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SUMMARY

A technique is described, and a computer program listed,

for assessing the degree of balance achieved by a given distribu-

tion of unequal-weight blades around 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 is 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 to 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 violations

of axisymmetry in the disc itself. For these cases (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 (m ) whose center of gravity is

located by a radius (r ) and an angle (0 ) 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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FIGURE 1

Θ; /ΠΥ

about the axis 0 can be subdivided into components and τ
xy

as shown in the sketch, where

ίπ Ίτ. = m. r. cos |y - Θ. (la)
1 x 1 1

and

τ. = m. r. sin I S- - θ.| (lb)i i i [2 ij

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.

τΗ - J τ = Σ »! oos J - » ] (2a)
X 1 X 1 }
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and

(2b)

Note t ha t ,  of cou r se ,  i f τ- = τ D = 0 then  the
A Ax y
In the  more l i ke ly  casear rangement  i s  in pe r f ec t  ba l ance . of

4 To 4 0, then  the  r e su l t an t  ou t -o f -ba l ance  is  s imp lyti n
x y

T R Λ 2 + T 2R R (3)
X y

and i t s  angula r  pos i t i on  i s  g iven by

TR
« = Z0 R 2 tan -1

!

__y
T R

I X j

(4)

Fu r the rmore ,  u t i l i z ing  the  spec i f i ed  ro t a t i ona l  speed ,

fo rce  can be ob t a ined  d i r ec t l y  fromthe ou t -o f -ba l ance

2
F = K. τ ρ (RPM) (5)Cl A

where i s  some app rop r i a t e  g roup ing  of d imens iona l  cons t an t s .

A l i s t i ng  of the  FORTRAN IV program wr i t t en  to

eva lua t e  t he se  pa rame te r s  on an IBM 360 compu te r  i s  shown in

Appendix  A.

3 . 0 Input  Format

The input  da t a  deck for  the  program compr i se s  t h r ee

d i f f e r en t  card  fo rmats
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Card Columns Mnemonic Format Parameter Description

A. BATCH HEADER CARD

1 to 5 NROWS 15 Number of rows or planes to be
processed in this batch

B. ROW HEADER CARD

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

11 to 15 N 15 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 Rotational 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 rotational axis (ins.)

C 0 (TYPE 2) MASS OR HOLE CARDS (N of them) For K = +0001 cases

1 to 9 & 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 printout, a revised value of the

dimensional constant (K ) 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

opportunity 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 program.

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

Blade Identification Blade Weight Radius of 0 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 7.5Ο 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.

05. O|

ςν  7·5ο \ \
1

\ I

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 is heavy by

37.5 inch-grams at 60° clockwise from top-dead-center. It also

lists a 234.83 Ibp force resulting from this imbalance at the

specified rotational speed of 10,000 rpm.

Example B. Four Masses and Two Holes Disposed about a Disc

Mass Identification Mass Weight Radius of C of G
Angular
Position

ROW 2 MASS A 5O.O grams 7.60 inches 45.0°

ROW 2 MASS B 55.Ο grams 7.50 inches 135.0°
ROW 2 MASS C 45.Ο grams 7.50 inches 225.0°

ROW 2 MASS D 5O.O grams 7.60 inches 315.0°
ROW 2 HOLE 1 -25.O grams 3.75 inches 0.0°
ROW 2 HOLE 2 -101.617 " 1.00 inches 148.5°

Rotational Speed = 100,000 rpm.

; . ;
too /

7.50

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 lb .

6.0 Recommendations

The following suggestions may be incorporated to

broaden the utility of the method described:

1. 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 specified 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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3· Extend (2) to also include out-of-round tolerances.

4. Incorporate an iterative table-look-up procedure that will

automatically interchange blades to achieve the minimum

possible out-of-balance.

5. 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).

6. 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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C SINGLE PLANE BALANCE PROGRAM - SMALL COMPRESSOR PROJECT
C M.S .  CHAPPELL MARCH 1968
C PROGRAM NO. M .E . -209
C

1 FORMAT ( 1H1 , 14X ,
15OHSINGLE PLANE BALANCE PROGRAM - M .S .C .  - MARCH 1968 )

2 FORMAT ( / / / )
3 FORMAT ( 10A l , 2 I5 ,F10 .5 )
4 FORMAT ( 8 X , A2 , 3F 1 0 . 5 )
5 FORMAT ( 1H1 , 19X,  5HSTAGE , 1OA 1 , IX ,  I 5,  1 X , 1 7HECU I SPACED BLADES, / / )
6 FORMAT (5X .9HBLADE NO . , 4X , 1 7HBLADE WT. (GRAMS) ,

14X,18HCG RADIOS ( I NCHE S ) , 2X , 1 5HANGL E (DEGREES) / )
7 FORMAT ( 13X ,A2 ,7X ,F8 .3 ,  15X , F6 . 3 , 1 2X , F6 . 1 )
8 FORMAT ( / 15 X , 12HUNB AL ANC E = ,F8 .3 ,15H  INCH-GRAMS AT , F6 . 1 ,

117H DEGREES FROM TCC/ 57X , 11 H ( CLOC KW I SE > )
9 FORMAT ( 1H1 , 1 IX , 5HST AG E , 1OA 1 , 1 X , I 5 , IX ,

132HMASSES AT RADI I  AND ANGLES SHOWN, / / )
10 FORMAT (5X,8HMASS NO. , 7X , 12HMASS ( GRAMS ) , 6 X , 1 8HCG RADIUS ( INCHES) ,

12X,15FANGLE (DEGREES) / )
11 F0RMAK/15X ,

123HCUT OF BALANCE FORCE = ,F8 .2 ,8H  LBF AT ,F8 .0 ,4H  RPM)
12 FORMAT ( I 5)

DIMENSION BLDN0(5CC ) , BLD WT ( 500 ) , CGR AC ( 500 ) , WTNO( 500 ) ,WT( 500) ,
1RADCG(5OG),  ANGLE ( 500)  ,NCSTAG( 10)

WRI TE (3 ,  1 )
WRI TE (3 ,2 )
READ( 1,  12 )NRCWS
DO 99 JJ=1 ,NROWS
READ! 1, 3) NO ST AG, N ,K,RPM
IF (K )21 ,21 ,31

21 WR I T E ( 3 , 5 ) NES TAG , N
DE L TA = 6 . 2 8 3 1 8 /N
THETA=0.00
SUMX=C.QO
SUMY=0.00
WRI IE (3 ,6  )
DO 22 1= 1 ,  N
REAC( l , 4 )BL0NC(  I ) ,BLDwT(  I )  ,CGRAD( I )
THETA = 1 . 5707965 - (  I +DELTA)
DEGREE= I *DELTA*57  . 29578
SUM X= SUMX *B LDWT ( I )*CGRAC( I ) *COS( THETA )
SUM Y= SUMY + B LDWT ( I )*CGRAC( I ) * S IN ( THET A )

22 WRITE (3 ,  7 )8LDN0(  I ) ,BLCWT( I )  ,CGRAD ( I ) , DEGREE
RES=SCPT( SUMX**2+  SUMY**2  )
ANGRES= ( 1 . 5 70 796 5- ATAN2 ( SUM Y , SUMX ) ) * 57 .  29 5 78
WRI TE (3 ,8  )RES,ANGRES
FORCE = R ES *R PM *R PM/ 1 5 . 9697 E 6
WRITE(3 ,U )FCRCE,RPM
WRI TE (3 ,2  )
GC TO 99

31 WRI TE (3 ,9 )NCSTAG,N
SSUMX=C.CC
SSUMY=C.CC
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WRITE(3 ,1C)
DO 32 11 = 1,  N
READ( 1 ,4 )  WTNOl I I  ) ,WT( 1 1 ) ,RACCG( I I  ) ,  ANCLE ( I I  )
RADIAN = 1 .5707965 - (  ANGLE! I 1 1 *6 .  26316 /360 .  )
SSUMX = SSU)*X*WT( I I  )*RACCG( I I  ) «CCS ( RAD I AN )
S SUMY = SSUMY +WT ( 1 1 ) *R A CCG ( 1 1 ) *S I N ( RAD I AN )

32 WRITE (3 ,7 )WTNC(  I I ) ,WT( I I  ) , R.ADCGI I I )  , ANGLE! 1 1 )
RES ID = SQRT( SSUMX**2+SSUHY**2  )
RESANG=( 1 . 5 70 7965 -  A TAN2 ( SSUN Y , SSU PX I J * 57 .  29 57 8
WR I TE ( 3 , 8 )R ES 10, RESANG
UFCRCE = RES IC+RPMRPH/  15 .9697E6
WRITE(3 ,U )UFGRCE,RPM
WRITE(3 ,2 )

99 CONTINUE
CALL EXIT
END
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APPENDIX B» INPUT DATA LISTINGS FOR EXAMPLE PROBLEMS

Batch Header Card

NO1 TESTROW  00006-000110000. Row Header Card

01Î50.00

02)50.00

0 3:50.00

7.50 j

7.50 )

7.50 j

)
7.50 \

7.50 )

7.50 )

ROWl BL

ROWl BL

ROW1 BL

Blading Cards
ROWl BL

ROWl BL

ROWl BL

0445.00

0550.00

06,50.00

N02T EST ROW 00 006. 000 1100000. Row Header Card

R0W2MASS A50.00 7.60

R0W2MASS B55.00 7.50

R0W2MASS G45.00 7.50

R0W2MASS D50.00 7.60
i

ROW2HOLE 1,-25.0 3.75

R0W2H0LE 2-101.617 1.00

Mass and Hole Cards
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APPENDIX C: OUTPUT FOR EXAMPLE PROBLEMS

STAGENG1TESTROW 6 EQUISPACED BLADES

BLADE NC. ELACE WT. (GRAMS) CG RADIUS ( INCHES) ANGLE (DEGREES)

0 1 5C.CGG 7.5CC 60 .0
02 50 .  COO 7.5CC 120 .0
03 50 .000 7 .500 180 .0
04 45 .000 ’  ’ ... ΤΓ500 “24Ô.'Ô
05 50 .  GOO 7 .500 300 .0
06 50.  OGG 7 .500 360 .0

UNBALANCE = 37 .498  INCH-GRAMS AT 60 .0  DEGRFES ΓΡΟΜ TOC
___ ___ _ _____ JCLCCKWISE )

CCT CF BALANCE FCRCE = 234 .81  LBF AT IOCCO. RPM

ST AGÈNC2TESTROw ’ 6 MASSES AT RADI I  ANC ANGLES SHOWN

MASS NC. MASS (GRAMS) CG RADIUS ( INCHES ) ANGLE (DEGREES)

A 5G.OCO 7.6CC 45 .0
E 55 .  GOG 7 .500 ' --135.0
C 45 .000 7 .500 225 .0
D 50.  COO 7 .600 315 .0
1 -25 .000 3 .750 0 .0
2 -101 .617 1 .000 148 .5

UNBALANCE = ~ 0 .073  INCH-GRAMS AT 238 .4  DEGREES FROM TOC
(CLOCKWISE )

CUT CF BALANCE FCRCE 45 .90  LBF AT 1COOCO. RPM


