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1. Introduction and Engine Vibration C融aracteristics

Figure 1 represents a photograph of a medium-sized business jet in which the engines are 
rear-mounted to 由.e fuselage. For the small business-sized jet 创rcraft，也.e rear mounting of伽
engines leads to a more aerodynamically efficient desi伊树枝1 a higher cruise range. 

Fi部.tre 2 represents a schema挂c命稳圳魄。fthe engine and c部加各 Indicated on the schematic 
are 白e various locations for ins伎umenta可tion to monitor engine vibrations. These 始蛇口mentsare

accelerometers in which the a∞eleration si挥部1 is integrated 如 determíne velocity.ηlere are no 
displ部ementprobes to d加:ctly monitor由.e shaft motions of ei也.er the low pressure or high pressure 
阳出恒.es.

Since these jets have rear-mounted engines, excessive engine vibrations may be transmitted 
to 也e fuselage.ηle 如selage， in t田n， may have its own acoustic modes which, under certain 
circ韶刷nces， may be excited 如Iy engine response. While也e integrity of址leen鹊e has never been 
an issue, there have been ∞锦sions when an engine had to be removed for re.蚀lancing due to 
excessive soun过 press部珍 levels generated'in 也.e cabin. On larger cl摇ses of 如usiness 垣rcra章， the 
apparent passenger noise pro如lem is avoided by ha功吨也.e gallery area next to the engine mounts. 
However, in the sma11er business jets，也e eXi悦硝lve sea阳19 is often in proximity to the engine 
moun也. When the plane r!锦，ches cruising altitu巾， the accompanying sound pressure level may 
interfere with norma1 conversation. Excessive noise levels in the past have led to downtime caused 
by engine replacement and even loss of副部.

Extensive instrumentation w部 plaωdon由ee.吨ine to determine vi如ra柱。!ncharacte豆磁cs

in the test cell and also 部veral 忍rcra主 were instrumen部dso 也at vi起黯tion levels could be 

determined during flight at various altitudes and power levels. 

Ins往umentationwas pla∞datv缸iousl∞ations along the engine casing. Figure 3 represen'也
a comparison of the experimental vibration data obtained at 由.e vertical re缸 support (RSV)，部

ωmpared to the origina1 thωretical analysis performed by the engine manufacturer. In 也，e original 
theoretical analysis, the LP rotor modes were∞nsidered well damped and that no rotor modes were 
predicted to be excited 油ove 3,000 RPM. In鱼e 。如served exper出.en每lda钮， there are a n础nber

ofvery s位ong resonant peaks 。如served at 3,500 RPM，在500 RPM, and 7,800 RPM. The nature of 
these vibmtions varies considerably 菇。m engine to engine. 
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Figure 1. View of Aircraft and Engine 

壶'igure 2. Cross Section of Engine 
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After several years of investigation, it was determined 也at the peaks 0 bserved 缸@由.eLP

second mode wi也 a locked damper, and the other two modes are the LP third mode interacting wi也

由e臼smg.ηlesh缸p resonant peak observed at the LP s部ondmode could始 caused by a locked-up 

damper. The irregular motion ob部rved with the LP 也ird mode above 6,500 RPM may be ca部d

by dead band whir1 in the d黯npercl倒rance space wi也 aninad吨uate oi1 supply. 

In order to determine more 街路i1ed ch缸acteristics of the engine vibrational behavior, an 

experimental engine was 坦S位umen始注 andvi垃ation data w，部 obtained for various values of 

unbalance placed upon the LP fan rotor. Figure 4 represen妇也e vib黯tion at 由e 也r 仕ont frame 

(FARVFF)a∞elerometer for unbalance啄 rangmg 量。m 8.8 to 17.6 grams. Resonant frequencies at 

4,000 RPM, 5,000 RPM, and 7,000 RPM 础'C clearly discernable from 也e da他 ηle resonant 

frequency at 7,000 RPM is ofmajorωncem， as this falls 坦白.eopera由19 speed range of the aircraft. 

The experimental da阳 also shows伽IÍ the engine may be well balanced by 也.e 8.8 grams placed at 

240 degrees. 

Single-plane balancing at the tωt facility proved to be S'回ightforward because of the ability 

toob阳in a timing or key phaser si伊a1菇。m the LP rotor. 在山， however, is not the c部ewhenthe

aircraft is on the tarmac. Single-plane balan'出嚣。f结le 际nrotorw趾le 注le 垣rcraft is on the runway 

has 加enacωmplished by 血销路 。fal部就怡部ltoob汩汩 a出mng 岱ark. Howeve玄，也ismethod

is not always SUt∞essful， particularly in hot, h瑞丽 conditio部吨的inlet岛gging础。ccur. 口n伽

白.esec技'CUI耶路nces， a起liablep主asere础ing 钝nn例如 ob锦ined. Based on extensive test cell 但始，

it was determined 也at a modified form of the 位仲支出1也weight method could be used to greatly 

sμedup 就le process of创m balancing an en怠ineon也.e runway. For each day of delay of aircraft 

必livery，也.ere 部nbea$10，∞o surcharge applied.ηlerefore， it is essen世al to have a rapid and 

reliable method of en扭捏 field trim balancing to reduce vibration and sound pressure level 

measurements in the cabin. 

Figure 5a represents the vibration 仕'Om the accelerometer at 由e extemal casing on也erear

(VSRV) and on 白.e internal turbine casing (VTV). The internal casing, VTV, shows a response 

similar to the 仕'Ontfra皿吼叫也 17.6 grams. The peak re啼onse is about 6,700 RPM. However，也e

response on the rear frame indicates由.e presence of another mode which increases up to three坦ches

per部ωnd. The unbalance in the fan causes a violent础citationof鱼e rear casing. The s泣。ngmode

seen at the rear is not felt a主也efront企ame. It is therefore apparent挂18t there is a strong rotor，吃部mg

interaction in 也e opera在军理钝d range of6,500 RPM to 7，那ORPM. Itw槌 later observed that 

t益。se engine modes interact wi鱼也e acoustic cabin modes. 

扭扭l1'e 5b represents 也evi也，ration level and p:恼se angle at the intemal casing only, VTV. 

The location of the VTC 恼nsducer is on the 如nerωs怯g and in 白.e plane of rear tur也ine bearing 

support.ηlerefore，也eVτV response is an excellent indicator of位le LP 2nd mode at 3,600 RPM 

an们加剧rd mode at 6,700 RPM. 

.3. 
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RSV Vibration - Overlay Predicted vs Measur时 704/1.
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Figure 3. Comparison of Experimental Engine Vibrations and Predicted Response 
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2. Low Pressure Turbine Critical Speed a室主d Damped Eigenvalue Analysis 

From 白e experimental investigations of the influence of fan unbalance on 由e engine 

response, a study ofthe critical spee命。f the low pressure turbine were 始itiated. The results of由e

low pressure 阳rbine cr全tical speed analysis were first reported by Par立， Gunter, and Fa缸梳n嚣 M 也e

March 1臼99纠4句P严a叩pe帆r几， V冈ïb衍ra硝ti，妇OnAna臼αlyμI仰』

initial 缸1回aly严si拉怠， a model similar to the manufacturer was used for the computation of the critical 

speeds.ηle 也ird critical s尹eed was placed a忘。ve 11,000 RPM by 出is model.在le early analysis 

of社le LPtur也ine at the University ofVirginia indicated 由at也.e gyroscopic moments of the 3唱阳在e

turbine section has a profound influence on the location of the LP 豁出ine third critical speed. 

For illus位瑞on purposes, a 9,000-element finite element model of the LP 阳由me was 

generat时 using ALGOR， 能 shown in Figure 6. Figure 7 represents a 3-dimensional view of the 

在nite element豁出ine model. Figure 8 represents 由.e cross-sectional drawing of the LP rotor at the 

tu而ine location. 节le turbine assembly is a 3翩翩stage turbine configuration which is bolted onto the 

∞垣臼i 回ctionof由em垣n LP rotor. The construction ofthe bolted-up ∞，nical turbine section leads 

to many questions 部 to the overall s延茹less of the assembly. 

Figure 9 is a 由陈iled fmÏte element model of the LP roωr section showing the turbine 

construc岳on. In this fmite element model, the turbine blades 缸已硝ached to 也.e disk station. 暂运en

也e turbine bla过部缸e assembl创始也e disk，也e blades have a ce此ain amount of挝汹al clear恕lce.

As the turbine reaches 由e operating sμed，也e blades lock into 由e 部rbine disk 在r 位'ee.τbere isa 

gyroscopic reduction in the turbine total effective pol缸 moment of inertia due to the 在r tree effect 

and the 盔.ct 由at the blades are flexible lùïd not rigidly a出ched to the disk. Another ∞nsideration 

of flexibili守 in the system is 桂urtthe 协巾ine section is bol毛.ed， rather than welded, onto the LP rotor. 

η咀s leads to moment release in the system, which can cause a缸rtherdegr硝极恶。f也e gyroscopics. 

When the original LP rotor critical speeds we黯 predicted by t挝黯.anufac阳rer， the entire turbine 

sectionw挡住eated部 a single plane with lumped polar and transverse moments ofinertia equivalent 

to 由e也reedisks怯.tions. 叽leassunlp岳onof a rigid single disk to represe挝由e turbine sec.tion leads 

to a greatly elevated 世世d cri.tical speed. 

Figur弩 10 represents 由.e cross-section of the LP gas turbine rotor treated as a tw伽level

sys阳m.ηle LP rotor was modeled using the DyRoBeSC finite element rotor program.ηle栩如ine

section is connected to 由eLPro毛orbym创ns of radial and angular springs.ηùsp主'ovid创 forthe

exarnination of moment release between 也e turb垣.e and the LP sha是. ln addition, the LP rotor 

model，部曲。wn in Figure 10, also 是as 1DCO甲orated into Ït bearing support mass部段也e 由ree

be即ings. Ofp:缸tic时ar significance is the in.fluence of support m部s at 白.e turbine location. A 

turbine bearing support m部s of .3 9 (1 61坊W部部sumed 垣 order to examine 鱼e characteristics of 

如rbine found抵ion mass on the dynamic charac搬istics ofthe LP turb坦.e.

Figure 11 represents the effect of reduction of polar moment of inertia on 也e也irdcritical

制6翩



句mamic Analysis and Balancin.明~ 0/ an Aircraft Gas Turbine 2. Low Pressure Tl时ine Critica吨型坐坐主

~j 

Figure 6 Cross-Sectional View of LP Rotor 
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~ Figure 7 3 Dimensional Finite Element Model of LP Turbine using ALGOR 
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Figure 8 Cross S悦tional Drawi溢gofLP Rotor 袋t Turbine Location 

~ Figure 9 NASTRAN Fi时te Element Model of LP Turbine Showi吨 Turbine Section 
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Figure 11 represents the effect of reduction of polar moment ofinertia on 也e 吐垃rd critical 
speed, in which the turbine section is treated 臼 a single disk. The turbine third mode is extremely 
unusual in that at zero speed, the planar third mode is at 6,000 RPM. If the turbine section is treated 
部 rigid， then the 在ird critica1 speed in町eases to 12,000 RPM 创 running 叩eed.η世s is ca11ed the 
synchronous 时挝ca1 speed. In ac也ality，也.ev挝ious effi部ts of disk flexi如m守 and looseness of the 

blades combine to cau部 a reduction in the e岱ctive polar moment of inertia. In世ùs model it is seen 
也at 部在.e polar moment of inertia is reduced旬到%， thethir哇啦ti钝1 speed drops to aroun岳 8，000

RPM. A如此ler reduction in the也ird critica1 speed is ob辑部时每y a more detailed 黯odeling of the 

钮rbine sectionωatw非level rotor. 

Figure 12 r叩resen扭曲.e turbine 也irdmodewi宿制而mem部s support = .3 and a moment 
release rotationa1 stiffness of 1.0E7 in-lb/rad connec由19 the turbine to 也.eLP sha民 Note 也就 the

turbine 甜ird mode has dropped 企om 12,000RPM to 6,535 RPM, asshowninFigure 12. Alsonote 
that 也efan 就ation runs about its inertia axis. Large va1ues of unba1ance placed at the fan cause 
forces 位栩栩部ed though 也e main number 2 be即ing into the engine casing and intermediate 
struc相res. Of particular int臼'est is the slope of the shaft at the turbine loca主ion.ηle LP rotor is 
挝g挝y suscep往各le to couple or mo黯ent 毛主nba1ance at 也e 豁出ine 缸钝. A moment or couple 
飞mba1ancein宿.etur如ine 挺eamaybegel辑部部ds社nply悖佑e严部岱sof忘。地理由e turbine section 
on始往le LP rotor. Therefore, it is essentia1也就就将如rbine ar钝 be separately two-plane balanced 
and that由e 栩如1Iar run-out of the 切泊ine during assembly be minimized. If也is is not do龄，也.en

it is impossible to 位出 out也e engine by placing a single-plane ∞rrectionat 由.e fan location. 拮据
刨出ine area cannot be accessed for field balancing and for large values of turbine couple unba1ance, 
the engine must be removed from 也e 剖rcra.ft and ba1anced at 也e factory. 

Figure 13 represen臼也e阳rb坦efour由 mode at 7,945 RPM wi由 turbine foundation mass = 
.3. Note 白at 也e mode shape for the fo山也 turbine mode is a1most identica1 to the mode shape 挝
showninFi部l1'e 12 for也e也1I社 mode.η出 isreferred旬出 abi缸Z出主ed mode and is caused by the 
introduction of founda桂on 部部s. In 白e 班主8t case, the foundation m部s is act始窑 in phase to the 
也锦白莲览。桂011， and in the se∞nd 锦掷，由.e foundation 理.ass is actin恙。ut of phase. Note 也就 in

Figure 13 白的 is a sli民.tdevia哇。nbetween白eslopeof也e抛出泣leand t如此Protors主.a.ft.百出 is

巾e to the 坦丑uence oft垣e fO'始司.0na1 sprin萃， which caus岱 some moment rel能舱，

-9-
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Figure 10 Cross Section of Two Level LP Gas Turbine Rotor Including Beari汲g Support 
Mass and Moment Release Using DyRobes Finite Element Rotor Progra黯
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Kfan=30.以lO LBI剿，始限In咱∞，αlOLBlIN，
Kfsup唁旬，α)() lBIIN, TURBINE K剖P氓，∞.α泪 LBII凡 Mtsup= 0.-3
TURBINEI俨50%
C戒i出I Speed Mode Shape 
S掷翩翩 Ratio 踹 1∞∞萝销货ne臼: Kxx 
Mode No.= 3, C闹出ISpe倒嚣 6535rpm 始叫.0E7 IN咽LBnWJ

Fi恶ure 12 Turbine 3rd Mode 制 6，535 RPM With Turbine Bearing Support Mass =0.3 
归路 Turbine Gyros!ωtpic EffeCl银}

K阳n鸣。仪始 LBJIN，怕nain=8∞，就拥OL剧N，附=50.但如 L制N，Kr-1.0E7 狲lBIRAD，
K椒Jp吃切，α)() LBIIN. 乳3夜邵阳陆up= 1∞，α沟 LBIIN， M始up= 0.3 , Cfan=15 lB-S11N磊 C如f辅宏。
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加和7

Figure 13 Turbine 秘挂 Mode at 7,945 RPM With Turbine Bearing Support Mass =0.3 
( 50% Turbine 仿Iroscopic乓庐'cts)
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LP Damped Mode 槌apes

Figure 14 represents 市ethird forw缸d， d部双ped LPtur也ine mode, includ站在 dampingat 也e

fan and turbine locations. Because of the sma11 嚣。但on at bo也 the 鱼n and the turbine damper 

locations, the amplification factor is 17. It is of interest to note 由at theoretica11y incr创sing 由e

玛ueeze film damping va1ue does not cause a significant reduction in the rotor amplification factor. 

百lerefore，企om阳也mped eigenvalue ana1ysis, it can be surmised也就如 turbine is very sensitive 

to 阳由ine radia1 and, particularly, moment unba1ance. 

Fi耶lfe 15 is the fo町也 forward， damped LP turbine mo命就 7，847 RPM. As previously 

s阳tedfor 也eun，伽mped critica1 speed，也edampedfo仰韶dfour伽 mode is identical in appe缸邵阳e

to 曲。由irdmode缰 However， the amplification factor for the fo泣也 mode is 13, as compared to 17 

for 自e 也ird mode. The reason for 甜is is 也at 白emo岳onof由ef栩栩dation is 0硝 ofphase to 也e

be缸ing 坦白。 fo町白 mode.η咀s makes the squeeze film damper somew显at more effective 也扭扭

曲曲ird mode. In gene时， a bifurcated upward mode normally 知as higher damping由阳也e lower 

mode, in which the foundation is 黯oving in phase with 也e bearing. 

懈12-
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Kfan=30，∞o LBIlN, Kmain吨。0，000 LBIIN, Kt= 50,000 LBIlN ，Kr=1.0盯 IN-LB1RAD , 
Kfsu护250，0∞ LBIIN售 TURBINEKsu俨 1∞，000 出版.Mtsu俨 0.3 , Cfan=15 LB-SIIN, Ctur=20 
乱JRBINE三 Ip=50 % 
Precesslonal Mode Shape - STABL在 FORWARDPr窜出sslon
Shaft Rotational Speed 注 7就)() rpm. Mode No.法 8
州1111 Speω(Damped Natural Freq.) 第 6737rpm. L吨. Decrement = 0.1832 

X 

Figure 14 • 3 rd Forward Damped LP Turbine Mode a~ 6办7.RPM(112H埠，LoεDec= 0.1832, Ac=17 
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Kfan=30,Ooo LB剧. Kmaln=8oo,000 LBIIN，甜= 50,000 LBIIN ，K阳1.0E7 IN.LB/RAD. 
Kf:创p=250，Ooo LBIlN, TURBINE Ksup= 1∞，000 LBIIN. Mt创俨 0.3 ， Cfan=15 LB-SIlN, Ctu严20
TURBIN在 Ip稳50%
Prece部ional 阳ode Shape - STABLE 俨ORWARD Precession 
Shaft Rot8tional Speed = 7800 rpm, Mode No.= 8 
Whirt Speed (Damped Natural Freq.忖 7847 币m. Log. Decrement = 0.2413 

X 

地ure 15 . Forward Damped LP Turbine Mode at 7,847 RPM ( 130 Bz) , Log Dec= 0.241, Ac=13 
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Dynamic Ana.夺ISis and Balanclng 01 an Aircralt Gas Turb加 3. Rotor-Ca军Ing Flnite Eleme，耐Analysis

3. Rotor Casing Finite Element Analysis 

In the first modeling ofthe g部 turbine engine, a finite element 如eammodel for the rotor was 

\γ_/ considered. 百leωsing was assumed to be simple lumped 黑asses attached at the bearings. 

\._ 

Al在ough航is provided a great deal of physical insight into 由.e dyr服nical 忧havior of the engine, 
it was felt that such an analysis was too simplistic to explain 也e complicated rotor-casing shell 

modes observed experimenta11y. 1加3知e饨u山se ofthe 1吕ig位htc∞ons臼st阳ru飞刀l脱.cti岳io侃nofa埠ircr，叮ra础班 g郁 t郎惚u惚榄1江兹r血.乞讪§

casing 跟O创de础sma町yb忱e excited in the operating speed rar缸3骂ge怠. Figure 16, for example, represents an 

engine casing mode at 128.9 在z， based on the proprietary finite element shell code of the engine 

manufacturer.ηlC analysis of the d严lamiω1 charac时stics of a jet engine is complicated by 也e

interna1 s位ucture. For example, Figure 17 represents 白e front and re缸捡破ing supports and 

in始rmediate casing. 叽垃s ∞mponent has a resonance frequency of 121.5 Hz. However, in the 

casingmo命lingper岛rmed by the manufac饵rer， the low pressure and high pressure rotors were n创

included in the analysis. 

In order to model 也e aircraft engine, the individual components were frrst modeled by R. 

Armentrout in ALGOR on 生ePC ∞mp娓娓These ∞mponen也 were later tr胆略ferred into the 

MSC/NASTRAN for Windows pro阴mfor 如rther analysis. It w部 found that 桂leNASTRAN

progr四1 cou1d compute frequencies 15 to 20 times faster than ALGOR. Figure 18, for example, 
represen臼 the cross-section of the 企ont be缸ing support, as generated by NASTRAN. 在le

NASTRAN Windows PC program uses也eωmmercial modeler FEMAP for input and ou华ut. The 

FEMAP 如.ter鱼ce has the ad命d advantage 也a.t it may traIlSlate between the various commercial 

在nite element packages. 

Figure 19 represents the NASTRAN model of the rear bearing support frame. Note the 

externa1坦bs， orl吨s， for由.e rear engine mounts. It was later determined也at increasing the flanging 

in 由is area wou1d grea句跟他n 由.e casing modes exci例如 the operati吨 range. Aft町 all 如

individual b臼ring support and部部g components were initially modeled by Armentrout inALGOR, 
也ey were assembled and 衍aIlSlated into NASTRAN for computations. A 守pical system mode is 

shown恒Figure 20, with a rotor casing mode at 123 Hz. Note that there is considerable rotor-c部in草

m忧郁tion in也is mode shape. Forced response w'邸∞mputed using a direct solu岳on method and 

also by a modal method. 百le modal method proved to be 50出les faster than the direct solution. 

However, a 四re must be taken in selecting the modes ω 剖 least 白ree times the operating speed 

range. This r，叫uired 技le inclusion of several hun，啦。d system modes. 在le ex.tensive finite element 

models and mode data generated were saved on a Jazz 由ive with 2 gigabytes of storage. 

B部。dupon也ev缸iousunbal部.ccrunsgen回'8.ted， Dr. R. Nav;部leet主础， 0fCessna， combined 

the theoretical analysis of部veral unbalance distributions t.o generate the produce the response, as 

shown in Figure 21. In order to 萨'oduce the e写到erimental match, it w部 necessary to degrade 也e

gyros∞'picmoment 押到% in the LP turbine. 
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Dynamlc Ana.号码~andBal础cing0/ an Aircraft Gas Turbine 4. Balancing Considerations 

4.1 Factolγand Test Balancing 

In órder to minimize problems of balancing in the test ce11 and trim balancing in 白e field, 
initial component balancing must be care如lly done before the engine reaches the test cell.ηle 
engine is particul缸iy揭出itive始即gle-， and especially阳副部、couple unbalance. Hence, at如ntion

must 协 pla出过 on careful component 如alancing of the 3公始萨指出如e assembly. Analysis shows 
毡挝泣 is 蛇1possible to correct by single-plane协lancingof白.e fan only, for even a moderate amount 

of阳rbine moment unbalan臼. This 阳rbine unbalan臼 couple may be caused by two turbine 阳ges

with unbalance weights placed 180 0 out of phase, or by a skew of the turbine assembly. A run-out 
face check should be made on 由.e turbine assembly to check for skewing of the assembly. 

Fi阴ω22and23 均由sent a comparison ofthe best PBS balance w她如s饭1 test nozzle 
and毡e 出口1St reverser如革alled. The test nozzle is a h部vier component composed of steel. It causes 
a very 韬挡黯npli菇cation mode around 125 括三桂1at is not present when using 也.e lighter engine 
自rust reverser, which also appears to have more d缸npmg.

1n Figure 22, RST represen也 a translational motion at 由ere即 of the engine. In the 阳st

faci1ity，由.e engine is supported 齿。m由。 top. On the aircraft, the engine is attached horizontally to 
也.e fuselage. 刀le largeμakob回rved 姐姐1e t，部t faci1ity is a torsiona1 mode at 108 HZ which does 
not occur on the aircr础. When the engine is balanced to reduce也is vibra柱。.n in the test s始时，也e
actual engine in service may appear to恰如adlybal挝1Ced. Hence，白eRSτvi如'ration signa1 must not 
民 used for balancing. 

In Figure 刀，咄ich shows a comparison between the st创 t部tnozzleand 也.eengine 也rust

reverser, it is apparent 也剧也.e test nozzle has higher amplification f加tors at 93 Hz and 125 Hz. 
When using theωstωnfiguration， the balancing data should be between 85 Hz and 115 Hz.百le

data above 120 Hz should not be used, as 也is would distort the balancin在 due始 the presence ofthe 
nozzle mode at 125 也This nozzle mode is simil黯始加拉19ing of a be11. 

Superior balancin恶拾。每，tained when the 起alancin恶捡起部ed upon using 白e actual engine 
thrust reverser. The s缸。1 test nozzle places a bell mode at 125 Hz. In all 钝ses，由.e balancing 
proce部 should concen住在如 on balancing between 85 and 120 Hz.四ghenginere叩onse above 120 
炮does not excite the cabin modes or sound pressure level (SPL)，叫ûch is resonant around 6,800 

to 7,000 RPM (113 to 116 Hz). 
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E加ωni，ε AnaJysis and Balancing of an Aircraft Gas Turbine 4.1 1ì臼'1 Cell Bala旦旦

Comparlson: Best PBS Balance wlth Reference Nozzle and Same Welghts wlth Cessna 
Nozzle, RST Vibration 
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Figure 22 Comparison of RST Between T臼t Exhaust and Engine Thrust Reverser Nozzle 
With Best Least Squared Error Balancing 
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岛mamic Analvsis and Balancing of an Aircra(t Engine 4.2 Three Trial Weight Bala魏cing

4.2 Three Trial Weight Meth悦。f嚣alancing

Limitations of Sir咱协Plane Balancing By the Int1uence Coefficient Met如d

For由ec出eofhi草h engine vibration levels or hi拉 SPL (sound pressure level) in the cabin, the only 

pmctical plane avail必le for balancing is single-plane on the fan ofthe LP rotor. For cases în whîch 

one does not have large turbîne unbalances, then fan balancing may be done to re出ce en邵阳

vibration levels and the cabin sound pressure level (SPL). 丁he problem wît且 sìngle币lane fan 

balancing on the aîrcraft 缸e that one sîngle plan~援。fbalance can not reduce a111evels of vibration, 
particularly in the case when there is a number of modes present. When multìple vibratìon sìgr时s

are used over a speed range, then the least耐squared吃rror 垣alance is a compromise based on all the 

readings. The balance correction predìcted is always reduced when additional vibration data is 

addedto 白e computation. 

Single-plane field balancîng on the aircraft by the least楠squared-error method requîres an accurate 

ph脚 reference signal. Since there is not a convenient timing signal probe on 由e engine, a laser 

reference beam is often used to obtain phase. Under certaÎn conditions ofhigh humidìty, it is not 

possible to obtain an adequate si伊al for phase. Without accurate p坦白e measurements, balancing 

by 也.e influenceωefficient method may be very time consuming and ac部ally take more time 由en

the two- or 出re萨run balancing me由odwî也out phase. On should also be reminded that, even 

under the best of circumstances wî由 accurate phase meas町emen邸， it is ve哼 easy to misplace the 

balance weights 忧cause ofthe phase convention and method oflabeling the balance holes. Under 

pressure to quick1y perform a balance and reωm 也e aircraft to operatio钱， it is e部Y to place the 

balance weight in the wrong quadrant, or 1800 out of phase. In the case where a泊lance weig挝坦s

to be moved to ano也er location, is a perfect 0弹。rtunity to apply the two- or 彻仰精runme白付

出ing polar plots. 

Advantag岱 of 3 Trial Weight Metho岳。，fBal侧ci吨

The two- or 命ree 往ial wei肆lt method of balancing has certain advantages over the influence 

coefficient method, providing that weights may be easily added or removed . Some of these 

advantages are as fol1ows: 

1.菇。 phase measurements are requîred 

2. Vibr，硝on data does not have to be exactly at the same speed 

3. Balancing may be calculated based on 也e maximum ampl白白 at a cri括calspeed

4. Accurate balancing may be performed wi也 only two trials 

5. The 在rst 创al weight wi l1 usually provide an indication as to the next balance 
loc黯lons.
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D ynamic Analysis and Balancing of an Aircraft Eng,ine 4.2 Three Trial Weight Balancin窒

6. Direction of rotation is immaterial 
7. Placement ofthe balance weights is foolproof 
8. Accurate balancing may be obtained even for highly nonlinear systems. 
9. The method may be based on peak values 剖 an engine or cabin resonance conditions 

using a spectrum analyzer. 
10. Iftrial weights can be quickly moved, the method is very fast. 
11. If the method will not balance out a particular mode (such as SPL at 115 Hz, 

for example), then the influence coefficient method will also not work. 

12. Ifbalance is unsatisfactory using this method, then the engine should be removed 
and returned to the factory for rework. 

13. Sensitivity coefficients may be developed (equivalent to abs value ofinfluence 
coef) for a 阳rticular frequency (i.e吁 SPL level) that can be used in future 
balancing cases to provide an initial guess for the trial weight. 

14. A polar plot ofthe first 创al will give a strong indication of where to place the 
second weight. 

15. After the placement of the second trial wei民ltand ob阳ining a polar plot of the results, 

由e placement of the third weight may be of sufficient acc田acy for final balancing. 
This reduces the balancing to an initial reading and three runs. 

16. The polar plot method may be used to supplement the conventional influence 
coefficient method. 

Three Trial Weight Method 

The theory of the three 仕ial weight method is well established. Nicholas, Gunter, and Allaire 
established 由at the method is highly suitable for balancing flexible bowed rotors with high 
缸nplification factors. The method proved to be more accurate than the influence coefficient method 
of balancing. Several .MA TLAB progr缸ns were written to perfonn 由e polar plots. 

By applying the polar plo忧ing of the trials after each run, infonnation is obtained 部 to the best 
locations to apply the next 仕ial. This is superior to arbitrarily placing weights around the wheel. 
By placing the weights near 也e proper balancing location, the nonlineararities are minimized. 

Figure 24 represents出e original vibration data taken for the thr饵- run method. In the original data 
collection，由eweigh也 were moved around in an arbi位缸y manor. Figure 25 represents the plot of 
the three trials by 阴phical methods and the calculated balance. The rotor was run 由rough the 
critical speed and the amplitude response plo伽d. The values used for the polar plot are 由.e peak 
values and not selected at a constant speed. 
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Figure 25 Grapbical Balancing Solution ( Nicbol剿， Gunter & Allaire 1976 ) 
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Dynamic Analysis a挺dBalanclng of an Alrcraft E民岳阳 4.2 Three Trial WeJ垃htBalancin蜜

Fig 26 represents the MATLAB graphical plot of only the first two trial weights. After the 

2 runs are ma岛， there are two balance solutions.ηle point of the thìrd run is to determine 

the correct solution. In由IS C邸e， the correct balance can be computed 仕om only the two 

runs. Since the circles are 始ngent， the proper balance weight and location may now 加

correctly predicted without a third run. 

2TR民ιBALANCE of FLEXIBLE ROTOR With SHAFT BOW 

BAιA部CE .No.1 = O.意2
BALANCE 撼。.2= 0.92 
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Fi嚣寝室、 26 Balanci吨。fFlexible Ro素。r With 2 Trial Runs 
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Dynamic Analysis and Balanclng td_f!:_II_ AJrcr!ift_ En汉阳 4.2 Three Trial Weight Balanc祖g

Fig 27 represents the MA TLAB plot of the original graphics. 币le third trial weight w部

placed at location 13 as shown on the plot. Hole 13 is approximately 160 deg out of phase 

to the correct balance location. From the plots ofthe first two trial weights it is seen that 

ei由er hole 23 or 24 should 忧 used for t挝俨 trial weight location. When one is over 120 

degfrom 桂lecoπ'ect or optimum balance location then nonlinear effects appear. 

sτRIAι WElGHτEXAMPLE of NICHOLAS & GUNTER FOR BO捎信o ROTOR pg 3.84 

BA七A刻CE No.1 猿 0.65
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Fig辈革re 27 Balanci吨。f Flexible Rotor With 3 TI划 Runs 
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D}'Etl!'ll c: .A,nalysis and Balanc，如!g of an Aircraft ElIgine 4.3 2 Tr.如!l Balancing on SPL 

4.3 提epresentative Sound Pr，创sure Levels (SPL) For Several EngÍne8 

SPL Levels For Various Engine8 

One of 也e objectives of 也e test cell balancing is to produce a smooth operating engine that 
. generates a minimum of c拍in noise when installed on 白e aircraft. It appears that the cabins of 
可pical aircraft have tones in the vicinity of 100 Hz that are excited by the LP rotor engine 
m协lan悦It appears that there are several engine modes that may couple with the aircraft structuraI 
modestopro由.ce unwanted tones. It should忱 noted that all the engine-casing modes are not of the 
锦melmpo此ance in generating cabin tones. It ap严ars that engine modes in the vicini号'of90 to 115 
Hz have the most inf1uence. 

Figure 28 represents the SPL on Engine 112 俯首le left side of Airplane 52. This vibration shows 
aμakne缸岳，900 CPM (115 f剖. TheSPLwi部 G能ctivelyelimi栩如:d by a fan balanceωrrection 
of9.1 grams at 0 deg. Above 7,400 CPM (123 日功， the SPL level reduces 陪pidly. 百lerefore， for 
由G锦ses ih which a distinct peak in SPL is observed, it is preferable to balance at 位e peak，陆也er
then at the maximum speed. 
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Figure 28 SPL Vibration on Engioe 112-L 

Two Trial Weight B8laO伽g 00 SPL Level For E昭oe116

Figure 29 represents the SPL on Engine 116 on 由e right si命。fAirplane 52. The SPL vi也ration
ap斜阳始 have a sharper ampli:fication f注ctor由anEngine 112.ηlem号。r frequency is 副 115 险，
11型.ere are also minor modes excited 挝 5，600 CPM (94 Hz) and at 斗，200 CPM (70 Hz). The SPL 
resonance mode at 6,800 RPM邵阳rstohavea挝gher amplification f蜘r thell does En国ne 112翩
L. Note 也at in由is balancingωse two ofthe创al weights are identical. Figure 30 represe时s the 
2 创al weight balance calculation for En伊e 116-R on Airplane 52. The intersection ofthe second 
创al with the first创al of Figure 30 indiωtes two solutions. The般st balance solution is 5.2 gr黯ns
at hole 11. The second balance solution is 3.3 grams be伽ωn holes 11 & 12. This is not likely. 
Thus.如 movement of the balance 栩如击。mhole 11 始泊Ie 10 should ca附翻 even gr邵阳
improvement in the SPL level. Note that 也.etwoor 由ree trial weight method does not contradict 

\\J t如e influence coefficient method.. but supplements it and provides confirmation. 
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Figure 29 SPL Vibratioo 00 Engine 116-R , Airplane 52 
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Dynamic Ana.伽'sis and Balancing 0/ an A加r~ρ Gas Turbine 4.4 ]-TriaJ Balancing on FFV-帽.EI09-R

4.4 Two-l‘rial Balancing Using En襄ine Response 

Bala溢cingUsi董辈革 VFFV

在le two- or three-trial balancing procedure may also be applied to engine data. Fi部rre 31 , 
for example, r叩resents 也e front frame vertical motion (VFFV) taken during the engine testing. 

ηlere were two ofthe 由ree runs made wi由 8.8 gr缸ns at 60 deg and 240 deg.ηle frrst 8.8-gram 

weight is shown at location No. 3. The amplitude is larger 由an the base circle ofO.71 inJsec.ηle 

first trial, Z 1, intersec招也e base circle, ZO，据 holes 7 and 11, as shown in Figure 32. 

在le next trial weight shou1d 如加tween holes 7 伽'ough 11. The other holes should 如e

excluded, as t挂.ese triallocations wou1d resu1t in a larger response 白阳也.e initial base amplitude. 

The second trial w郁瑞 location 9 and represen臼 an excellent balance run. Possible balance 

corrections cou1d be 10.6 gr:胆略目 hole 8, or 10.6 grams at hole 10. A也ird balance run to complete 

也e three-trial-run method wou1d be to move the 8.8-gram balance weight to hole No. 8. 

Balancing Using FFV From Engine 109-R, Airplane 47 

Figure 33 represents the 企ont 会缸ne vertical (FFV) vi如'ration on Engine 10弘R with 9.1 
grams placed at 150 d鸣 and 210 deg. 百le 曲181 move to 210 deg has 1叫ucedthe 副np岳阳dein 如alf.

From an observation of the data without phase, it is not apparent what the next correction shou1d be. 

Figure 34 shows a polar plot ofthe two trials.ηle first 创al， plotted at location 11, intersects 由e

base circles at holes 8 and 14. The placement ofthe weight at hole 15 represents a good s益。t

From the intersection oft he plots for Z 1 and Z2, two balancing solutions are obtained. 在lese

solu哇。ns are 7.5 or 16.6 gr部ns between holes 13 部委 14. However，台ompre飞毛ous balancing runs, 

it is known 也at the 16.6-gram balancing solution is too large. 币。refore，也e co红'ect balancing 

solution is 7.5 gr缸ns，叩lit between holes 13 and 14.η世s is not practical to do in 也e field , since 

the selection of weights available is limited. A 仙181 balance move would be to move 也e weight 

from hole 15 to hole 14.η世s balance example illu拙ates 也e 泊portance of having a sufficient 

num也er ofbalancing holes on the 鱼n for final balance correction.τne current fan rotor has only 12 

balancing holes. 

-31-



毒4.4 :? l'T_if!IJJíl~anc!n.g on VFFV 

- Front衍辄黯V即1(VFFV)

4 猿'ALANCING CONSIDERATIONS 

。 -Basc!ù如
+-Un1￥alan，四 17.6 sms@ 13S deg 
• - Unbal时阳8.8 81黯@ 60deg 
x. Unbala踹刻在 8.8 gms @ 240 deg 

2 

1.8 

叙润4αm 筑到6

- Front Frame Vertical (VF}~V) 

1.6 

我X量2汉阳。

O.岳

0.4 

1.4 

1 

0.8 

1.2 M
E
&
阴
阳
‘
荡
〉

Figure31 

BAlANCE No. 2 震号。到66

BAlA问CE NO.1 = 10.61 

1.5 

。.5

。

-0.5 

1 

\、坷.，/

12 
zo= 0掏71
挝o. Holes= 
Z1 嚣唱，揣
扭醋。.30

执险ial==8.80

-1 

-1.5 

Grams 

1.5 ? 
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Figure 33 Front Frame Vertical σFV) Vibrati侃侃 Engine 109嗣R， Airplane 47 
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