Notes 08 04 10f20

Two-mass Equivalent Link

total mass Mg + My =M,

) ) CG BG
centroid location m.,. =m 8 m..=m 3
3B 3 BC 3C 3 BC

check approximate mass moment  Jg; # Jg; ape = Mya(BG;)* + My (CG, )

(for slender rod Jg;_app = 3 Jo3_actua)
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Shaking Force for Slider Crank

B Mss
T2

c Msctmy
A 4 p
77— 1
“ MBAL
assume crank is statically balanced G2 = A constant crank speed 6=0
split link 3 into m3g and mac assume d) is small

Case | - static force analysis for only d’Alembert inertial force P with no friction

P=—(m, +m,)s §=—R6(cos0+ 2 cos260) n=0 L sin¢ = Rsin®

T P R sin(6+ ¢)
lon2 COS¢

X Y X Y
I:lonZ =-P I:10n2 =P tan¢ F10n4 = O F10n4 = _Ptan¢
Case |1 - static force analysis for only inertial force MR’
Ty, =0 FX , =-m,Ro’ cosO Ff, =-m,Ro’sino

Case 111 - place additional counterbalance mgac on the crank at radius R and 180° from pin B

Superposition = Case | + Case Il + Case Il

Tionp = —2 (M. +m,)R?0%(sin O —sin 20 — R sin 30)
F2Xon1 = (mss - mBAL)R92 cos6 - (msc + m4)§

FL = (my — Mg, JRO?sinO+(m,. +m, Ktano

FZom = _(msc + m4)§tan¢
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P = o)< 0r (=520 e ez
SHAKING S — Um20n1 qon1f —

(m3B - mBAL)Sin 0
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Model 1 — no additional balancing mass . MEAL=O
mMgaL =0 20
o (3
=20
-0

Model 2 — unidirectional in-line shaking force

mBAL = m3B

. [(m. —m cosO+(m,. + m, cosO + R cos20
{FSHAKING}ZROZ{( 3B BAL) ( 3C 4)( L )}

(mSB —MgaL )Sin 0

., [{m,~ + m, fcosO + & cos 20 20
Mga = Myg {FSHAKING } = Rez{( ¢ 4)( 0 - )} w0
<0 20 u} 20 A0

Model 3 — minimize the maximum magnitude of shaking force (approximate)

, [(Myg —mg,, )cos0 + (M, +m, NcosO + R cos26) g AL =maC + m4
{FSHAKING } = RO .
(m3B —MegaL )Sm 0

Mga = My +My,

n]
.. {m., cos®+(m,. + m, )R cos20 D
o 1R { 12 €050+ My +m, )2 } _

(m3B mLLE m4)5in 0

<40 20 o 20 40

Model 4 — minimize in-line shaking force (approximate)

mBAL =m3 + md

. [(m.s —m cos0+(m,. + m, cosO + R cos20 20
{FSHAKING}ZRGZ{( 3B BAL) ( 3C 4)( L )}

(mSB — Mg, )Sin 0
20

Mgy =My +My, =Myg + My +My, 40

) Rcos260
{FSHAKING}: Rez(m3c + m4>{L }

—sin®



Maximum shaking force [lbf]

Notes 08 04

50f 20

mBAL =0 mBAL = m3B
40 y y y 40 y . .
20 20
| > :
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Balancing mass [Ibm]



%
%

Notes 08 04

shake.m - single cylinder shaking force Notes_08_ 04
HJISIII, 13.03.14

clear

%

constants

d2r = pi / 180;

%
R
L

%
w

%

geometry [inches]
= 0.985;
= 4.33;

crank speed [rad/sec]
= 104.719;

masses [lbm]

m3B = 0.351;
m3C = 0.111;
m4 = 0.781;

%

crank angle

th_deg = (0:360)";
th = th_deg * d2r;

%

piston acceleration [inch/s/s]

sdd = -R*w*w*(cos(th) +R*cos(2*th)/L);

%

plot four models

figure( 1)
clf
res = [1;

%%%%6%6%%%%%6%%%%%6%%%% % %6%%% % %%%%% % %%%% % %% %% % % %% %% % %%%% % %% %%

%

X

X

Model 1 - mBAL = O
subplot( 2,2,1 )
mBAL = O;

shaking force [Ibm.in/s/s] * [Ibf*s*s / 32.174 lbm.ft] * [ ft /7 12 in ]
Fx = ( (m3B-mBAL)*R*w*w*cos(th) - (m3C+m4)*sdd ) 7/ 386; % [Ibf]

Fy ( (m3B-mBAL)*R*w*w*sin(th) ) / 386;

Fs sqrt( FxX.*Fx + Fy.*Fy );

Fs_max = max( Fs );

res = [ res ; mBAL Fs_max ];

plot shaking force curve
plot( Fx, Fy )

axis square

axis( [ -40 40 -40 40 1)
title( "mBAL = 07 )

%%%%6%6%%%%%6%%%%%6%6%%% % %%%%% %6%%%% % %6%%% % %% %% % % %% %% % %%%% % %% %%

%

X

X

Model 2 - mBAL = m3B
subplot( 2,2,2 )
mBAL = m3B;

shaking force [Ibm.in/s/s] * [Ibf*s*s / 32.174 lbm.ft] * [ ft /7 12 in ]

Fx = ( (m3B-mBAL)*R*w*w*cos(th) - (m3C+m4)*sdd ) 7/ 386; % [Ibf]
Fy = ( (m3B-mBAL)*R*w*w*sin(th) ) 7/ 386;
Fs = sqrt( Fx.*Fx + Fy.*Fy );

Fs_max = max( Fs );
res = [ res ; mBAL Fs_max ];

plot shaking force curve
plot( Fx, Fy )

axis square

axis( [ -40 40 -40 40 1)
title( "mBAL = m3B" )

6 of 20
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%%%%6%6%%%%%6%%%%%6%6%%% % %6%%% % %6%%%% % %6%%% % %6%%%% % %% %% % %% %% % %% %%

%

X

Model 3 - mBAL = m3C + m4
subplot( 2,2,3 )
mBAL = m3C + m4;

shaking force [Ibm.in/s/s] * [Ibf*s*s / 32.174 lbm.ft] * [ ft /7 12 in ]
Fx = ( (m3B-mBAL)*R*w*w*cos(th) - (m3C+m4)*sdd ) / 386; % [Ibf]

Fy ( (m3B-mBAL)*R*w*w*sin(th) ) / 386;

Fs = sqrt( FxX.*Fx + Fy.*Fy );

Fs_max = max( Fs );

res = [ res ; mBAL Fs_max ];

plot shaking force curve
plot( Fx, Fy )

axis square

axis( [ -40 40 -40 40 1)
title( "mBAL = m3C + m4*® )

%%%%6%6%%%%%6%%%%%6%6%%% % %6%%%% %%%%% % %6%%% % %% %% % % %% %% % %% %% % %% %%

%

X

Model 4 - mBAL = m3 + m4
subplot( 2,2,4 )
mBAL = m3B + m3C + m4;

shaking force [Ibm.in/s/s] * [Ibf*s*s / 32.174 lbm.ft] * [ ft /7 12 in ]

Fx = ( (m3B-mBAL)*R*w*w*cos(th) - (m3C+m4)*sdd ) 7/ 386; % [Ibf]
Fy = ( (m3B-mBAL)*R*w*w*sin(th) ) / 386;
Fs = sqrt( Fx.*Fx + Fy.*Fy );

Fs_max = max( Fs );
res = [ res ; mBAL Fs_max ];

plot shaking force curve
plot( Fx, Fy )

axis square

axis( [ -40 40 -40 40 1)
title( "mBAL = m3 + m4* )

%%%%6%6%%%%%6%%%%%6%6%%% % %6%%% % %%%%% % %6%%% % %% %% % % %% %% % %% %% % %% %%

%

plot maximum shaking force versus balancing mass

keep = L1;
for mBAL = 0 : 0.01 : (m3B+m3C+m4),

X

%

shaking force [Ibm.in/s/s] * [Ibf*s*s / 32.174 Ibm.ft] * [ ft /7 12 in ]

Fx = ( (m3B-mBAL)*R*w*w*cos(th) - (m3C+m4)*sdd ) 7/ 386; % [Ibf]
Fy = ( (m3B-mBAL)*R*w*w*sin(th) ) 7/ 386;
Fs = sqrt( Fx.*Fx + Fy.*Fy );

Fs_max = max( Fs );
keep = [ keep ; mBAL Fs_max ];

plot results

figure( 2 )

clf

plot( keep(:,1),keep(:,2),"b", res(:,1),res(:,2),"ro" )
axis( [ 01.4 045 1])

xlabel ( "Balancing mass [Ibm]* )

ylabel ( "Maximum shaking force [Ibf]" )

bottom of shake
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FSZHAKING = R264( (mss —Mga )2 + Z(mss —Mga )(msc + m4)COS G(COSG +%COS 29)

+(m,e +m, ) (cos6+Rcos26)” )

2
%‘WG): R26*(—2(my5 —Mg, )—2(m,e +m, )cosB(cos® +Rcos26)) =0
BAL

Mg = Mg +(Mye + m4)(cos2 9+%cosecosze)
MpaL = Myg "‘(msc + m4)(C032 9"'%(:053 9_%(:0593”]2 9)
Mg = Myg +(Mye +m, Y28 cos® 0+ cos? 0— Ecoso)

0(22 cos® 0+ cos? 60— .cos0)/00 =— 6.8 cos? Bsin 6 — 2cos0sin 6+ Zsin 6 = 0

sinf=0,0=0° Mgy = Myg +(Mye +m, 1+ 7)
sin®=0,0=180° Mgy =My +(Mye +m, J1-£)
~14[1+6(F)
cos0 = +6(¢) MgaL =m38+(m36+m4)(2%cos39+cosze—%cose)

% HJISIIN, 13.03.14
clear

geometry [inches]
0.985;

%
R
L = 4.33;

=

masses [lbm]

m3B = 0.351;
m3C = 0.111;
m4 = 0.781;

% cosine solution
rho = R / L;

cl = (-1 + sqrt( 1 + 6*rho*rho ) ) /6 /rho;
c2 = (-1 - sqrt( 1 + 6*rho*rho ) ) /6 /rho;
% values

vl 2*rho*cl*cl*cl + cl*cl - rho*cl;

v2 2*rho*c2*c2*c2 + c2*c2 - rho*c2;
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% balancing masses
mBAL1 = m3B + (m3C+m4)*v1l
mBAL2 = m3B + (m3C+m4)*v2
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Shaking Force for In-line Two Cylinder Air Compressor

XA XA
X e
o s C |:| |
R same crank,
: s connecting rods a |
'R and pistons ‘ !
'R '
N !
N E 1 E
N []
B B
z out yin
Y e-- ? a-—-H----- -
A= Gz
D
0=10 D
Op =06 + 180°

(mSB - mBAL)COSe
+(m,. +m, )cos
only ABC {FSHAKING } = RO?J+ (m sc +My )%COS 20

(mSB —Mgp )Sin 0

(Mg —m_,, Ncos8 + cos(6 +180°))
+(mye +m, J(cos + cos(6 +180°))
both  {Fsuaxine = ROZ4+ (Mo +m, )R (cos20 + cos(26 + 360°))

(M, —mg,, )(sin 6 +sin(6+180°))

c0s 0 + cos(0 +180°) = cos 6 + cos 0 cos180° —sin Hsin180° = 0
c0s 20 + cos(260 +360°) = 2c0s 20
sin 0 +sin(0 +180°) = sin O +sin ©c0s180° + cos Osin180° = 0

R
both  {Fy e | = RGZ{Z R (M, +m, )cos 29}

0

. X _ Y Y Y _ X
shaking moments MSHAKING =-d (F20n1 + F40n1) MSHAKING =+a F20n1
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In-line Four Cylinder Engine
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Shaking Force for In-line Four Cylinder Engine

XA

A ]

~R
N
N
N same crank,
N )
N connecting rods
N and pistons
N
N
N\ E
R

1,4
z out
z
P <-- -
2,3
1
0,=0,=06
06, =06, =06+180°

same as two two-cylinder compressors mirrored end to end

42 (m,. +m,)cos 29}
0

{FSHAKING } = Réz{

shaking moments M;(HAKWG =0 MSYHAKING =0

X

yin

A
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
I
1
1
1
1
1
1

]

]
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In-line Six Cylinder Engine

5 i e o o %

i o
G Uedednin e e R S i e

shaE e B R
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Shaking Force for In-line Six Cylinder Engine

X A x 4
! yin i
3\ S
| § :
' R same crank,
'R connecting rods !
: $ and pistons
[\ !
N |
\ [1i[]
1] (L]
y z é
S = | |
3,4

0,=0,=0
0, =0, =0+120°
0, =0, = 0+240°

cos 0 + cos(6 +120°) + cos(6 + 240°) = 0
C0s 26 + c0s(26 + 240°) + cos(26 + 480°) = 0
sin @ +sin(0 +120°)+sin(6 + 240°) = 0

0
{FSHAKING } = {0} M;(HAKING =0 M gHAKING =0
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V8 separate cranks

V8 dual cranks
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V8 split cranks

V8 with pistons
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Shaking Force for Four Bar

assume crank is statically balanced G2 = A

split link 3 into msg and msc assume 0; is small link 3 becomes two-force member

static force analysis with d’Alembert inertial forces
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SM on 4 about D CCW +  (F,,,, Siny)CD = 64(JG4 +m,(DG, ) + m3C(CD)2)
Fns = 0,064 + M, (DG, )? + m, (CDY ) CDsin(o, - 0;)

FX..=(m,(DG,)+m,.(CD)p?cosb, +(m,(DG, )+m,.(CD)P,sind, —F

3on

, C0S0,

onm = (m4(DG4 )"‘ Mae (CD))@i sin 94 - (m4(DG4)+ Mae (CD))é4 C0364 - F30n4 sin 93
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EMon2about ACCW + T, o 5= (Fe,Sin(6,-6,))AB=0

2\ABsin(0, - 6,)

T =0, 00c, +m, (DG, ) +m,.(CD) 'CDsin(e, -6,)
4 3

Toons = 64(JG4 +m,(DG, )’ +m,.(CD) )g—“ from Notes_03_02

2

0 , and 94 from Notes_03_02
A2
F2Xonl = (msa —Mgp )(AB)92 00892 + F3on2 C0893

F2yonl = (mss —Mga )(AB)O% sin 92 + F30n2 sin e3
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FXOn +FX0n
{FSHAKING}:{ 2ont N 1}

Fzyonl + I:z%/onl
(mzs —Mga, )(AB)@%

(m, (DG, )+my.(CD))
(bG,) )

G 0
(m,(DG,)+m,.(CD

{FSHAKING } = { 0 4
0

cos6, sinB, cosO,
sin, —cosf, sin0,



