i+l

NRC Publications Archive
Archives des publications du CNRC

A preliminary routine for evaluating the degree of static balance of a
bladed disc or weighted rotor
Chappell, M.S.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de I'éditeur, utilisez le lien
DOI ci-dessous.

Publisher’s version / Version de I'éditeur:
https://doi.org/10.4224/40004044

Laboratory Memorandum (National Research Council Canada. Division of
Mechanical Engineering. Engine Laboratory); no. NRC-ENG-58, 1968-03

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=590b29cc-8b53-4f6d-96f1-69b2ecbc69e7
https://publications-cnrc.canada.ca/fra/voir/objet/?id=590b29cc-8b53-4f6d-96f1-69b2ecbc69e7

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at
https://nrc-publications.canada.ca/eng/copyright
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’accés a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site
https://publications-cnrc.canada.ca/fra/droits
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Questions? Contact the NRC Publications Archive team at
PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the
first page of the publication for their contact information.

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez
la premiére page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous
n’arrivez pas a les repérer, communiquez avec nous a PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

| g

National Research  Conseil national de C d
Council Canada recherches Canada ana a


https://doi.org/10.4224/40004044
https://nrc-publications.canada.ca/eng/view/object/?id=590b29cc-8b53-4f6d-96f1-69b2ecbc69e7
https://publications-cnrc.canada.ca/fra/voir/objet/?id=590b29cc-8b53-4f6d-96f1-69b2ecbc69e7
https://nrc-publications.canada.ca/eng/copyright
https://publications-cnrc.canada.ca/fra/droits

i W

L.Q.....

PREPARED BY. M °S L] C o

CHECKED BY... G o G- L Pltigenits

Fe. CM2-17-13.F-12

NATIONAL RESEARCH COUNCIL

DivISION OF MECHANICAL ENGINEERING
OTTAWA, CANADA

LABORATORY MEMORANDUM

-1

SECTION..... ENGINE LABORATORY

No... NRC-ENG=58
9

CoPY No’-?

pare.. MARCH, 1968

SUBJECT

PREPARED BY

ISSUED TO

M.S.

THIS MEMORANDUM IS ISSUED
IN ADVANCE OF A REPORT. IT IS PRELIMINARY IN CHARACTER,
HAS NOT RECEIVED THE CAREFUL EDITING OF A REPORT, AND
IS SUBJECT TO REVIEW,

SECURITY cLAssIFicaTioN. UNCLASSIFIED

Chappell

Internal

TO FURNISH INFORMATION

A Preliminary Routine for Evaluating the Degree of
Static Balance of a Bladed Disc or Weighted Rotor,.




NATIONAL RESEARCH COUNCIL
DIVISION OF MECHANICAL ENGINEERING NRC-ENG-58

LABORATORY MEMORANDUM Page ii

SUMMARY

A technique i1s described, and a computer program listed,
for assessing the degree of balance achieved by a given distribu-
tion of unequal-weight blades arcund a disc. In addition, a
separate portion of the routine provides a similar assessment for
a number of randomly-spaced masses and holes (negative masses)
disposed about an axis of rotation.

Program output includes the unbalance and the "out-of-
balance" force vector generated at any prescribed rotational speed.
At present the method i1s restricted to considering each axial
plane separately, but is capable of handling any number of planes,
each of which may contain up to 500 blades or masses.

The current form of the program also requires manual
re-arrangement of the blading (by re-ordering the input cords) to
achieve successively better balance. However, suggestions are
made whereby further programming could be added tc automate the
blade re-arrangement procedure and thus have the computer output
the best blading distribution and the minimum unbalance conditions

directly.
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1.0 Introduction

During the fabrication of rotating components for
turbomachinery, normal manufacturing tolerances result in slight
variations in weight among the individual blades within any row.
If such blades are distributed appropriately around the disc
periphery the "as-built" unbalance of the row can be minimized,
thereby minimizing the time and the amount of material transfer
necessary to achieve a finally acceptable state of balance.

In some instances there are also unavoidable vioclations
of axisymmetry in the disc itself. For these czases (as well as
for the cases of blading distribution alone) it is desirable to
predict the magnitude and direction of the resultant out-of-
balance force vector in order to assess its contribution to
bearing loadings and vibration levels.

The simple routine outlined herein provides a conven-
ient tool for rapid assessment of the unbalance of a proposed
distribution of blading or disc configuration, and the resultant

force vectors.

2.0 Method

Figure 1 shows a mass (mi) whose center of gravity is
located by a radius (ri) and an angle (ei) measured from the
Top Dead Center position on the disc or plane.

The out-of-balance contribution of this mass rotating
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about the axis O can be subdivided into components Ty and Ty
y
as shown in the sketch, where
fios \ __
Tix =m, r; cos l§ - eiJ (la)
and
= r, sin |2 - ¢ (1b)
Tiy By %y ) 1

The algebraic sums of these two components for all masses disposed

throughout the plane of rotation yield the two components of the

net out-of-balance for the plane, i.e.

(2a)
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and
- - : o
TR = Z Ty Z m, r; sin [2 ei} (2b)
y 1 y L
Note that, of course, if TR T Tg < 0 then the
X J

arrangement is in perfect balance. In the more likely case of

s % Ty T 0, then the resultant out-of-balance is simply
X y

- 2 2
R JQR + 3= (3)
X y
and its angular position is given by
5 o1 | By .
6R= g—tal’l - (H)
R
L X

Furthermore, utilizing the specified rotational speed,

the out-of-balance force can be obtained directly from

2
F =Ky g (RPM) (5)

where Kd is some appropriate grouping of dimensional constants.
A listing of the FORTRAN IV program written to
evaluate these parameters on an IBM 360 computer is shown in

Appendix A.

3.0 Input Format

The input data deck for the program comprises three

different card formats
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Card Columns Mnemonic Format Parameter Description

A, BATCH HEADER CARD

1l to 5 NROWS I5 Number of rows or planes to be
processed in this batch

B. ROW HEADER CARD

1l to 10 NOSTAG 10A1 Stage or plane identification name
or number (10 alphameric char-
acters max.)

11 to 15 N I5 Number of blades or masses in row
or plane.
16 to 20 K -0001 Equispaced blades
+0001 Masses at specified angular posi-
tions
21 to 30 RPM F10.5 Rotaticnal speed of row

C. (TYPE 1) BLADING CARDS. (N of them) For K = -0001 cases

1 to 9 & 10 BLDNO 8X,A2 Blade identification (10 alpha-
meric characters may be punched
in col. 1 to 10 but only the
digits in cols. 9 and 10 are
reproduced in the output)

11 to 20 BLDWT F10.5 Blade weight (grams)

21 to 30 CGRAD F10.5 Radius of center of gravity of
blade from rotaticnal axis (ins.)

G (TYPE 2) MASS OR HOLE CARDS (N of them) For K = +0001 cases

1 to9 & 10 WTNO 8X,A2 Mass or hole identification (10
alphameric characters may be
punched in col. 1 to 10 but only
the digits in cols. 9 and 10 are
reproduced in the output)

11 to 20 WT F10.5 Weight of mass (negative for
holes) in grams

21 to 30 RADCG F10.5 Radius of center of gravity of
Mass from rotational axis (ins.)

31 to 40 ANGLE F10.5 Angular position of mass clock-
wise from top dead center (degs)
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Thus the data card pack for a single computer run
consists of:
1 Batch Header Card, and
NROWS Row Header Cards, each followed by its

N blade or mass cards.

The inconsistent units specified (viz ., grams, inches, etc.) were
.chosen to conform with Engine Laboratory practice of weighing
blades on an automatic chemical balance. Minor program changes
would adapt the routine to any other combination of units. Aside
from headings within the output printcut, a revised wvalue of the

dimensional constant (Kd) in Equation (5) would be required.

4.0 Output Format

The program output from the line printer comprises row
identification and complete set of column headings; a listing of
the individual weights, radii of centers of gravity, and angular
position of the blades (or masses); the residual positive
unbalance and its angular location; and the out-of-balance force
generated at the rotational speed specified. The inclusion of
all input information within the output provides a convenient

oppeortunity to perform checks for data punching errors.

5.0 Examples

The following two simple examples illustrate the input

and output formats of the two types of problems handled by the
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current programn.

Example A. Six Equispaced Blades - One Lighter than the Others

Blade Identification Blade Weight Radius of C of G.

ROW 1 BL 01 50.0 grams 7.50 inches
ROW 1 BL 02 50.0 grams 7.50 inches
ROW 1 BL 03 50.0 grams 7.50 inches
ROW 1 BL 04 45,0 grams 7.50 inches
ROW 1 BL 05 50.0 grams 7.50 inches
ROW 1 BL 06 50.0 grams 7.50 inches

Rotational Speed = 10,000 rpm.

06
o A -
£ %
o5, 7 LR & ||
/ = \
’ ﬂf?bO \
! |
‘ |
\ /
Oq’ % & OE
™ e
~ e
03

Appendix B shows a listing of the input cards for this
example., Note that no angular positions need be specified as,
in the K = -0001 mode, the program computes the equispacing
interval.

Appendix C shows the program output for this simple
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example; indicating, as expected, that the assembly 1s heavy by
37.5 inch-grams at 60° clockwise from top-dead-center. It also
lists a 234.83 lbf force resulting from this imbalance at the
specified rotational speed of 10,000 rpm.
Example B. Four Masses and Twoc Holes Disposed about a Disc
Angular
Mass Identification Mass Weight Radius of C of G Position
ROW 2 MASS A 50.0 grams 7.60 inches bs,0°
ROW 2 MASS B 55.0 grams 7.50 inches 135.0°
ROW 2 MASS C 45.0 grams 7.50 inches 225.0°
ROW 2 MASS D 50.0 grams 7.60 inches 315.0°
ROW 2 HOLE 1 -25.0 grams 3.75 inches D.0°
ROW 2 HOLE 2 -101.617 " 1.00 inches 148.5°

Rotational Speed = 100,000 rpm.

A listing of the input cards for this example is also shown in
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Appendix B. Note that in this case (K = +0001) angular positions
must be given for each mass and hole.

Printout from the program is shown in Appendix C.

This example was first processed without HOLE 2 and an
out-of-balance of 101.617 inch-grams at 148.5° was listed in the
output. In the run shown, a 101.617 gram hole was added at this
predicted heavy spot, thus achieving the low out-of-balance of
0.073 inch-grams shown in Appendix C. (Theoretically this should
be identically zero, however, the angular location of the new
hole was rounded to the nearest 1/10° resulting in the slight
unbalance recorded.) Nevertheless, at the very high rotational
speed specified, even this minute unbalance gives rise to a

significant out-of-balance force of 45.9 lbf.

6.0 Recommendations

The following suggestions may be incorporated to

broaden the utility of the method described:

1s Re-program at the current level to permit simultaneous input
of equispaced blades (no angular locations read in) and
randomly spaced masses and holes at specifiled angular loca-
tions.

2. Add the capability to incorporate the disc weight and a
given eccentricity tolerance - possibly in the form of

annular rings, each with its own eccentricity tolerance.
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Extend (2) to also include out-of-round tolerances.
Incorporate an iterative table-lcocok-up procedure that will
automatically interchange blades to achieve the minimum
possible out-of-balance.

Add to (4) the capability of specifying certain blades,
masses, and holes which must remain in specific angular
locations and hence would be exempt from the interchanging
routine (but, of course, would still be incorporated in
the balance calculations).

To extend the scope of the routine to include prediction
of the most desirable relative angular positions of a
number of axially separated discs and/or planes (i.e.

dynamic balance optimization).
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SINGLE PLANE BALANCE PROGRAM — SMALL COMPRESSCR PROJECT
M.S.CHAPPELL MARCF 1568

1 FORMAT (1H1l,14X,
150HSINGLE PLANE BALANCE PROGRAM - M,S.C. - MARCH 1968)
2 FORMAT (/771
3 FURMAT {(1CA14215,F1l0.5)
4 FORMAT (8XsA2,3F1C.5)
5 FORMAT {1kl +1SXs5HSTAGEs10AL1+1XsI5,1Xe17THEQUISPACED BLADES,//}
&6 FORMAT (5X,SHBLADE NO.4X,17THBLADE WT. (GRAMS),
14X, 18HCG RADIUS { INCHES)2X s 15HANGLE (DEGREES)/)
7 FORMAT (13X 4A2,7XsF8.3415X3F6.3,12X,F6.1)
8 FURMAT (/15X412HUNBALANCE = ,F8.3,15H INCH-GRAMS AT ,F6.1,
117H DEGREES FROM TDC/57X,11KH(CLOCKWISE))
9 FORMAT (1K1 411X,5HSTAGE,10AL,1X315,1X,
132HMASSES AT RADII ANC ANGLES SHOWN,//) )

10 FORMAT (5X,8HMASS NCe9s7X9s12HMASS {(GRAMS),6X,18HCG RADIUS (INCHESI),
12Xy 15HANGLE (DEGREES)/)

11 FORMATI(/15X,
123HCUT OF BALANCE FORCE = +FB8.2+8KH LBF AT ,FB«0y4H RPM)

12 FORMAT (158}

DIMENSION BLONOASCC)BLDWT(500),CCRAC(500)4WTNC(500),WT{5C0O},
LRADCG(500)s ANGLE(S00) yNCSTAG(10Q)

WRITE(3,1)

WRITE{(3,2)

REAC(1412)NRCHWS

DO S99 JJ=1,.NROKS

REACI1:3)INOSTAG N K,RPN¥

[F {(K)21,21,31

21 WRITE(3,5)INCSTAG,N
DELTA=6.28318/N
THETA=(.00
SUMX=C.00
SUMY=C,00
WRITE(3,6)

DO 22 I=14N
REAC(1,4)BLONC(I),BLOWT(I)yCGRAD(I)
THETA = 1.57C7965-{1*DELTA)
DEGREE=I*DELTA%*57.29578
SUMX=SUMX+BLDWT(I)*CGRAC(I)*COS{THETA)
SUMY=SUMY+BLOWT {1 )*¥CGRAD(I)*SIN({TKETA)

22 WRITE{(3,7)BLCNO{])oBLCWT(I) 4 CGRAD(I),CEGREE
RES=SCERT(SUMX*¥2+SUMY*%2)
ANGRES=(1.57C7965-ATANZ2({SUMY,SUMX })*57.29578
WRITE(3,8)RESANGRES
FORCE = RES*RFM*RPM/1E5.G6STES
WRITE(34311)FCRCE,RPNM
WRITE{(3,2)

GC TG S9

31 WRITE(3,9)NCSTAG,N
SSUMX=0.CC
SSuUMy=0.0C
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WRITE(3,1C)

DO 32 II=1sN
READ(1s4)WTNO(II)WT(II),RACCG{II),ANCLE(II)
RADIAN = 1.5707965-(ANGLE(II)*6,2831€/36C.)
SSUMX=SSUMX+WT(ITI*RACCG(ITI)*CCS(RADIAN)
SSUMY=SSUMY+WT(II)*RACCG(II)*SIN(RADIAN)

32 WRITEU3s7IWTINCAIT) o WT(IT)RADCG(IT)ANGLE(IT)
RESID=SQRT{SSUMX*%2+SSUMY*%2])
RESANG=(1.5707965-ATAN2(SSUMY, SSUMX) ) *57,2S578
WRITE(3+8)RESID,RESANC
UFORCE = RESID*RPMZRPM/15.S9€69TE6
WRITE(3411)UFGRCE +RPM
WRITE{(3,2)

S9 CONTINUE
CALL EXIT
END



APPENDIX B:

INPUT DATA LISTINGS FOR EXAMPLE PROBLEMS

00002

NOLITESTROWO00006=000110000.

ROWL BL 01)50400
ROW1 BL Qﬂso.oo
ROW1 BL 0350400
ROWL BL 0445400
ROW1 BL oiso.oo

ROW1 BL 0650400

NOZTESTROWOQOO000640001100000.

ROW2MASS A50400
ROW2MASS Bbs.oo
ROW2MASS c;5.oo
ROW2MASS D|5000

ROWZHOLE 12540

ROW2HOLE 2-1014617
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Batch Header Card

Row Header Carxrd

Blading Cards

Row Header Card
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Mass and Hole Cards
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APPENDIX C: OUTPUT FOR EXAMPLE PROBLEMS

STAGENGLTESTROW & EQUISPACED BLADES
. ELACE WT. {GRAMS) CG RADIUS (INCHES) ANGLE (DFGREFS)
01 5C.00C B 7.5CC £04C
02 50.C00 ' 7.5C0 120.0
03 ~ 50.000 7.5C0 1R0.0
04 T TTT45.C0C T TTTTTTTTLSG0 T T U UTTjdn o T
05 50.C00 7.500 300.0
06 50.060 7.5CC 360.0
UNBALANCE =  37.498 INCH-GRAMS AT  60.0 DEGRFES FR(M TOC
s - L . (CLOCKWISE)
CUT CF BALANCE FCRCE =  234.81 LBF AT  10CC0. RPM
TAGENCZ2TESTROw & MASSES AT RADIT ANC ANCLES SHOWN B
MASS (GRAMS) CG RADIUS (INCHES) ANGLE (DFGPFFS)
A 50.000 7.6CC 45,0
B 55.00C B % - ;| ; N ¢ -y s
A 45.000 7.500 225.0
D 50.C00 T 7.6CC 315,0
1 -25.000 | 3.750 0.0
2 “10L. 617 1.0C0 ) 148.5

UNBAEANCE =  0.073 INCH-GRAMS AT 238.4 DEGRFES FRUM TNT

(CLOCKWISE)

LUT CF BALANCE FCRCE = 45.90 LBF AT 1C0000. KPM




