this paper ugitg
where A, g=exp®,T) and A2d=A1’1(A1dfl)A2 (assuming that LAB. We simulated a steady-sta8 s burst of engine data mea-
A, is invertible, which it is in our problem We next augment the sured at 10 Hz during each flight. The nonlineasTem software
state vector with the health-parameter vedtbt] to obtain the described in the preceding section was used to generated the mea-

éyk: C15Xk+ Czﬁkar ek,

system equation surement data. Each data collection was performed at the single
operating point shown earlier in this paper. The signal-to-noise
MNXys1 Atg  Aodl|[ 6%] [wik ratios were determined on the basis of NASA experience and pre-
Pks1l | O I | Opk] [ Wk’ viously published dat§17] and are shown earlier in this paper.

(25)  The Kalman filter was relinearized around the state estimates ev-
ery 50 flights. We used acdlprocess noise in the Kalman filter
€., equal to approximately 1% of the nominal state values to allow
the filter to be responsive to changes in the state variables. We set
where wy, is a small noise ternfuncorrelated withwy,) that the 1 process noise for each component of the health-parameter
represents model uncertainty and allows the Kalman filter to esfortion of the state derivative equation to 0.01% of the nominal
mate time-varying health-parameter variations. The discrete tirgarameter value. This was obtained by tuning. It was small

OXy
oyk=[Cy Cz]{ 5Pk

small signal model can be written as enough to give reasonably smooth estimates, and large enough to
ox allow the filter to track slowly time-varying parameters. For the
[(Spkﬂ :A{ 5pk W, constrained filter, we chose thevariables in Eq(27) such that
k+1 k

(26) the maximum allowable rate of change dp was the sum of a
5%, linear and exponential function that reached 9% after 500 flights
Oy = C[ +e, in the direction of expected change, and 3% after 500 flights in the
opx et ot
opposite direction. The true health-parameter values never change
where the definitions oA andC are apparent from a comparisonin a direction opposite to the expected change. However, we allow
of the two preceding equations. Now we can use a Kalman filttre state estimate to change in the opposite direction to allow the
to estimatesx, and p, . Actually, we are only interested in esti- Kalman filter to compensate for the fact that the state estimate
mating 8py (the health-parameter deviationbut the Kalman fil- might be either too large or too small. We set the weighting matrix
ter gives us the bonus of also estimatifig, (the excursions of the W in Eq. (14) equal to3 ! in accordance with Theorem 3.
original turbofan state variablesNote that four of the state vari- We simulated an exponential degradation of the eight health
ables are directly measured with good SNRs. The Kalman-filtparameters over 500 flights. The initial health-parameter estima-
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Table 1 Kalman-filter estimation errors. The numbers shown
are rms estimation errors averaged over 30 simulations where
each simulation had a linear-plus-exponential degradation of

s : all eight health parameters. The numbers show the error be-
® : tween the estimated and actual degradation as percentages of
® ; the degradation at the final time.
[5) :
'qé Estimation erron(%)
[} :
E : Health parameter Unconstrained Constrained
g ; Fan airflow 4.81 4.41
a : Fan efficiency 5.85 4.60
= : Compressor airflow 3.43 2.73
o 48 Compressor efficiency 4.82 3.80
= : HPT airflow 3.09 2.39
1= : HPT enthalpy change 4.48 3.76
S -l LPT airflow 4.54 4.26
o . LPT enthalpy change 6.28 5.22
: Average 4.66 3.90
: : : : Py Ao, -
_3 1 L 1 1
0 100 200 300 400 500
flight number . . . .
programming problem that is required. However, computational
Fig. 1 Unconstrained Kalman-filter estimates of health param- effort is not a critical issue for turbofan health estimation since the
eters. True health-parameter changes are shown as heavy filtering is performed on ground-based computers after each flight.
lines. Filter estimates are shown as lighter lines. Note that the Kalman filter works well only if the assumed

system model matches reality fairly closely. The method presented
in this paper, by itself, will not work well if there are large sensor
tion errors were taken from one-sided normal distributions withiases or hard faults due to severe component failures. A mission-
standard deviations of 0.5% of their nominal values. The simgtitical implementation of a Kalman filter should always include
lated health-parameter degradations were representative of turb@me sort of residual check to verify the validity of the Kalman-
fan performance data reported in the literat{t6]. We ran 30 filter results[20], particularly for the application of turbofan en-
Monte Carlo simulations like this, each with a different nois@ine health estimation considered in this paj&r
history and different initial estimation errors. Figures 1 and 2 It can be seen from the figures that although the constrained
show the Kalman filter's performance in a typical case when tHiter improves the estimation accuracy, the general trend of the
initial estimation errors are zero. Both simulations represented $tate-variable estimates does not change with the introduction of
the figures have the same “random” measurement noise. Tablétate constraints. This is because the constrained filter is based on
shows the performance of the filters averaged over all 30 simuthe unconstrained Kalman filter. The constrained filter estimates
tions. The standard Kalman filter estimates the health parametérerefore have the same shape as the unconstrained estimttes
to within 4.66% of their final degradations. The constrained filtéhe constraints are violated, at which point the state-variable esti-
estimates the health parameters to within 3.90% of their final degjates are projected onto the edge of the constraint boundary. The
radations. These numbers show the improvement that is possigiastrained filter presented in this paper is not qualitatively dif-
with the constrained Kalman filter. ferent than the standard Kalman filter; it is rather a quantitative
The improved performance of the constrained filter comes witmprovement in the standard Kalman filter.

a price, and that price is computational effort. The constrained
filter requires about four times the computational effort of th€onclusion

unconstrained filter. This is because of the additional quadratche have presented an analytic method for incorporating linear

state inequality constraints in a Kalman filter. This maintains the
state-variable estimates within a user-defined envelope. The simu-
lation results demonstrate the effectiveness of this method, par-
: : : ” ; ticularly for turbofan engine health estimation.

: : ' : o If the system whose state variables are being estimated has
2 ; : A el known state-variable constraints, then those constraints can be
: : i : : incorporated into the Kalman filter as shown in this paper. How-
Pl T =S ................. : ever, in implementation, the constraints enforced in the filter

il : : : : might be more relaxed than the true constraints. This allows the
filter to correct state-variable estimates in a direction that the true
state variables might never change. This is a departure from strict
adherence to theory, but in practice this improves the performance
® ' : : of the filter. This is an implementation issue that is conceptually
ARt oo, " : TR — similar to tuning a standard Kalman filter.

: : % 3 : We saw that the constrained filter requires a much larger com-
putational effort than the standard Kalman filter. This is due to the
addition of the quadratic programming problem that must be
solved in the constrained Kalman filter. The engineer must there-
: ; ; L fore perform a tradeoff between computational effort and estima-
200 300 400 500 tion accuracy.
flight number

percent health parameter degradation
o

0 100

. . . _ Acknowledgments
Fig. 2 Constrained Kalman-filter estimates of health param-
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Adaptive Myriad Filter for
Improved Gas Turbine Condition
Monitoring Using Transient Data

The removal of noise and outliers from measurement signals is a major problem in jet

Vellore P. Surender engine health monitoring. In this study, we look at the myriad filter as a substitute for the
moving average filter that is widely used in the gas turbine industry. The three ideal test
Ranjan Ganguli signals used in this study are the step signal that simulates a single fault in the gas

Mem. ASME turbine, while ramp and quadratic signals simulate long term deterioration. Results show

that the myriad filter performs better in noise reduction and outlier removal when com-

Department of Aerospace Engineering, pared to the moving average filter. Further, an adaptive weighted myriad filter algorithm
Indian Institute of Science, that adapts to the quality of incoming data is studied. The filters are demonstrated on
Bangalore 650012, India simulated clean and deteriorated engine data obtained from an acceleration process from

idle to maximum thrust condition. This data was obtained from published literature and
was simulated using a transient performance prediction code. The deteriorated engine
had single component faults in the low pressure turbine and intermediate pressure com-
pressor. The signals are obtained from T2 (IPC total outlet temperature) and T6 (LPT
total outlet temperature) engine sensors with their nonrepeatability values that were used
as noise levels. The weighted myriad filter shows even greater noise reduction and outlier
removal when compared to the sample myriad and a FIR filter in the gas turbine diag-
nosis. Adaptive filters such as those considered in this study are also useful for online
health monitoring, as they can adapt to changes in quality of incoming data.

[DOI: 10.1115/1.1850491

Introduction for the other measurements to not change. Such points were clas-
Gas turbines are important and expensive mechanical syst sified as outliers. Some studies have looked at median-type filters
. ; . denoising gas path health signals. However, these algorithms
th"’}t are used for power generation a_nd alr(_:raft propuIS|or_1. MO_'er based on median-type filters and have a time d&l&}. Since
toring the _health .Of suqh systems Is an important engineerijgy on ajrcraft power plants are obtained only once or twice per
problem. Aircraft jet engines are fitted with four basic measurggnt the time delay is a handicap. Other researchers have looked

ments: low rotor speed, high rotor speed, exhaust gas temperati{g,eral network based approaches for denoising gas path health
and fuel flow rate. These measurements lead to four measurenge;gﬁab[g]_

deviations or deltas that are the difference from the measurementshe test signals used in this paper are for transient data. It is
of the damaged engine and the undamaged or baseline engiigssible to use both steady-state and transient data for diagnostics.
These measurement deltas are the health signals which are yg&wever, good steady-state data may not be available under all
important for health monitoring since they contain informatioperating conditions. For example, military engines can operate
about the condition of the gas turbine engjite?]. A key problem up to 70% of the time in unsteady conditiof0]. In addition,

in condition monitoring is the presence of high levels of noise argbme faults may be amplified under transient conditions. Several
outliers in the data. Another problem is the presence of suddeothors have looked at engine diagnostics with transientdata
trend shifts in gas path measurements that can occur due to $8k Some studies address the problem of fault detection and a few
called “single faults” or repair events. It has been found from ahave looked at the assessment of the fault magnitude. Neural net-
analysis of engine data that most faults in gas turbine engines amerk and genetic algorithms have been used for the fault isolation
preceded by a sudden increase in one or more measurefgntsproblem. While the neural approach is robust to the presence of
These “single faults” result in a step change in the gas path megeme level of noise in data, all fault isolation algorithms benefit
surements. Besides “single faults,” gas turbines undergo deteriom prior signal processing. Since transient data is acquired on-
ration over time, which shows up as a gradual increase in the di¢ at a reasonably high rate, we study an online adaptive signal
path measurement deltas. It has been found from a study of ré@¥ocessing method in this paper, which can be useful for data
enue service data that these measurements follow a low-orgtaning prior to fault isolation and visual display to human
polynomial variation with respect to time and a linear approxim&ngineers. ) ) ) o

tion is quite accuratpd—6]. Some studies have looked at deriving Linear filtering algorithms used in practical applications are
algorithms for removing noise from gas turbine measurement d pited to the cases of Gaussian noise and show performance deg-
tas. In[3], the exponential average filter was suggested as gq:pz.itlonlln the presence of impulsive contamination. Thg class of
alternative to the FIR moving average filter. The authors also sygyriad filters has been proposed for filtering highly noisy data
gest rules of thumb for removing outliers based on the logic thatlt#—17- In this study, we look at the myriad filter as a substitute

is not physically possible for any one measurement to change %ﬁg;@?&novmg average filter that is widely used in the gas turbine

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN iad Fil
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME durnaL or ~ Myriad Filter

ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna- . s f : _
tional Gas Turbine and Aeroengine Congress and Exhibition, Vienna, Austria, JuneMyrlad filters are nonlinear filters whose deveIOpment was mo

13-17, 2004, Paper No. 2004-GT-53080. Manuscript received by IGTI, October{vated by the properties oé-stable distributions, a family of
2003; final revision, March 1, 2004. IGTI Review Chair: A. J. Strazisar. heavy-tailed densities that have been proposed for robust non-

Journal of Engineering for Gas Turbines and Power APRIL 2005, Vol. 127 | 329
Copyright © 2005 by ASME

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Gaussian signal processing in impulsive noise environniédis N

Using ana-stable noise model leads to a noise removal processor X= E WiX; , 3)

that performs nonlinear operations on the data and is good at i=1

outlier removal. Myriad filters have a solid theoretical basis, and ) )

are inherently more powerful than median filters. where the weights sum to one. When the weights are equal, a

The myriad filter is defined as a running-window filter outputoving average filter is obtained. The five-point moving average
ting the sample myriad of the elements in the window. In the ca&éR filter is defined as
that all the weights are unitafyi4], this filter is referred as the

“unweighted myriad filter” or simply as the myriad filter. The X1+ Xo+ X3+ X4+ Xs

myriad filter is then defined as X= 5 ' “)
~ ) N ) ) where each weight is equal to 1/5. Note that the myriad filter
Br=ar ”Eni[[l (K (= B)T | (1) becomes the moving average Ks—x. Defining f;(8)= (K2

+(x;— B)?), Eq.(2) can be written as
The myriad is the argumeng that minimizes the product expres-
sion in the above equation. The myriad filters can be controlled by 5
adjusting the linearity paramet&r{16]. The larger the value d, f(B)= H fi(B) (5)
the closer the behavior of the myriad to a linear estimator. As the i=1
myriad moves away from the linear regidarge values oK) to
lower values, the estimator becomes more nonlinear and resist-gnf"n’
to the presence of impulsive noise. Voo e , ;.
We use a five-point myriad filter that represents a small win- F(B)=Tafolalafs f1folsfafst -+ Tafofafafs=0  (6)
dow. Distortion to sharp edges in the signal that can precegg . . ;
“single faults” is minimal. This filter can be evaluated by usingﬁﬁvIdlng by f172f5fafs gives

the following polynomial that is obtained from E(L) by using £ f! fr
N=5: _1+_2+...+_5=0 (7)
fi fs fg

f(8)=(K*+(x,= B)?)* (K*+ (xo— B)*)* (K*+ (xg— B)*)* (K? ,

- (Xam B2 (K24 (o= B)) @ wheref 2(x;— B). The above equation can be written as
The myriad is the valugB that minimizesf(B), where it lies X1— B Xo— B X5— B
between[x,,xs], wherex, andxs are the minimum and maxi- (Xe—B)? + o B)° et (xe— B)° =
mum values in the sample. We see from E).that f(8) for the 14 L 14 22 14 2 77
five-point filter myriad is a polynomial i8 of order ten. In gen- K? K? K?
eral, f(B) for anN-point myriad is a polynomial of orderi2. To (8)

find the value of the myriad, we need to find the roots «fB) _— . .
and find the value o8 among the root values that give the lowesf'S K—=, (xj— 8)“/K*—0, which yields
f(B). The myriad filters are compared in this study to FRite

Impulse Respongemoving average filters of equal length. The p= (X1 X+ X5+ XgF Xs) ©)
FIR filter is defined as 5
2 T T T T
Step
X 1F /
0 L 1 i |
0 5 10 K 15 20 25
2 T T T T
Ramp
x 1F
0 ] 1 1 1
0 5 10 K 15 20 25
2 T T T T
Quadratic
| 1— /
0 L L !
0 5 10 15 20 25
k
Fig. 1 Test signals
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(c) Quadratic Signal.

Fig. 2 Effect of linearity parameter K on five-point myriad filter

for MAE

Effect of LPT fault on T2 during transients
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Fig. 3 Clean and degraded signals during LPT fault on the
acceleration process

Quadratic signal and are shown in Fig. 1. Later in this paper, more
realistic gas path signals are considered. However, the numerical
experiments conducted here allow the selection of the value of the
parameterK which is critical to the performance of the myriad

filter.

The step signal simulates a single fault event in the gas turbine.
The ramp and quadratic signal simulate long term deterioration.
The signal is created using

a moving average FIR filter. Thus we see that this filter is analo-
gous to the FIR filter unlike the median filters and may be used in
the same manner as the moving average is used in the gas turbine

industry.

Numerical Experiments

x=x+ae+0 (20)

Effect of IPC fault on T2 during transients

"\ Degraded
Engine (IPC
Fault)

e / \ Clean Engine

1 3 - 7 9 11 13 15 17 19 21 23 25 27
Time (s)

Effect of IPC fault on T6 during transients

115

To/Toref

"« Degraded
Engine (IPC
Fault)

\ Clean Engine

1 3 5 7 9 11 1315 17 19 21 23 25 27
Time (s)

The signals that are considered for preliminary numerical erig. 4 Clean and degraded signals during IPC fault on the ac-
celeration process

periments arél) the Step signali2) the Ramp signal an¢B) the
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(b) Filtered data on LPT T2 engine for a:=0.008.

Fig. 5 Clean and degraded signals during LPT fault on the acceleration pro-

cess for T2

wherex? is the root signalg accounts for Gaussian noise afid The following error measures will be used to analyze the myriad
for non-Gaussian outliers. Hereis a parameter called noise levelfilter performance over a sample df points by comparing the

that allows us to control the level of noise in the dataVAilter

performs the following operations that returns the filtered signal

from the corrupted signal.

y=¥(x)=¥(x°+ ae+ )

332 / Vol. 127, APRIL 2005

(11

N 0
—X
M E=2 I(y )l
4N

filtered signal with the root signal

(12)
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(b) Filtered data on LPT T6 engine for a=0.008.

Fig. 6 Clean and degraded signals during LPT fault on the acceleration
process for T6

The error measures used are the mean absolute (M) that numerical experiments. Since the maximum value of the test sig-
are widely used in signal processing and is particularly sensitivals is one and the minimum value is 0, by varying the noise level
to the presence of outliers and edges in the data. The three idedletween 0 and 0.4, a wide variety of signal to noise ratios found
test signals are shown in Fig. 1, which show a signal from discretetypical gas path measurements can be simulated.

time k=1 until k=25. These signals correspond to the step The effects of the linearity paramet&ron MAE is studied on
change in the measurements, a linear variation and a quadrdtie step, ramp edge, and quadratic signals for the five-point filter.
variation. Five outliers are added to test the robustness of the fillgme simulation results for step, ramp, and quadratic signal for
to impulses:6(7)=—1.0; 6(18)=1.0; 6(10)=0.75; 6(14=—0.75; different values ofK on MAE are shown in Fig. 2 with various
0#(22)=—1.5. Gaussian noise at various levels is added for timmise levels in the data. For the five-point filter, low valuedof
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(b) Filtered data on IPC T2 engine for 0=0.008.

Fig. 7 Clean and degraded signals during IPC fault on the acceleration pro-
cess for T2

(such aK=0.01) cause the myriad performance to become worsegle component faults in LPTlow pressure turbineand IPC
than the FIR at higher noise levels. For high valueKafuch as (intermediate pressure compregsonplanted, respectively. The
K =5, the myriad filter approaches the FIR filter in performanceaignals of LPT fault and IPC fault on T2 and T6 during transients
Since gas path signals have reasonably low levels of noise ané obtained fronj18]. These ideal signals are shown in Fig. 3
have more possibility for outlier contamination, a value Kf and Fig. 4.
=0.1 is selected. The noise levelr of 0.004 is the level of noise used|[ih8]. We
. . . use a=0.004 anda=0.008 to simulate conditions with normal

Gas Turbine Transient Signal data and low quality data, respectively. Outliers are also added to

The trajectories for a clean and deteriorated engine are ptbe signals. The noisy signals are shown in Figs),56(a) and
sented during an acceleration process. The deteriorated engine Hagl Tables 1-2 show the MAE values on the T2 measurements.

334 / Vol. 127, APRIL 2005 Transactions of the ASME

Downloaded 02 Jun 2010 to 171.66.16.98. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 1 MAE for T2 engine with a=0.004 Results for both the clean and degraded engines are shown. Tables
3—-4 shows the MAE values for the T6 measurements. There is a

LPTT2 IPC T2 considerable reduction in the MAE using the myriad filter with
Filter Degraded Clean Degraded CleanK=0.1, compared to the FIR filter. Again, results for both the
FIR 01149 01101 01085 01090 clean and degraded engine are shown. The results for the weighted
MYRIAD 0.0740 0.0694 0.0666 0.0690 Myriad filter shown in these tables will be discussed later in this
WMYRIAD 0.0549 0.0503 0.0483 0.0503 paper.

Weighted Myriad Algorithm

A problem in the myriad filter discussed above is in the selec-
LPT T2 IPC T2 tion of the linearity parametdf. Weighted myriad filters provide
a way to avoid the selection of the linearity parameter.

Table 2 MAE for T2 engine with a=0.008

Filter Degraded Clean Degraded Clean . . . .
9 9 Consider a set of observatiofis}!\_; and a set of filter weights
MY?’EAD 801523; 8&715’56 801821272 (?01827717 {Wi}{\‘zl_. Define the olzservation VeCtor [ X, ,X,, . . . xn]T and
WMYRIAD 0.0669 0.0550 0.0635 0.0722 the weighted vectow=[w;,w,, ... wy]". For a givenK>0,

the WMyF (weighted myriad filter output is given by{10]

,@K(W,x)émyriac{K;wloxl,W20x2, Co O WpeXy)
Table 3 MAE for T6 engine with a=0.004
LPT T6 IPC T6 =arg mirg G (8,w,x) (13)
Filter Degraded Clean Degraded Clean
FIR 0.1162 0.1111 0.1066 0.1148 The function
MYRIAD 0.0681 0.0648 0.0588 0.0671
WMYRIAD 0.0521 0.0498 0.0459 0.0519 N
Ge(Bw =] [K*+wi(xi-p)?] (14)
iz
Table 4 MAE for T6 engine with  @=0.008 is called the weighted myriad objective function since it is mini-
LPT T6 IPC T6 mized by the weighted myriad ansliox; denotes the weighting
operation in Eq(13). As shown in Appendix A,
Filter Degraded Clean Degraded Clean
FIR 0.1260 0.1247 0.1203 0.1254 W, W,
MYRIAD 0.0773 0.0791 0.0729 0.0782 p _7 oot 2
WMYRIAD 0.0634 0.0638 0.0593 0.0645 Bra(Wp X)=Bra(Wz.x), 1 K2 K2 (15)
d(n)
[ Model
desired
Observed
| Weighted Myriad y(n) +
x (m) output +
e(n)
error
Fig. 8 Schematic for adaptive filter optimization
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