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&S PROBLEM 12-1a

Statement: A system of two coplanar arms on a common shaft, as shown in Figure 12-1, is to be designed. For
row a in Table P12-1, find the shaking force of the linkage when run unbalanced and design a
counterweight to statically balance the system. Work in a any consistent unit system you prefer.

Given: Masses and radii:
mj = 0.20-kg r;=125m 01 := 30-deg
m) = 0.40-kg r2:=225m 02 = 120-deg
Solution: See Figure 12-1, Table P12-1, and Mathcad file P1201a.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Ry = r1-cos(01) Rjx =1.083m Ryy = r1~sin(61) Rjy=0.625m

Rox = rz-cos(ez) Ryy=-1.125m Ry = rg.sin(ez) Ryy=1.949m
2. Solve equation 12.2¢ for the mass-radius product components.
mRpyx == —mj-Rjx — m2-R)x mRpy = 0.233 kg:m

mRpy = —m]-Rjy — m2-R2y mRpy = ~0.904 kg-m

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required.

6p = atanZ(mbe,mRby) 8y = -75.524 deg

mRy = J mbez + mRby2 mRp = 0934 kg-m
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& PROBLEM 12-2

Statement: The minute hand on Big Ben weighs 40 Ib and is 10 ft long. Its CG is 4 ft from the pivot. Calculate
the mR product and angular location needed to statically balance this link and design a physical
counterweight, positioned close to the center. Select material and design the detailed shape of the
counterweight, which is of 2 in uniform thickness in the Z direction.

Given: Weight and radius data:
Wi .= 40-Ibf rpi=4-ft

Counterweight thickness: t:=2-in

Design choices:
Counterweight material is steel: y = 0.28.Ibf-in 3
Counter weight shape is cylindrical

Solution: See Mathcad file P1202.

1. Since there is only one mass to balance, the balancing mass will be on the same centerline as the minute hand,
on the side opposite the center of rotation of the hand.

2. Solve equation 12.2¢ for the required mass-radius for balancing.

Wi
mRp == —-r] mRp = 4.973 slug- ft
g

| ]
3. The mass of a solid cylinder is mjp, := n-r}-t-l

4. Combine the equations in steps 2 and 3 and so}ve for the cylinder radius as a function of the balance radius.
Plot the result over a suitable range of Ry, to get an idea of the sizes involved.

rLJ(Rb) =

mRy-g

Rpgp == 5-in,6:in..20-in
w1 Rpy

5. Choose a balance radius of Rp := 15-in. Then the required mass is

mRy
mp = — mp = 3.978 slug 15C YLINDER RADIUS vs BALANCE RADIUS
Ry \
Wy = mpy-g Wy = 128.000 Ibf 13 \
6. Calculate the required cylinder diameter. r :(Rbal) 11 AN
in \
de=2- de=17.059in
c -t RbY 'C , \
5
5 10 15 20

Ry
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&S PROBLEM 12-3

Statement: A "V for victory" advertising sign is being designed to be oscillated about the apex of the V, on
the billboard, as the rocker of a fourbar linkage. The angle between the legs of the V is 20 deg.
Each leg is 8 ft long and 1.5 ft wide. Material is 0.25-in thick aluminum. Design the V-link for static
balance.

Given: V dimensions:
Length: I,:=8-ft Width:  w, = 1.5-f¢ Thickness: ty:=025-in

Specific weight of aluminum: Ya'= 0.1.I6f-in 3
Design choices:
Counterweight material is steel: ¥s := 0.28-Ibf in 3
Counter weight shape is cylindrical disk with thickness to:=3-in

Solution: See Mathcad file P1203.

1. Since the V is symmetrical in geometry and mass, the counterweight will be located on the centerline of the V
opposite the pivot point from the V.

2. Assume that the centerlines of each leg of the V intersect at the pivot point. Then, the mass, distance to the CG,
and angle with respect to the V centerline of each leg is:

Ve

Mass of one leg Mleg = ly-Wy-ty— Mleg = 43.200 b
g

mj = migg ryi=4-ft 01:= 10-deg

mp = Mieg ry:=4-ft 05 := —10-deg

3. Resolve the position vectors into Xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rix:=ri-cos(81) Rix=3939f1 Rpy:=rpsin(81) Riy = 0.695 fi

Ryx == ry-cos(62) Rox=3939 1 Roy = r2-5in(62) R2y = —0.695 ft

4. Solve equation 12.2¢ for the mass-radius product.

mRpy = —-m]-Rjx — m2-Rox mRp; = —4.084 x 103 in-Ib
mRpy = —m-Rjy — m2-R2y mRpy, = 0.000 in-1b
mRyp = |mbe| mRp, = 4084 in-1b

|
5. The mass of a solid cylinder is mp := n-rcz~t--Y—

6. Combine the equations in steps 4 and 5 and solve for the cylinder radius as a function of the balance radius.
Plot the result over a suitable range of R, to get an idea of the sizes involved.

mRp-g
rc(Rb) = |— Rpql == 5-in,6-in..20-in
T-te Ry ¥s
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CYLINDER RADIUS vs BALANCE RADIUS

20

17 \\ .
rdRoa) 14 ~
in
11 T~
—~
\
8
35 10 15 20
Ryar

7. Choose a balance radius of Rp := 18-in. Then the required mass is
mp = —— mp = 226.900 /b

8. Calculate the required cylinder diameter.

mRp-g
de:=2- |——— de=18.5in
n-te Ry ¥s
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&S PROBLEM 12-4

SOLUTION MANUAL 12-4-1

Statement: A three-bladed ceiling fan has 1.5 ft by 0.25 fi equispaced rectangular blades that normally weigh 2
Ib each. Manufacturing tolerances will cause the blade weight to vary up to plus or minus 5%.
The mounting accuracy of the blades will vary the location of the CG versus the spin axis by plus
or minus 10% of the blades' diameters. Calculate the weight of the largest steel counterweight
needed at a 2-in radius to statically balance the worst-case blade assembly.
Given: Blade dimensions:
Length: Ip:=15-ft Width:  wp:=025-ft  Nominal weight:  Wp,op := 2-Ibf
Manufacturing tolerances: Weight ty = 0.05 CG offset tcg = 0.10
Assumptions: 1. The blades are held in place by a bracket such that their base is 6 in from the center of rotation
making the tip 24 in from the center. Thus, the blade sweep diameter is 48 in.
2. There is one heavy (maximum weight) blade at 0 deg and two light (minimum weight) ones at
120 and 240 deg, respectively. Thus,
Wi:=(1 + tw) Wonom Wi=21000f  rj:=15in 0 := 0-deg
W2 := (1 = ty)-Whnom Wy=19001f  ry:=15in 07 := 120-deg
W3:= (1 - tw) Wonom W3=1900lf  r3:=15in 83 := 240-deg
Solution: See Mathcad file P1204.

1. There are two factors to be taken into account, the variation in blade weight and the error or eccentricity in the
location of the global CG. The variation in blade weight about its spin axis will be considered first.

frame position of the linkage chosen for analysis.

Ryx = ri-cos(81) Rjx = 15.000 in

Rox = rg-cos(ez) Ry, = -7.500in

R3x := r3-cos(83) R3x = -7.500 in

3. Solve equation 12.2¢ for the mass-radius product components.

(-W1-Rix — Wy Rox — W3-Rix)
g

mRpy =

(‘WI'RIy - WxRy - W3-R3y)
g

mRp,, =

Op := atanZ(mbe,mRby)

mRpp = ,‘mbez + mRby2

Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-

Ryy:=rp-sin(1) Rjy = 0.000 in

Ray = rysin(97) Ry = 12.990 in

R3y = r3-sin(03) R3y = -12.990 in

mRpy = —3.000in-Ib

mRpy = 0.000 in-Ib

Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required.

6p = 180.000 deg

mRpp = 3.000 in-lb
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5. Now, account for the fact that the blades' spin axis can be eccentric from their CG.

Maximum eccentricity: re:= 48-intcG re=4.800in
mR product due to eccentricity:
Wi+ W+ W3
mRpp:= —— 1, mRpe = 28.320 in-1b
g

6. Add the two mR products and divide by the 2-in radius specified for the counterweight to find the maximum
weight required.

Rew = 2.0-in mRyp, := mRpp + mRp, mRy = 31.320in-1b
mRy,

Moy = —— mey = 15.661b
Rew

Note that 90% of the counterweight is required to balance the eccentricity. The manufacturer would be well
advised to try to control this variation more tightly.



DESIGN OF MACHINERY SOLUTION MANUAL 12-5a-1

&S PROBLEM 12-5a

Statement: A system of three non coplanar weights is arranged on a shaft generally as shown in Figure 12-3.
For row a in Table P12-2, find the shaking forces and shaking moment when run unbalanced at 100
rpm and specify the mR product and angle of the counterweights in planes 4 and B needed to
dynamically balance the system. The correction planes are 20 units apart. Work in a any
consistent unit system you prefer.

Given: Masses and radii:
mj:=020-kg ry:=125m 01 :=30-deg Ij:=2-m
m) = 0.40-kg ry:=225m 07 := 120-deg I:=8m
m3 .= 1.24-kg r3:=5.50-m 03 := —-30-deg I3:=17m
Distance between correction planes: lg:=20-m
Solution: See Figure 12-3, Table P12-2, and Mathcad file P1205a.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Ryx = ri-cos(6)) Rjx=1.083m Riy:=rp-sin(61) Rjy=0.625m
Ryy = rz-cos(ez) Ry =-1.125m Ryy = rg-sin(ez) Ryy=1949m
R3x = r3-cos(93) R3x=4.763m R3y = r3-sin(93) R3y = -2.750m

2. Solve equations 12.4e for summation of moments about O.

‘("U'Rlx)'l] - (mz- sz)~lz - (ms'R3x)-13

mRpy = In mRpy = —4.862kg-m
my-Rp )1 — (m2-Rpy)-I2 — (m3-R3,)-13
mRpy := ARy} - I iz - (n5 Ry) mRpy = 2.574 kg-m

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane B.
6p:= atanZ(mRBx,mRBy) Op = 152.101 deg
mRp :=JmR3x2 + mRBy2 mRp = 5.501 kg-m
4. Solve equations 12.4c for forces in x and y directions in plane 4.
mRyyx:=-m]-Rjx — m2-Ryx — m3-R3x — mRpyx mR 4y = -0.811 kg-m
mR 4y = -m]-Rjy, — m2Rpy — m3 R3, — mRp, mR 4y = -0.069 kg-m
3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4.

6.4 := atan2(mR 4x,mR 4y) 64 = ~175.160 deg

mR 4 :=,’mRA12 + mRAy2 mR4 = 0.814kg-m
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&S PROBLEM 126

Statement: A wheel and tire assembly has been run at 100 rpm on a dynamic balancing machine as shown
in Figure 12-12. The force measured at the left bearing had a peak of 5 1b at a phase angle of 45
deg with respect to the zero reference angle on the tire. The force measured at the right bearing
had a peak of 2 b at a phase angle of -120 deg with respect to the zero reference on the tire.
The center distance between the two bearings on the machine is 10 in. The left edge of the
wheel rim is 4 in from the centerline of the closest bearing. The wheel is 7-in wide at the rim.
Calculate the size and location with respect to the tire's zero reference angle, of balance weights
needed on each side of the rim to dynamically balance the tire assembly. The wheel rim
diameter is 15 in.

Units: rpm:= 2-n-rad-min !
Given: Bearing forces and plane locations with respect to correction plane 4:
Left: Fj:=5-Ibf 01 :=45-deg Iy :=14-in

Right: Fj:=2.1bf 07 ;= —120-deg Ip:=4-in
Distance between correction planes: Ig:=7-in
Correction weightradii: Ry4:=7.5-in Rp:=7.5-in

Tire rotational speed: ® = 100-rpm
Solution: See Figure 12-12 and Mathcad file P1206.
1. Resolve the force vectors into Xy components with respect to the zero reference angle of the tire.
Fix = Fr-cos(1) Fix = 3.536 Ibf Fly = F-sin(81) Fly = 3.536lbf

F2x = F2-cos(62) Fax=-10000f  Fay:= Fy-5in(6)) Fay = -1.73216f
2. Solve equations 12.4e for summation of moments about O, modified for the bearing forces.

Fix-l] + Fox-l)

mRpy = —————— mRpy = 22.883 in-Ib
Ipo
Fpplp + Fopl
mRpy = ———— = mRpy, = 21.411 in-Ib
lpo

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane B . Also,
solve for the weight required at the given radius.

6p := atan2(mRpx,mRpy) g = 43.096 deg
[ 2 2 .
mRp :=|mRpx + mRp, mRpg = 31.338 in-Ib
mRpg
Wpi=—:g Wp=4.181bf
Rp

4. Solve equations 12.4¢ for forces in x and y directions in plane 4 .
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Fix + F>
mR gy = _*_2_{ — mRgy mR 4y = —13.956 in-Ib
(0]
Fr, + F>
mR g = —y—z—y - mRp, mR 4 = —15.061 in-lb
(O]

5. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 .

84 := atan2(mR 45, mR 4 84 = —132.820 deg
2 2 .
mRy = JmRA,r + mRyy mR4 = 20.533 in-lb
mR4-g
Wy:= Wq=27410bf
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&S PROBLEM 127

Statement: A wheel and tire assembly has been run at 100 rpm on a dynamic balancing machine as shown
in Figure 12-12. The force measured at the left bearing had a peak of 6 1b at a phase angle of -60
deg with respect to the zero reference angle on the tire. The force measured at the right bearing
had a peak of 4 Ib at a phase angle of 150 deg with respect to the zero reference on the tire. The
center distance between the two bearings on the machine is 10 in. The left edge of the wheel
rim is 4 in from the centerline of the closest bearing. The wheel is 7-in wide at the rim.
Calculate the size and location with respect to the tire's zero reference angle, of balance weights
needed on each side of the rim to dynamically balance the tire assembly. The wheel rim
diameter is 16 in.

Units: rpm:= 2-n-rad-min !
Given: Bearing forces and plane locations with respect to correction plane A:
Left: F;:=6-lbf 01 := —60-deg 1] = 14-in
Right: Fj:=4.1bf 07 := 150-deg {3:=4-in
Distance between correction planes: Ig:=T-in
Correction weight radii: R, := 8-in Rp:=8-in

Tire rotational speed: ® = 100-rpm

Solution: See Figure 12-12 and Mathcad file P1207.

1. Resolve the force vectors into xy components with respect to the zero reference angle of the tire.
Fix:= Fl-cos(0)) Fix = 3.000 lbf Fpy:= Fy-sin(61) Fly = =5.196 1bf

Fax = Fy-cos(8>) Fox = -3.464 Ibf Fay = Fy-sin(6>) F2y = 2.000 /bf
2. Solve equations 12.4e for summation of moments about O, modified for the bearing forces.

Fixl] + Fox-lp

2
Ipo

mRpy = 14.155in-1b

mRp, :

Fiylp + Fop 3

mRpy : mRpy, = -32.565 in-Ib

2
Ipo
3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B . Also,
solve for the weight required at the given radius.

6p := atan2(mRpx,mRpy) 8B = —66.507 deg
2 2 ,
mRp = JmRBx + mRp, mRp = 35508 in-1b
mRp
Wpg:=——g Wpg=4.441bf
Rp

4. Solve equations 12.4c for forces in x and y directions in plane A .
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Fiy+ F>
MR 4y = % — mRpy MR 45 = —15.789 in-1b
®
Fr, + F>
mR 4y = 24 5 2 _ mRpy, mR4y = 21.312in-1b

5. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4 .

64 := atan2(mR 4x,mR ) 64 = 126.533 deg
2 2 ,
mRy4 = J'”RAx + mRyy mR4 = 26.523 in-1b
mRy- g
Wy= Wy4=332Ibf

Ry
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&S PROBLEM 12-8a

SOLUTION MANUAL 12-8a-1

Statement: Table P11-3 shows the geometry and kinematic data for several fourbar linkages. For row a in
Table P11-3:
a. Calculate the size and angular locations of the counterbalance mass-radius products needed
on links 2 and 4 to completely force balance the linkage by the method of Berkof and Lowen.
Check your manual calculation with program FOURBAR.
b. Calculate the input torque for the linkage both with and without the added balance weights
and compare the results. Use program FOURBAR.
. 2. -1
Units: blob := Ibf-sec” -in
Given: Link lengths:
Link 2 (O, to 4) I7:=4.00-in Link 3 (4 to B) 13:=12.00-in
Link4 (BtoOg)  l4:=8.00-in Link3(02t004)  {]:=15.00in
Link angles: 0, :=45-deg 03 :=24.97-deg 04 := 99.30-deg
Mass: m) = 0.002-blob m3 = 0.020-blob my = 0.100-blob
Moment of inertia: Iy = 0.10-blob-in>  Ig3 := 020-blob-in° G4 := 0.50-blob-in*
Mass center: b3 :=2.00-in ¢2 := 0-deg b3:=5.00-in $3 := 0-deg
by:=4.00-in ¢4 := 30-deg
Solution: See Table P11-3 and Mathcad file P1208a.

1.

Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.

I
mb)y = m3-[b3-z~cos(¢3) - Ig)

)
mbzy = m3-(b3-7§-sin(¢3))

/
mbyyx == -m 3-(b 3-1—; -cos(¢3))

l
mbyy = -m 3{b 3-I—j-sin(¢3)J

mbyx = —0.0467 in-blob

mbpy = 0.0000 in-blob

mbyy = —0.0667 in-blob

mb 4y, = 0.0000 in-blob

Determine the additional mR product components for links 2 and 4.

mR2y := mbyy — m2-b 2-cos(¢2)

mR3y, = mby — mz-bZ'Si"(¢2)

mRyy := mbyy — m4-b4-cos(¢4)

mR7y = —0.0507 in-blob

mR3y, = 0.0000 in-blob

mRyx = —0.4131 in-blob
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mR gy = mbyy — my-b.s-sind4) mR 4y = ~0.2000 in-blob

3. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

Op2 = a!anZ(ngx,ngy) 6p2 = 180.000 deg

2 2 ;
mRp2 = ,‘ngx + mR)y, mRp2 = 0.0507 blob-in
Oy = atan2(mR 4x,mR ) Op4 = —154.165 deg

2
mRpy = ,/m&;x - mR4y2 mRpyg = 0.459 blob-in

4. Check the result using program FOURBAR. The linkage balancing screen below confirms the calculations.

| w FOURBAR for Windows by R. L. Norton - Copyright 1998 Linkage Bala_ncing

MHA produ

"~ Balanice Mass and Badius for Link 2
Areas of Crank Torque

Mass Radus Pulses in Order over 1 cycle
[oo2s ||
\ in Ener;l}l Unrits of :
MR I-m— f\. s - - Radians

\\ / Order Meg Area Pos Area
~Balance Mass and Radius for Link 4 g ‘\j T Dekamd 1696 4863

F

e a3 3w T 4116  13%2

4% 96 144 1
24 T2 120 162 216 264 A2 0 -257 0
Crank Angle {(Deg) a 0

0.459 Shaking Torque Average Torque:
-354 -

Crank Angle {Deg)

5. The maximum positive input torque without force balancing is 245.7 Ib-in. After force balancing it is 460.7 Ib-in.



DESIGN OF MACHINERY SOLUTION MANUAL 12-9-1

&S PROBLEM 12-9

Statement: Link 2 in Figure P12-1 rotates at 500 rpm. The links are steel with cross-sections of 1 x 2 in. Half of
the 29-1b weight of the laybar and reed are supported by the linkage at point B. Design
counterweights to force balance the linkage and determine its change in peak torque versus
unbalanced condition. See Problem 11-13 for more information on the overall mechanism.

Units: blob = Ibf -secz-in— ! rpm:= 2-n-rad-min .

Given: Link lengths:
Link 2 (4 to B) 1:=2.00-in Link 3 (Bto C) 13:= 8.375-in
Link 4 (C to D) l4:=7.187-in Link 1 (4 to D) 1y :=9.625-in

Coupler point: Rpg :=0.0-in 83 := 0-deg
Crank angle and motion: @ := 500-7pm oy = 0-rad-sec 2
Link cross-section dims:  w:= 2.00-in t:=1.00-in

Material specific weight: steel  y:=0.28-lbf-in 3
Solution: See Figure P12-1, Problem 11-13, and Mathcad file P1209.

1. Determine the distance to the CG in the LRCS on each of the three moving links. All three are located on the x’
axis in the LRCS and their angle is zero deg.

by:=0.5-0 by =1.000in b3:=0.5-13 b3 =4.188in

02 := 0-deg $3:= 0-deg 04 = 0-deg

2. Determine the mass and moment of inertia of each link.

29.
my = w-t-lz-l m3 .= w-t-l3-l myj = w-t-l4-l myo = S-1ef
g g g 2-g
m) = 0.0029 blob m3 = 0.012 blob myy = 0.010 blob
ly (my )
my=myj+ my) my = 0.048 blob byi=—- —2— + my2 by=6.406in
my
m2
lg2:= 7 W+ 122) 1G2 = 0.00193 blob-in”
m2
IG3 = E'(Wz + 132) IG3 = 0.01792 blob-in®
myj 2 l4
Igq = (14 - b4)2~m42 + —12—( 2 + 1y ) + M41-(b4 - ;) Ig4 = 0.154b10b-in2
3. Define any external forces, their locations and directions.
Beat-up force F :=590-Ibf acting on link 4 at a distance R:=1l4+3.75in
The angle in the CGS is 180 deg. R=10.937in

4. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
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Iz
mbyy = m3-[b3-1—-cos(¢3) - 12] mb)yy = —0.0121 in-blob
3
I2
mbyy, = m 3-(b 3-T-sin(¢3)J mb2y, = 0.0000 in-blob
3
Iy
mbyy = -m 3-(b 3-—I;-cos(¢3)) mbyy = —0.0437 in-blob
Iy
mbyy ;= -m 3-(b 3-—1;sir(¢3)) mb 4, = 0.0000 in-blob

5. Determine the additional mR product components for links 2 and 4.

mR2y == mby — mg-bg-cos(q)z) mRy = ~0.0150 in-blob
mR3y = mby, ~ mz-b-sin($2) mR32, = 0.0000 in-blob
mR 4y = mbyy — m4-b4-cos(¢4) mRyy = —0.3510 in-blob
mR gy := mbgy — my-by-sin(bs) mRy, = 0.0000 in-blob

6. Solve equations 12.2d and 12.2¢ for the position angle and additional mass-radius product required.

62 := atan2(mR 25, mR2y) 6b2 = 180.000 deg

f 2 2 .
mRpy:=\|mR2x + mR2), mRp2 = 0.0150 blob-in
B4 := atan2(mR 45, mR4y) 6p4 = 180.000 deg

mRpy = J mR4x2 + mR4y2 mRp4 = 0.351 blob-in

7. Check the result using program FOURBAR. The linkage balancing screen below (on the next page) confirms the
calculations.

8. The maximum peak input torque without force balancing is 17.3 Ib-in. After force balancing it is 34.9 Ib-in.
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w FOURBAR for Windows by B. L. Norton - Copynght 1998 Linkage Balancing

-Balance Mass and Radius for Link 27

Areas of Crank Torque
Mass Radius o Pulses in Order over 1 cycle
IO.[I‘I 5 bl I1 in
- in Energy Units of
MR Prod 0.015 Ib-in - Radians
Order NegArea Pos Area

" Balance Mass and Badius for Link 47 » -156 20

Mass Radius Ve ' ' we W 20 W T -19.4 25.9

: M 7 0D KR 26 26 I N 86 0
me bl ]3.5% n Crank Angle {Deg) 0 0

[ T Average Torque:
MR Product |EL351 haking Torque 018 Ibin

 Flywhee! Coefficient of Fluctuation ™

%

/ Balancsa
Magibin
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&S PROBLEM 12-10

Statement: Figure P12-2a shows a fourbar linkage and its dimensions in meters. The steel crank and rocker
have uniform cross sections 50 mm wide by 25 mm thick. The aluminum coupler is 25 mm thick.
The crank O,A4 rotates at a constant speed of ® = 40 rad/sec. Design counterweights to force
balance the linkage and determine its change in peak torque versus the unbalanced condition.

Given: Link lengths:
Link2 (Oyt0d)  a:= 1.00-m Link 3 (4 to B) b:=2.06-m
Link 4 (B to Oy4) c:=2.33m Link 1 (O,t004) d:=222-m
Coupler point: Rpq :=3.06-m 83 := -31-deg

Crank angle and motion: 95 := 60-deg o2 :=40-rad-sec ! a2 := 0-rad-sec 2
Link cross-section dims:

w2 = 50-mm t2:=25mm  t3:=25mm wyq:= 50-mm ty:=25mm

Material specific weight: steel s := 0.3-1bf-in 3 aluminum Ya:=0.1.Ibf-in 3

Solution: See Figure P12-2a and Mathcad file P1210.
1. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcgz = 0.500m Rcg4:=05-¢c Rcgqe=1.165m
Rpq-cos\83) + b
Link 3: RcG3x = L—-—i)— RcG3x = 1.561m
Rpq-sin(83)
\pa
Reg3y = —3——- ReG3y=-0.525m
2 2
RcG3 = J RcGix + Regsy RcG3 = 1.64Tm

At an angle with respect to the local x’ axis of

833 := atanZ(RC(,'gx,RCG_gy) 833 = -18.600 deg
2. Determine the mass of each link.
Vs 1 Ya Vs
my = wy-13-a-— m3 = —-b-| Rpg-si 83)| -13-— my = wytyc—
: L Rpsids)| 122 .
my = 10380 kg m3=112332kg my =24.185 kg

3. Convert the above data for use in equations 12.8c and 12.8d.

Link lengths: h=a I3:=b ly=c
CG position vectors: by:= Rci2 b3:= RcG3 by = RcG4
$2 := 0-deg $3:=833 64 := 0-deg

4. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
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mboy = m 3-[1; 3-;—;-cos(¢3) - 12) mbys = 272117 kg:m
mbzy = m 3-(b 3-5—?-sin(¢3)) mb2y, = -28.6467 kg-m
mbyy = —m3-(b3-j—;-cos(¢3)) mbyy = —198.3298kg-m
mbyy = -m 3-(b 3-%-sir(¢3)) mbyy, = 66.7469 kg-m

5. Determine the additional mR product components for links 2 and 4.

mR)y == mbyy — mg-b2~cos(¢2) mRyy = —-32.4017 kg-m
mR2y = mb2, — my-b 2-sin(¢2) mR2), = —28.6467 kg-m
mR 4y .= mbyy — m4-b4-cos(¢4) mRyyx = -226.5057 kg-m
MRy = mbgy, — my-bgsin($a) mR4y = 66.7469 kg-m

6. Solve equations 12.2d and 12.2¢ for the position angle and additional mass-radius product required.

Op2 = atanZ(msz,ngy) Op2 = —138.520 deg
2 2

mRp) = J’"sz + mRyy, mRpy = 43.25kgm

Ob4 = atan2(mR 45, mR 4y) Opq = 163.581 deg

mRpy = ,} mR4x2 + mR4y2 mRpy = 236.14 kg-m

7. The maximum peak input torque without force balancing is found from program FOURBAR to be 464.9 kKN-m.
After force balancing it is 719.4 kN-m.
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25 PROBLEM 12-11

Statement: Figure P12-2b shows a fourbar linkage and its dimensions in meters. The steel crank and rocker
have uniform cross sections 50 mm wide by 25 mm thick. The aluminum coupler is 25 mm thick.

The crank 0,4 rotates at a constant speed of @ = 50 rad/sec. Design counterweights to force
balance the linkage and determine its change in peak torque versus the unbalanced condition.

Given: Link lengths:
Link 2 (05 to A) a:=0.72-m Link 3 (4 to B) b:=0.68m
Link 4 (B to Oy4) c:=0.85m Link 1 (O2t004) d:=182-m
Coupler point: Rpg:=097-m 83 1= 54-deg

Crank angle and motion: 05 := 30-deg o7 := 50-rad-sec ! a3 := 0-rad-sec 2
Link cross-section dims:

w2 = 50-mm t:=25mm  t3:=25-mm wyq:= 50-mm ty:=25mm

Material specific weight: steel s = 0.3-Ibf-in 3 aluminum Ya:= 0.1.Ibf-in 3

Solution: See Figure P12-2b and Mathcad file P1211.
1. Determine the distance to the CG in the LRCS on each of the three moving links.
Links2and4: Rcg2:=0.5-a Rcgz = 0.360m RcGg4:=05-¢c Rcgy=0425m

Rpa-cos(83) +b

Link 3: RcG3x = 3 RcGix=0417m
Rpa-sin(33)
‘pa 3
RcG3y = - RcG3y=0262m
2 2
RcG3 = \];CG3x + RcG3y RcGg3 =0.492m

At an angle with respect to the local x’ axis of
833 := atan2(RcG3x, RCG3y) 833 = 32.117deg

2. Determine the mass of each link.

m):= wz-tz-a-—? m3:= -;—-b~ I Rpa-sin(83)| -t3-$ my = W4-14’C-§
my="7474kg m3 = 18463 kg my = 8823 kg
3. Convert the above data for use in equations 12.8c and 12.8d.
Link lengths: I=a I3:=b ly=c
CG position vectors: b2:= RcG2 b3:= RcG3 by:= RcG4
$2 1= 0-deg $3:=833 04 := 0-deg

4. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
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I
mboy = m3{b3-l—-cos(¢3) - 12] mbyy = -5.1471 kg-m
3
I
mbyy, = m3- b3-;—--sin(¢3) mbyy = 5.1138 kg-m
3
Iy
mbyy == -m3 b3~l—-cos(¢3) mbyy = —9.6175 kg-m
3
Iy
mbyy = —m3-| b 3-1—-sir(¢3) mbyy, = —6.0371 kg-m
3

5. Determine the additional mR product components for links 2 and 4.

mR)y .= mbyyx — m2~b2-cos(¢2) mR2y = -7.8375 kg-m
mR2y = mbp), - mz-bz-sin(«bz) mR2y, = 5.1138 kg-m
mRyy = mbyy — m4-b4~cos(¢4) mRyy = —13.3673 kg-m
mRyy = mbgy ~ mg-bysin(ba) mRyy = —6.0371 kg-m

6. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

Op2 = atanZ(mR zx,ngy) Op2 = 146.877 deg
2 2

mRp = Jmsz + mR2y mRpy = 9.36kg-m

Opq:= atan2(mR4x,mR4y) Opq = —155.694 deg

2
mRpy4 = JmR4x + mR4y2 mRpy = 14.67kgm

7. The maximum peak input torque without force balancing is found from program FOURBAR to be 5.34 MN-m.
After force balancing it is 10.63 MN-m.
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&S PROBLEM 12-12

Statement: Write a computer program or use an equation solver such as Mathcad, Matlab, or TKSolver to
solve for the mass-radius products that will force balance any fourbar linkage for which the
geometry and mass properties are known.

Units: Use any set of compatible units.
Enter data: Link lengths:
Link 2 (O, to 4) 17:=4.00 Link 3 (4 to B) 13:=12.00
Link 4 (B to Oy) 14:=8.00 Link 1 (O2t004) I;:=15.00
Mass: m2 = 0.002 m3 := 0.020 my:=0.100
Mass center: by:=2.00 b3:=5.00 by:=4.00
¢2 := 0-deg ¢3 := 0-deg 04 = 30-deg
Solution: See Mathcad file P1212.

1. Solve equations 12.8¢c and 12.8d for the total mR product components for links 2 and 4.

I
mbpy = m3-[b3-l—-cos(¢3) - 12) mby, = -0.0467
3
I
mb2y :==m3 b3-7--sin(¢3) mby,, = 0.000
3
Iy
mbyy = -m3- b3-l—-cos(¢3) mby, = —0.0667
3
Iy
mbyy = -m3-| b 3-l—~sir(¢3) mbyy = 0.000
3

2. Determine the additional mR product components for links 2 and 4.

mRyy == mbyy — mz-b2~cos(¢2) mR2, = —0.0507
mR3y, = mbp, —m 2-bz-sin(¢2) mR2y = 0.000
MRy = mbygx — mg-by-cos(ds) mRyy = 0413
MRy = mbygy — mg-by-sin(¢a) mR4y = ~0.200

3. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

mRp) = ,} msz2 + mRzy2 mRp> = 0.0507

Bp2 = atanZ(ngx,mRzy) 6p2 = 180.000 deg

2
mRpy = ,/mR4x + mR4y2 mRpq4 = 0.459

B4 := atan2(mR 4, mR4y) Op4 = —154.165 deg
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&S PROBLEM 12-13

Statement: Figure P12-3 shows a system with two weights on a rotating shaft. For the given data below,
determine the magnitudes and angles of the balance weights needed to dynamically balance the

system.
Given: Weights and radii:
Wi .= 15Ibf ry:=6-in 01:=0-deg lj:=-7in
Wo .= 20-1bf ry:=5-in 07 := 270-deg 12:=9:in
Distance between correction planes: Ip:==9-in
Correction weight radii: Plane 4 R4 :=8-in Plane 3 Rp:=5-in
Solution: See Figure P12-3 and Mathcad file P1213.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rjx = r1-cas(91) Ryx = 6.000in Rjy:= r1-sin(91) Rjy = 0.000in

Rox = ry-cos(82) R2x = 0.000 in R2y = r2-sin(82) R2y = =5.000 in
2. Solve equations 12.4e for summation of moments about O, which is at plane 4.

Wi-Rp )l — (Wy Ry )l
mRpy = AWr-Ri) s - (W2 Rox) 1z mRgy = 70.000 in-1b
Ipg
«W1-Riy)l1 - (W2 Ry)-12
Ipg

mRpy ;= mRpy, = 100.000 in-Ib

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane B (3). Also,
solve for the weight required at the given radius.

6B = atanZ(mRBx,mRBy) 6p = 55.008 deg
2 2 .
mRp = ,ImRBX + mRpy mRp = 122.066 in-1b
mRp-g
W3 = W3=2441bf
Rp

4. Solve equations 12.4c for forces in x and y directions in plane 4 (4).

~Wi-Rjx — WrRox

mR 4y : — mRpy mR 4 = —160.000 in-1b

g

~Wi-Rpy — WaRpy,

mRyy : ~ mRpy mR 4 = 0.000 in-1b

g
3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 (4).
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64 = atan2(mR 4x,mR 4) 84 = 180.000 deg
[ 2 2 .
mR4:= |mR4x + mRy, mR4 = 160.000 in-Ib
mRy4-g
Wy= W4 =20.0lbf

Ry
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2 PROBLEM 12-14

Statement: Figure P12-4 shows a system with two weights on a rotating shaft. For the given data below,
determine the radii and angles of the balance weights needed to dynamically balance the system.

Given: Weights and radii:

W= 151bf ry:=4-in 01 := 30-deg l;:=0-in
W3 := 20-1bf r2:=6-in 02 := 270-deg 12:=9:in
Distance between correction planes: lg:=12-in
Correction weights: Plane 3 W3 .= 15.lbf Plane 4 W4 :=30-1bf
Solution: See Figure P12-4 and Mathcad file P1214.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rix = r]-cos((-)]) Rjx=3464in Rjy = r1-sin(91) Rjy = 2.000in

Rax := r2-cos(8) Rox = 0.000 in Ray = ry-sin(6) Ry = —6.000 in
2. Solve equations 12.4e for summation of moments about O, which is at plane 3.

Wi-Ri )1y — (W Rop) 1
mRBx:=_( rRixp s = (W2 Rox) 12 mRgy = 0.000 in-Ib
Ipg
AW Riy)ltr - (W2 Ry)2
Ipg

mRpy = mRpy, = 90.000 in-Ib

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B (4). Also,
solve for the radius required for the given weight.

6p := atan2(mRpx,mRpy) 8p = 90.000 deg
’ 2 2 .
mRp = \|mRpy + mRp, mRp = 90.000 in-lb
mRp-g
Ry := =3.00in
4 W, Ry

4. Solve equations 12.4¢ for forces in x and y directions in plane 4 (3).

-Wi-Rix — Wa2R2
mR 4 = ul :_ mRpx mR 4y = -51.962 in-lb
g

-Wi-Rpy — WaRpy

mR 4y : - mRpy mR 4y = 0.000 in-Ib

g
3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 (3).
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8= atanZ(mRAx,mRAy) 84 = 180.000 deg
2 2 .
mR4 = mRgx + mRy4y mR4 = 51.962 in-Ib
mRyg
R3:= R3=346in

W3
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&S PROBLEM 12-15

Statement: Figure P12-5 shows a system with two weights on a rotating shaft. For the given data below,
determine the magnitudes and angles of the balance weights needed to dynamically balance the

system.
Given: Weights and radii:
W= 10-Ibf r;:=3-in 01:=90-deg l;j:=3-in
Wy .= 15-Ibf ry:= 3-in 07 = 240-deg Iy:="7-in
Distance between correction planes: Ig:=12-in
Correction weight radii: Plane 4 R4q:=3-in Plane 3 Rp:=3-in
Solution: See Figure P12-5 and Mathcad file P1215.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rix:=ri-cos(01) Rix = 0.000n Ryy = ry-sin(81) Riy = 3.000in

Rox = r2~cos(82) Ryx = -1.500in Ry = r2-sin(62) Ry = -2.598in
2. Solve equations 12.4e for summation of moments about O, which is at plane 4.

W-Rye)1; — (WaRax)l
mRszz_( rRi) 1 - (W2 Rax) MRy = 13.125 in-1b

Ipg

AW1-Riy)-11 - (W2 Ry} 12
Ipg

mRpy = mRpy = 15.233 in-1b

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B (3). Also,
solve for the weight required at the given radius.

6p:= atan2(mRpyx,mRpy) Op = 49.252 deg
2 2 .
mRp = ‘}mRBx + mRpy mRpg = 20.108 in-Ib
mRp-g
W3.= W3 =6.701bf
Rp

4. Solve equations 12.4c¢ for forces in x and y directions in plane 4 (4).
~Wi-Rjx — W2 R
g

— mRpy mR 45 = 9375 in-1b

1

mR 4 :

-Wi-Rpy - WZ'RZy
g

mR4y : — mRpy mR 4y = —6.262 in-1b

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 (4).
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6.4 := atan2(mR 4x,mR 1) 64 = -33.741 deg
2 2 .
mR4:=mRyx + mRy, mRy4 = 11274 in-lb
mR4-g
Wy:= Wy4=3.761bf

Ry
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&S PROBLEM 12-16

Statement: Figure P12-6 shows a system with three weights on a rotating shaft. For the given data below,
determine the magnitudes and angles of the balance weights needed to dynamically balance the

system.
Given: Weights and radii:
Wi.=9Ibf ry:=4-in 01 := 90-deg lj:=-14-in
Wy :=9-Ibf ry:=6-in 07 := 225.deg Iy:=4.in
W3 .= 6-Ibf r3:= 10-in 03 := 315-deg 13:= —4-in
Distance between correction planes: Ig:= 14-in
Correction weight radii: Plane 4 Ry:=3-in Plane 5 Rp:=3-in
Solution: See Figure P12-6 and Mathcad file P1216.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rix = r1-cos(61) Rjx = 0.000in Rpy = r1-sin(01) R}y = 4.000in
Rox = r-cos(82) Rox = 4243 in Ray = rasin(82) Ry = —4.243in
R3x = r3-cos(03) R3x = 7.071in R3y = r3-sin(03) R3y = -7.071in

2. Solve equations 12.4e for summation of moments about O, which is at plane 4.

W-Ryp)-1; - (WaRax)- I — (W3 Rsx)-
mRBx:=<( 1Rz} - i 212 - (W5 Rax) s mRgy = 23.031 in-Ib
B

«Wi-Rpy)1; - (W2 Ray)-12 ~ (W3-R3))-13
Ipg

mRp, = mRp, = 34.788 in-lb

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B (5). Also,
solve for the weight required at the given radius.

6p := atan2(mRpx,mRpy) OB = 56.493 deg
2 2 .
mRp = ,’mRBx + mRpy mRp = 41.721 in-1b
mRp-g
Ws .= Ws=13911bf
Rp

4. Solve equations 12.4c for forces in x and y directions in plane 4 (4).
~Wi-Rjx — WrRox — W3 Ry
g

mR 4y : — mRpy mR 4y = 27274 in-1b

-Wi-Rjy — WaRyy — W3- R3),

mR4y : - mRpy mR 4y, = 9.822in-Ib

g
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3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4 (4).

6,4 := atan(mR 4x,mR 4) 64 = 160.194 deg
2 2 .
mR4 = ,}mRAx + mRy4y mR4 = 28.989 in-Ib
mRy4-g
Wy:= Wq=9.66Ibf

Ry
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&5 PROBLEM 12-17

Statement: Figure P12-6 shows a system with three weights on a rotating shaft. For the given data below,
determine the magnitudes and angles of the balance weights needed to dynamically balance the

system.
Given: Weights and radii:
W)= 10-1bf r2:=3-in 02 := 90-deg 1y :=6-in
W3 := 10-1bf r3:=4-in 03 = 180-deg 13:=12-in
Wy .= 8-Ibf rq:=4-in 04 := 315-deg l4:=8:in
Distance between correction planes: Ig:=8.in
Correction weight radii: Plane 1 R4:=4-in Plane 5 Rp:=3-in
Solution: See Figure P12-7 and Mathcad file P1217.

1. Resolve the position vectors into xy components in the arbitrary coordinate system associated with the freeze-
frame position of the linkage chosen for analysis.

Rox = ry-cos(62) Rox = 0.000 in Ray = r2-5in(6) R2y = 3.000in
R3y = r3-cos(9 3) R3x = —4.000in R3y = r3-sin(9 3) R3y = 0.000in
Ryy = r4-cos(94) Ryx =2.828in Ryy = r4-sin(94) Ry = -2.828in

2. Solve equations 12.4e for summation of moments about O, which is at plane 1.

Wy Ro ) o — (W3 R3p)13 — (WyRyg)l
mRgy = AW Rod) 12 - (W3 Rax)1s - (We R} 14 mRgy = 37373 in-Ib
Ipg
AWz Ray)12 — (W3 Ray)i3 - (WarRyy) s
Ipg

mRpy = mRpy = 0.127 in-1b

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B (5). Also,
solve for the weight required at the given radius.

6p = atanZ(mRBx,mRBy) 0p = 0.195deg
2 2 .
mRp =, mRpy + mRpy mRg = 37373 in-1b
mRp-g
Ws:.= Ws=12.46Ibf
Rp

4. Solve equations 12.4¢ for forces in x and y directions in plane 4 (1).

Wy Ryx — W3 R3x — Wy Ryx

mR4x : — mRpy mR 45 = —20.000 in-1b

g

W2 Ry — W3-R3y - W Ry

mR 4y : — mRpy mR 4y = —7.500 in-lb

g
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3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 (1).

04:= atanZ(mRAx,mRAy) 04 = -159.444 deg
f 2 2 .
mR 4= |mRgx + mRy mR4 = 21.360in-1b
mR4-g
W= Wi =5341f

Ry
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@S PROBLEM 12-18

Statement: The 400-mm-dia steel roller in Figure P12-8 has been tested on a dynamic balancing machine at 100
rpm and shows the unbalance forces given below. Determine the angular locations and required
diameters of 25-mm deep holes drilled radially inward from the surface in planes 2 and 3 to

dynamically balance the system.
Units: rpm:= 2-n-rad-min !
Given: Forces and locations:
F;:=0291-N 0} :=45-deg 1] := ~200-mm
Fy:=0.514-N 04 :=210-deg 14:=550-mm
Distance between correction planes: I := 300-mm

Correction weight radii: Plane 2 R4:=187.5-mm Plane3 Rp:=187.5-mm
Test speed: o := 100-rpm

Solution: See Figure P12-8 and Mathcad file P1218.
1. Resolve the force vectors into xy components in the arbitrary coordinate systemn associated with the test
apparatus.
Fix = Fi-cos(81) Flx = 0206 N Fiy = F-sin(01) Fy=0206N
Fyx = Fy-cos(84) F4x = -0.445N Fyy = Fy-sin(84) Fgy= 025N

2. Solve equations 12.3 for summation of moments about O, which is at plane 1. Negative mass is used.

Fix-l] + Fyy-ly -
mRpBy = -—X—Tx— mRpy, = —8.693 x 10 3I(g-m
Ipo
Fiyli + Fyyly -
mRpy = -L+ mRpy = —5.547x 107 kg:m
Ipo

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane B (3). Also,
solve for the weight and drill diameter required at the given radius.

6p := atan2(mRpx,mRpy) Op = —147.455 deg
2 2
mRp = J mRpx + mRpy mRpg = 0.0103 kg-m
mRp-g
W3:= R W3=0539N  (removed)
B

p = 7800-kg-m 3 depth = 25-mm

W3
dz3=2. | ——— d3=189mm
n-p-depth-g



DESIGN OF MACHINERY

4. Solve equations 12.4c for forces in x and y directions in plane 4 (2).

~Fix — Fyx

2
®

— mRpyx

mR 4 :

-Fp, — Fy
mRyy = —yz_y - mRpy
®

SOLUTION MANUAL 12-18-2

mR 4 = 0.0109 kg-m

mR4y = 6.015 x 107 3kg—m

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane 4 (2).

04:= atanZ(mRAx,mR Ay) 04 = 28.944 deg

mRy = JmRAx2 + mRAy2 mRy4=0.0124 kg-m

mR4-g
Ry

Wy:.=

W2
dy=2-|——— dy=208mm
n-p-depth-g

W3 =0.650N

(removed)
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&S PROBLEM 12-19

Statement: The 500-mm-dia steel roller in Figure P12-8 has been tested on a dynamic balancing machine at 100
rpm and shows the unbalance forces given below. Determine the angular locations and required
diameters of 25-mm deep holes drilled radially inward from the surface in planes 2 and 3 to

dynamically balance the system.
Units: rpm:= 2-n-rad-min !
Given: Forces and locations:
Fj:=0230-N 01 :=30-deg 1] :=-200-mm
Fy:=0.620-N 04 := 135-deg l4:=550-mm
Distance between correction planes: Ig:=300-mm

Correction weight radii: Plane 2 R4:=237.5-mm Plane 3 Rp:=2375-mm
Test speed: @ := 100-rpm

Solution: See Figure P12-8 and Mathcad file P1219.

1. Resolve the force vectors into xy components in the arbitrary coordinate system associated with the test
apparatus.

Fix = F-cos(81) Fix = 0.199N Fly = Fp-sif(81) Fly=0.115N

Fyx = Fycos(04) Fyx = -0438N Fyy = Fysin(0.4) Fygy = 0438N

2. Solve equations 12.3 for summation of moments about O, which is at plane 1. Negative mass is used.

Fix-l) + Fyx-ly _
mRpy = —x—-z—x— mRpy = —8.540 x 107 ° kg-m
Ipo
Fiplp + Fyrly _
MRy = — mRgy = 6.630x 107 kg:m
lpw

3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B (3). Also,
solve for the weight and drill diameter required at the given radius.

6p := atan2(mRgx,mRp,) Op = 142.176 deg
2 2
mRp = J mRpx + mRpy mRp = 0.0108 kg-m
mRp-g
W3:= W3=0446N (removed)

Rp

p = 7800-kg-m 3 depth := 25-mm

W3
d3=2- | — d3 = 17241 mm
n-p-depth-g
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4. Solve equations 12.4c for forces in x and y directions in plane 4 (4).

_ —Fix — Fyx

mR4x = ——2— — mRpy mRx = 0.0107 kg-m
@
Fiy-Fyy
mR 4y := 5 — mRpy mRyy = -0.012kg-m
®

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4 (4).

64 := atan2(mR 4x,mR ) 04 = —47.441 deg

' 2 2
mR4:=mR4x + mRy, mR4 = 0.0159 kg-m

mR4-g

Wy:= Wq=0.655N (removed)

R4

Wy

dy=2. | ———— dy= 20876 mm

n-p-depth-g
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&S PROBLEM 12-20

Statement: The linkage in Figure P12-9a has rectangular steel links of 20 x 10 mm cross-section similar to that
shown in Figure 12-10a. Design the necessary balance weights and other features necessary to
completely eliminate the shaking force and shaking moment. State all assumptions.

Given: Link lengths:
Link 2 (O to 4) a:="78-mm Link 3 (4 to B) a3 := 109-mm
Link 4 (B to Oy) ay:=121-mm Link 1 (O,t004)  aj:=54-mm
Link cross-section dims: 4 := 20-mm t:=10-mm

Material density: steel p :=7800-kgm 3

Solution: See Figure P12-9a and Mathcad file P1220.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

az
— e = 39.366 mm

13:=a3+2-e 13=187.731 mm

2. Determine the distance to the CG in the LRCS on each of the three moving links.

Reg2:=05ap Reg2 = 39.000 mm
r3:=0.5-a3 r3 = 54.500 mm
Rcgq:=0.5-a4 RcG4 = 60.500 mm

3. Determine the mass of each link.
my:= h-t-ayp m3:=h-t-l3-p my:= h-t-agp
my=0.122 kg m3 = 0293 kg my=0.189 kg

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

bz:=a3-r3 b3 = 54.500 mm
az

mr):=m3-| b3— mry = 0.0114 kg-m
as
ay

mry:=m3| r3— mry=0.0177 kg-m
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mR> := mry — m3-RcG2 mR) = 6.6760 x 10~ 3 kg-m

mRy = mry — my-RCG4 mRy = 62981 x 10~ 3 kg-m

6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
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Ry :=75-mm Ry:=70.8-mm

then the masses of the force balance weights will be (R, was chosen to make the weights the same)

mR)>
myp = —— m3p = 0.0890 kg
R;
mRy
myp = —— myp = 0.0890 kg
Ry

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

mr)

m':=m)y+ myp m'y=0211kg r2=— r2=542mm
m'z
mry
m'y:=my+ myp m'y=0278kg ry=—- ry= 63.8mm
m'y
8. Calculate the new radius of gyration of links 2 and 4.
m) (022 + h2)
. 2 —
I := _—13_ + mz-(rz + RCGZ)z + mgb-(Rz - rg) I'y=1.161 x 10 3kg-m2
I
kK= |— k'> = 74.244 mm
m'y
m (a 2 + h2)
+\a4 2 -
Pym = T2 g+ Reca) + map(Ry - r4) I'y=3157% 10 kgm®

12

Iy
kKy= |— k'y=106.625 mm
J m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

Ieyw2 = m'g-(k'gz + rgz + ag-rg) Iw2=2671x 10 3kg-m2

Iows = m’4-(k'42 + r42 + a4-r4) Iowg=6432%x 10 3 kg-m2
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&S PROBLEM 12-21

Statement: The linkage in Figure P12-9a has rectangular steel links of 20 x 10 mm cross-section with
"dog bone" ends of 50 mm dia, similar to that shown in Figure 12-10b. Design the
necessary balance weights and other features necessary to completely eliminate the
shaking force and shaking moment. State all assumptions.

Given: Link lengths:
Link 2 (O, to A) ay:=78-mm Link 3 (4 to B) aj:= 109-mm
Link 4 (B to Oy4) ayg:=121-mm Link 1 (O;t004) aj:=54-mm
Link cross-section dims: A := 20-mm t:=10-mm c:=25mm

Material density: steel  p := 7800-kg-m 3

Assumption: Only link 3 has the "dog bone" configuration.

Solution: See Figure P12-9a and Mathcad file P1221.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equations 12.13.

as as
B:=12|—{+24 B =176.320 C=24— |+ 26 C = 130.640
(4 c

as 3 as
D:=-2—] +13:(— |+ 122 - 10 D =-81.385
c c

D
c -6.999
- 5 r:= polyroots(v) r=1-3.022 Choosing the positive root,
0.481
8
e:= h-r3 e =9.620mm

2. Determine the distance to the CG in the LRCS on each of the three moving links.

Rcg2:=05-a2 Reg2 = 39.000 mm
r3:=0.5.a3 r3 = 54.500 mm
RcG4:=0.5-a4 Rcgy4 = 60.500 mm
3. Determine the mass of each link.
m):= h-t-ayp m3:= t-[h-(a3 -2c+ 2-e) + 2-n-02]-p my:= h-t-agp
my =0.122 kg m3 = 0428kg my=0.189 kg

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3:=a3-r3 b3 = 54.500 mm

az
mry = m3-(b3-—) mr) = 0.0167 kg-m
as
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a4
mry:= m3-(r3-—) mry = 0.0259 kg-m
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy :=mry — m> RcG2 mR) = 0.0120 kg-m
mRy = mry — my- RCG4 mRy = 0.0145kg-m

6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry :=75-mm Ry:=91-mm

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

mR)

myp = —— mpp = 0.159 kg
R2
mRy

myp = —— myp = 0.159 kg
Ry

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

mr)

m'y):=mp+ mp m'y=0281kg ry=— r2=59.4mm
m’
mry
m'y:=my+ myp m'y=0.348 kg ry=—— ry=74.5mm
m'y
8. Calculate the new radius of gyration of links 2 and 4.
m (022 + hz)
2 -
I:= —G my(r2 + RCGZ)Z + mop(R2 - r2)2 I'2=1283x 10 3 kg-m2
I
k'y=|— k'> = 67.555 mm
m’
m (a42 + hz)
4 —
I'y:= — * my(rg + RC(;4)2 + myp-(Ry - r4)2 I'y=3718x 10 3kg-m2
Iy
kKqg=|— k'y=103.358 mm
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

— 2
Iew2 = m'z-(k’gz + rgz + a;rz) Iow2=3.579x 10 3kg-m

Iowq = m’,,t-(k";2 + r42 + a4-r4) Iows = 8784 x 10 3 kg-m2
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&S PROBLEM 12-22

Statement: The linkage in Figure P12-9b has rectangular steel links of 20 x 10 mm cross-section similar to that
shown in Figure 12-10a. Design the necessary balance weights and other features necessary to
completely eliminate the shaking force and shaking moment. State all assumptions.

Given: Link lengths:
Link2 (O,t04)  a:= 50-mm Link 3 (4 to B) a3:= 185-mm
Link 4 (Bto O,) ay:=90-mm Link 1 (O;t004) aj:=172-mm
Link cross-section dims: A := 20-mm t:=10-mm

Material density: steel p :=7800-kg-m 3

Solution: See Figure P12-9b and Mathcad file P1222.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

e = 67.402 mm

I3 = 319.805 mm

2. Determine the distance to the CG in the LRCS on each of the three moving links.

RcG2:=0.5-ap RcG2 = 25.000 mm
r3:=0.5-a3 r3 = 92.500 mm
RcGg4:=0.5-a4 RcG4 = 45.000 mm

3. Determine the mass of each link.
my = h-t-ayp m3:= h-t-I3-p my:=h-t-agp
m) = 0.078 kg m3=0.499 kg my = 0.140 kg

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3:=a3-r3 b3 = 92.500 mm
a

mry:=m3-| b3-— mr) = 0.0125kg:m
as
a4

mry:=m3|ry— mry = 0.0225 kg-m
a3

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy :=mry - my-RcG2 mRy = 0.0105 kg-m

mRy:=mry — my-ReGy mRy = 0.0161 kg:m

6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
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Ry :=75mm Ry:=115-mm

then the masses of the force balance weights will be (R, was chosen to make the weights the same)

mR>
myp = —— myp = 0.140 kg
R;
mRy
myp = —— myp = 0.140 kg
Ry

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

mr>
m'y:=mp + myp m'>=0.2184g ry=— rp=57.1mm
m2
mry
m'y:=my+ myp m'y=0.281kg ry=—-r ry = 80.0mm
m'y
8. Calculate the new radius of gyration of links 2 and 4.
m) (022 + h2)
. 2 2 —_
I7:= _T2—— + mz-(rz + RCGZ) + mgb-(Rg - rg) I''=5.898 x 10 4kg~m2
I
k2= |— k'> = 51.980 mm
m?2
my (a42 + hz)
- 2 —
l'y:= ——1—2— + m4-(r4 + RCG4) + m4b-(R4 - r4)2 Iy =2.465x 10 3kg‘m2
Iy
k'y=|— k'4 = 93.707 mm
my

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

lowz = m2 (k22 + 7 + apry) Iewz = 1926 x 107 kg’

tows = me (K + 1 + apry) Iowd = 6.281 x 107 kgem’
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25 PROBLEM 12-23

Statement: The linkage in Figure P12-9b has rectangular steel links of 20 x 10 mm cross-section with
"dog bone" ends of 50 mm dia, similar to that shown in Figure 12-10b. Design the necessary
balance weights and other features necessary to completely eliminate the shaking force and
shaking moment. State all assumptions.

Given: Link lengths:
Link 2 (05 to A) ay:= 50-mm Link 3 (4 to B) az:= 185-mm
Link 4 (B to Oy4) ay:=90-mm Link 1 (0,10 04)  aj:=172-mm
Link cross-section dims: 4 := 20-mm t:=10-mm ¢:=25-mm

Material density: steel p = 7800-kg-m 3

Assumption: Only link 3 has the "dog bone" configuration.

Solution: See Figure P12-9b and Mathcad file P1223.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equations 12.13.

as as
B:=12|—1|+24 B =112.800 C=24|—|+26 C = 203.600
c 4

as as
D=-2|—| +134— |+ 12 - 10 D =-686.549

\ C 4
D
c -11.116
vi= 5 r:= polyroots(v) r=| —4.646 Choosing the positive root,
1.662
8
e:= h-r3 e = 33236 mm

2. Determine the distance to the CG in the LRCS on each of the three moving links.

Rcg2 :=0.5-a2 RcG2 = 25.000 mm
r3:=0.5-a3 r3 = 92.500 mm
RcG4:=0.5-a4 R4 = 45.000 mm
3. Determine the mass of each link.
my = h-t-a)p m3 = t-l:h~(a3 -2c+ 2-e) + 2-n-c2]-p my:=h-tagp
m) =0.078 kg m3=0.621kg my = 0.140 kg

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3:=a3—r3 b3 = 92.500 mm

az
mry = m3-(b3--—) mry = 0.0155kg-m
a3
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ay
mry:= m3~[r3~—) mry = 0.0279 kg-m
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy = mr) — m2-RcG2 mRy = 0.0136 kg-m
mRy:=mry— my RcGy mRy = 0.0216 kg-m

6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry :=T75-mm Ry:=119.5-mm

then the masses of the force balance weights will be (R, was chosen to make the weights the same)

mR)

mop = —— mpp = 0.181 kg
R2
mRy

myp = —— myp = 0.181 kg
Ry

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

mr)
m'y:=m2 + myp m =0.25%kg ry=— r2 = 59.9mm
m?2
mry
m'y=my+ myp m'y=0.321kg ry=—r ry = 86.9mm
m'y
8. Calculate the new radius of gyration of links 2 and 4.
m)- a22 + h2>
Ip=————"+ my(rz + RCGZ)2 + map(R2 - r2)2 I'7=6226x 10 4kg-m2
I’
ky=|— k'> = 49.041 mm
m’
m (a42 + hz)
4 2 —
I'y:= — 0 + m4-(r4 + RCG4)2 + m4b-(R4 - r4) I'y=2735x% 10 3kg-m2
Iy
k'g:=|— k'4=92276 mm
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

T2 = m’z-(k’z2 + rgz + az-rz) Iow2=2328x 10 3kg'm2

2 _
Iowq = m'4-(k’4 + r42 + a4-r4) Ioywg = 7.677 x 10 3 kg~m2
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&S PROBLEM 12-24

Statement: The device in Figure P12-10 is used to balance fan blade/hub assemblies. The center distance

between the two bearings on the machine is 250 mm. The left edge of the fan hub (plane A) is
100 mm from the centerline of the closest bearing (at F). The hub is 75 mm wide and has a
diameter of 200 mm along the surfaces where balancing weights are fastened. The peak
magnitude of force F is 0.5 N at a phase angle of 30 deg with respect to the rotating x' axis.
Force F, had a peak of 0.2 N at a phase angle of 130 deg. Calculate the magnitudes and
locations, with respect to the x' axis, of balance weights placed in planes 4 and B of the hub to
dynamically balance the fan assembly.

Units: rpm:= 2-n-rad-min" !
Given: Bearing forces and plane locations with respect to correction plane A:
Left: Fp:=0.5N 01 :=30-deg 17 :=350-mm
Right: Fj:=0.2-N 09 := 130-deg 17 := 100-mm
Distance between correction planes: Ig:=75-mm

Correction weight radii: R4 := 100-mm  Rp:= 100-mm
Fan rotational speed: o = 600-rpm

Solution: See Figure P12-10 and Mathcad file P1224.

1.

Resolve the force vectors into Xy components with respect to the zero reference angle of the tire.
Fix:=Frcos(81)  Fix=0433N Fiy:= Fy-sin(81) Fly = 0250N

Fay := Fy-cos(82) Fy = —0.129N Fay = F2-sin(8)) F2,=0.153N
Solve equations 12.4e for summation of moments about O, modified for the bearing forces.

Fielyp + Fo-l
e mRgy = 0.468 mm-kg

mRBx: 2
lpo
Fiyly + Faylp

mRp,, . 5 mRpy = 0.347 mm-kg

Ipw
Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B . Also,
solve for the weight required at the given radius.

6p:= atanZ(mRBx,mRBy) 0 = 36.550 deg
’ 2 2
mRp = |mRpx + mRpy mRp = 0.583 mm-kg
mRp
Wgi=——-g Wp=0.057N
Rp

Solve equations 12.4¢ for forces in x and y directions in plane 4 .

Fix+Fy
mR 45 = _xz_x — mRpyx mR 4y = —0.391 mm-kg

[}
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Fi, + F2
mRyy = _y—z}_' — mRpy, mR 4y = —0.245 mm-kg

0}
5. Solve equations 12.2d and 12.2e¢ for the position angle and mass-radius product required in plane 4 .

04:= atanZ(mRAx,mRAy) 04 = -147.936 deg
2 2
mRy4 = JmRAx + mRy4y mRy4 = 0462 mm-kg
mR4-g
Wy:.= W4=0.045N

Ry
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@S PROBLEM 12-25

Statement: The device in Figure P12-10 is used to balance fan blade/hub assemblies. The center distance
between the two bearings on the machine is 250 mm. The left edge of the fan hub (plane A) is
100 mm from the centerline of the closest bearing (at 7). The hub is 55 mm wide and has a
diameter of 150 mm along the surfaces where balancing weights are fastened. The peak
magnitude of force F is 1.5 N at a phase angle of 60 deg with respect to the rotating x' axis.
Force F, had a peak 0f 2.0 N at a phase angle of -180 deg. Calculate the magnitudes and
locations, with respect to the x' axis, of balance weights placed in planes 4 and B of the hub to
dynamically balance the fan assembly.

Units: rpm:= 2-n-rad-min !
Given: Bearing forces and plane locations with respect to correction plane A4:
Left: Fj:=15-N 01 := 60-deg 17 :=350-mm
Right: Fp:=2.0-N 02 = -180-deg 15 :=100-mm
Distance between correction planes: Ig:= 55-mm

Correction weight radii: R4 := 75-mm Rp:=75-mm

Fan rotational speed: ® := 600-rpm
Solution: See Figure P12-10 and Mathcad file P1225.
1. Resolve the force vectors into Xy components with respect to the zero reference angle of the tire.
Fix = Fi-cos(1) Fix = 0.750N F1y = Fy-sin(01) Fly=1299N

Fax := Fy-cos(87) Fyy = ~2.000N Fayi=Fpsin(0)  Fay=1531x 107 °N

2. Solve equations 12.4e for summation of moments about O, modified for the bearing forces.

Fixlp + Faxlp

mRpy = ———2— mRpyx = 0.288 mm-kg
lpo
Fiy-lp + Fa,- 15
mRpy = —!—zy— mRpy = 2.094 mm-kg
lpo

3. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane B. Also,
solve for the weight required at the given radius.

6p := atan2(mRpx,mRpy) Op = 82.173 deg
2 2
mRp = |mRgy + mRpy mRp = 2.114 mm-kg
mRp
wg=——g Wp=028N
Rp

4. Solve equations 12.4¢ for forces in x and y directions in plane 4 .

Fix+ F>
mR g = —"—25 — mRpy mR 4y = ~0.604 mm-kg

@
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mRyy = —2-— — mRpy mR 4y = —1.765 mm-kg

5. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4 .

6,4 := atan2(mR 4x,mR 4,) 64 = —108.906 deg
2 2
mRy4 = JmRAx + mRy4y mR4 = 1.866 mm-kg
mR4- g
Wyq= W4=024N

Ry
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@S PROBLEM 12-26

Statement: The device in Figure P12-10 is used to balance fan blade/hub assemblies. The center distance
between the two bearings on the machine is 250 mm. The left edge of the fan hub (plane A) is
100 mm from the centerline of the closest bearing (at £5). The hub is 125 mm wide and has a
diameter of 250 mm along the surfaces where balancing weights are fastened. The peak
magnitude of force F is 1.1 N at a phase angle of 120 deg with respect to the rotating x' axis.
Force F, had a peak of 1.8 N at a phase angle of -93 deg. Calculate the magnitudes and
locations, with respect to the x' axis, of balance weights placed in planes 4 and B of the hub to
dynamically balance the fan assembly.

. -1
Units: rpm:= 2-n-rad-min
Given: Bearing forces and plane locations with respect to correction plane A:
Left: F;:=1.1-N 01 := 120-deg 17 :=350-mm
Right: Fy:=1.8-N 07 := -93-deg 17 :=100-mm
Distance between correction planes: Ig:=125-mm

Correction weight radii: R4 :=125-mm  Rp:= 125-mm
Fan rotational speed: o = 600-rpm

Solution: See Figure P12-10 and Mathcad file P1226.

1. Resolve the force vectors into xy components with respect to the zero reference angle of the tire.
Fix = Fi-cos(81) Fx = -0.550N Fly = F-sin(0)) Fly = 0953N

Fay = Fy-cos(82) Foy = =0.094N Fay = Fy-sin(62) Fy = —1.798N
2. Solve equations 12.4e for summation of moments about O, modified for the bearing forces.

Fiylp + Foxly
mRpy = = ¢ mRpy = —0.409 mm-kg

2
Ipo
Fiylp + Faply

2
Ipo
3. Solve equations 12.2d and 12.2e for the position angle and mass-radius product required in plane B . Also,

solve for the weight required at the given radius.

mRpy, = mRpy = 0.311 mm-kg

6p = atan2(mRpx,mRp,) Op = 142.728 deg
2 2
mRp = JmRBx + mRpy mRp = 0.514 mm-kg
mRp
Wp:=——g Wg=0.040N
Rp

4. Solve equations 12.4c for forces in x and y directions in plane 4 .

Fix+ F)
mR 4y = —x—z—i — mRpyx mR 45 = 0.246 mm-kg

(0]
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Fp, + >
mR 4y = -y—zl - mRpy mR 4y = —0.525 mm-kg

®
5. Solve equations 12.2d and 12.2¢ for the position angle and mass-radius product required in plane 4 .

04:= atan2(mRAx,mRAy) 04 =-64911deg
{ 2 2
mRy = mRyx + mRy, mR4 = 0.580 mm-kg
mRy-g
Wy:= W4=0.046 N

Ry
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&S PROBLEM 12-27

Statement: Figure P12-11a shows a fourbar linkage and its dimensions in mm. All links are 4-mm-thick steel.
Link 3 has a uniform cross section and is 20 mm wide with ends that extend 10 mm beyond the
pivot hole. Links 2 and 4 have a 10-mm radius at each end. Design counterweights to force
balance the linkage using the method of Berkof and Lowen.

Given: Link lengths:
Link 2 (O5 to A) Ly:=116-mm Link 3 (4 to B) L3:=108-mm
Link4 (BtoOy)  Ly:=110-mm Link 1 (0210 04)  Lj:= 174-mm
Link cross section: 4 := 20-mm t:=4-mm r:=10-mm
Mass center: b2:=05-L, b3:=0.5-L3 by:=05-Ly
¢ == 0-deg ¢3 := 0-deg 04 := 0-deg
Mass density of steel:  p:=7.8- 103-kg-m_ 3
Solution: See Figure P12-11and Mathcad file P1227.
1. Calculate the mass of each link.
mo = (Lz-h + n-rz)-t-p my = 0.082kg
m3:= (L3 + 2-r)-h-t-p m3 = 0.080kg
my = (L4-h + n-rz)-t-p my=0.078kg
2. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
Ly
mbyy = m3-(b3-L—3-cos(¢3) - Lz) mbyx = —4.633 kg-mm
Ly
mbpy = m3~(b3--1;-sin(¢3)) mby = 0.000 kg-mm
Ly
mb gy = —m 3-(1; 3-L—3.cos(¢3)] mbyy = —4.393 kg-mm
Ly
mbgy = —m 3-(1) 3-—13'sin(¢3)) mbyy, = 0.000 kg-mm
3. Determine the additional mR product components for links 2 and 4.
mRy == mbyy — mg-bz-cos(nbz) mR2y = -9.399 kg-mm
mR2y, = mb2y — m2-b z-sin(d)z) mR2y, = 0.000 kg-mm
mR 4y == mbyx — m4-b4-cos(¢4) mRyx = —8.707 kg-mm
mR 4y, = mbyy — m4-b4-sin(¢4) mR 4y = 0.000 kg-mm

4. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

MRy = ,JmR 2+ mRy mRp) = 9.3994 kg-mm

Op2 = atanZ(mR 2x» mRzy) p2 = 180.000 deg

mRpy = ,J mR,;x2 + mR4y2 mRp4 = 8.707 kg-mm

64 := atan2(mR 4x,mR 4y) b4 = 180.000 deg
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&S PROBLEM 12-28

Statement: Use the data of Problem 12-27 to design the necessary balance weights and other features
necessary to completely eliminate the shaking force and shaking moment the linkage exerts on the
ground link.

Given: Link lengths:
Link 2 (O, to A) ay.=116-mm Link 3 (4 to B) a3z := 108-mm
Link 4 (B to O,) ays:=110-mm Link 1 (O,t004)  aj:= 174-mm
Link cross-section dims: % := 20-mm t:=4-mm

Material density: steel  p := 7800-kg-m

Solution: See Figure P12-11a and Mathcad file P1228.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

as
—_ e = 38.995 mm

I3:=a3+ 2-e 13 = 185.989 mm

2. Determine the distance to the CG in the LRCS on each of the three moving links.

Rcg2:=05-a2 Reg2 = 58.000 mm
r3:=0.5-a3 r3 = 54.000 mm
RcG4:=05-a4 RcG4 = 55.000 mm

3. Determine the mass of each link.
my := h-t-ayp m3:=h-tl3p my:=ht-agp
my=0.072kg m3=0.116kg my = 0.069 kg

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

by3:=a3-r3 b3 = 54.000 mm
az

mr):=m3-| b3-— mry = 6.731 kg-mm
as
ay

mry:=m3-| r3— mry = 6.383 kg-mm
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mR> :=mry — my-RcG2 mR> = 2.533 kg-mm

mRy:=mry — my-RCG4 mRy4 = 2.608 kg-mm

6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
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Ry :=75-mm Ry:=T76-mm

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

mR>
mpp:=—— mpp = 0.034 kg
R2
mRy
myp = —— myp = 0.034 kg
Ry

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

mrj
m'y:=my+ mp m'y = 0.106 kg r2=— ry> = 63.4mm
m2
mry
m'y:=my + myp m'y=0.103kg ry=—- ry=62.0mm
m'y
8. Calculate the new radius of gyration of links 2 and 4.
mp (022 + hz)
I7:= — my(r2 + RCGZ)Z + map(R2 - r2)2 I7=1.155x 10'3kg-m2
I
kKy:=|— k'y = 104.310 mm
m’
m4-(a42 + hz)
Iy=———— me(ra+ Rega)® + map(Ra - r4)’ Pg=1018x 10 > kgm®
Iy
Ky= |— k'y4=99.429 mm
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

Loz = m’z-(k’zz )+ az-rg) T2 = 2363 x 107 kgm”

Iewq == m’4-(k'42 + r42 + a4-r4) Iwg=2.116%x 10 3kg—m2
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&S PROBLEM 12-29

Statement: Figure P12-11b shows a fourbar linkage and its dimensions in inches. All links have a uniform
0.5-in wide x 0.2-in thick cross-section and are made from steel. Link 3 has squared ends that
extend 0.25 in from the pivot point centers. Links 2 and 4 have rounded ends that have a radius of
0.25 in. Design counterweights to force balance the linkage using the method of Berkof and

Lowen.
Units: blob := lbf-sec>-in” |
Given: Link lengths:
Link2 (Oyt0d)  Lp:=2.75-in Link 3 (4 to B) L3:=326-in
Link 4 (B to O,) Ly:=2.75in Link 1 (O,t004)  Lj:=4.46-in
Link cross section: A4 := 0.50-in t:=0.20-in r:=025in
Mass center: by:=05-Ly b3:=0.5-L3 by:=05-Ly

¢2 = 0-deg ¢3 := 0-deg ¢4 := 0-deg

Mass density of steel: p:=18 103-kg~m_ 3

Solution: See Figure P12-11 and Mathcad file P1229.
1. Calculate the mass of each link.
my = (Lz-h + 1|:-r2)~r~p m3 = (L3 + 2-r)-h-t-p my:= (L4-h + n-rz)-t-p
my = 2294 x 10~ * blob m3=2744% 10 *blob  my=2294x 10~ * biob
2. Solve equations 12.8¢ and 12.8d for the total mR product components for links 2 and 4.
Ly -
mby = m3-(b3-L—-cos(¢3) - Lz) mbyx = -3.773 x 10 4blob-in
3
Ly
mbpy = m3 b3-z—-sin(¢3) mb3y, = 0.000 blob-in
3
Ly -4 .
mbyy == -m3- b3-~£—-cos(¢3) mbyy = -3.773 x 10 blob-in
3
Ly
mbyy = —m3| b 3-Z-~sin(¢3) mby, = 0.000 blob-in
3
3. Determine the additional mR product components for links 2 and 4.
-4
mR2y == mbyy — mz-bz-cos(cpz) mR, = 6927 x 10 blob-in
mR2y := mby — my-b z-sin(¢2) mR2,; = 0.000 blob-in
mR gy = mbyy — m4-b4-cos(¢4) mRyy = -6.927x 10 4bIob~1in
mRyy = mbygy, — my-bysin(¢a) mR4y = 0.000 blob-in

4. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

mRp = ,}mR 2+ mRy, mRyy = 6927 x 10° * blob-in

Op2 = atan2(mR 25, mR2y) 62 = 180.000 deg

mRpg = ,}mR4x2 + mRyy mRpq = 6927 x 10~ * blob-in

Opy:= atanZ(mR4x,mR4y) Bp4 = 180.000 deg
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&5 PROBLEM 12-30

Statement: Use the data of Problem 12-29 to design the necessary balance weights and other features

necessary to completely eliminate the shaking force and shaking moment the linkage exerts on the

ground link.
Units: blob := Ibf-sec-in” |
Given: Link lengths:

Link2 (Oytod)  az:=2.75-in Link 3 (4 to B) a3:=326-in
Link4 (BtoOs)  ay:=2.75-in Link 1 (O,t004)  aj := 4.46-in
Link cross-section dims: 4 := 0.50.in t:=0.20-in r:=0.25in

Material density: steel  p:= 7800-kg-m 3

Solution: See Figure P12-11b and Mathcad file P1230.

1.

5.

Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

2
as a
e=£- 3| — —l——3 e=1.182in
2 h 2
I3:=a3 +2-e I3=5.624in

Determine the distance to the CG in the LRCS on each of the three moving links.

RcGg2:=05-a2 Reg2 =1375in
r3:==0.5-a3 r3=1.630in
Regs:=0.5-a4 Rcgq =1.375in
Determine the mass of each link.
my:= (a2~h + 1t~r2)-t~p m3:= h-t-I3-p my = (a4-h + n-rz)-t-p
my=2294x 10" *blob  mj3=4.105x 10 " biob my=2294% 10 " blob

Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3=a3-r3 b3=1.630in
a — 4 .
mr:=m3-| b3— mry= 5644 x 10 ~ blob-in
as
ay —4 .
mry:=m3-| r3y— mrg=5.644 x 10  blob-in
as

Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy :=mry - my-Rcg2 mR> =2490x 10 4bl’ob~in

mRy:=mry - my-RCG4 mRy=2490x 10 4IJIob-in
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6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry:=2:in Ry:=2-in

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

mR? —4
myp = — mpp = 1.245x 10~ blob
R
mRy —4
myp = T myp = 1245 x 10 ~ blob
¢

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

-4 mr)
m'y:=m)+ mpp m'y=3.539x 10 ~blob ry=— ry=1.595in
m2
—4 mry
m'y=my+ myp m'y=3.539x 10 ~blob ry=— rgy=1.6in
m'y
8. Calculate the new radius of gyration of links 2 and 4.
my a22 + h2)
I'y:= —12———- + mz-(rg + RCG))Z + mgb-(Rg - rg)2 I'7=2.193x 10 3 bIob-in2
I3
ky=|— k'>=2.489%in
m’
m (a 2 + hz)
4\494 —~
Iy=————2+ ma(rs + Roca): + map(Ra - ra)’ Py=2.193x 10" ° blob-in>
Iy
k'y= |— k'y=2.489%in
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

Iow2 = m’g-(k'gz + r22 + az-rg) Iewy =4.645x 10 3 blob-in2

Towd = m’4-(k’42 rri+ a4-r4) Topg = 4.645 x 107 ° blob-in”
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&S PROBLEM 12-31

Statement: Figure P12-12 shows a fourbar linkage and its dimensions in inches. All links have a uniform 0.5-in
wide x 0.2-in thick cross-section and are made from aluminum. Link 3 has squared ends that extend
0.25 in from the pivot point centers. Links 2 and 4 have rounded ends that have a radius of 0.25 in.
Design counterweights to force balance the linkage using the method of Berkof and Lowen.

Units: blob := Ibf-sec-in” |
Given: Link lengths:
Link 2 (O, to A) Ly:=344.in Link 3 (4 to B) L3:=740-in
Link4 (Bto Og)  Ly:=3.44-in Link 1 (O2t004)  L;:=8.88in
Link cross section: A := 0.50-in t:=020-in r:=025in
Mass center: by:=05-Ly b3:=05-L3 by:=05-Ly
¢2 := 0-deg 63 := 0-deg ¢4 := 0-deg

Mass density of aluminum: p:= 2.8- 103-kg-m_ 3

Solution: See Figure P12-12 and Mathcad file P1231.
1. Calculate the mass of each link.
my:= (Lz-h + n-rz)t-p m3:= (L3 + 2-r)-h-t-p my:= (L4-h + *n-r2)-t-p
m2 = 1.004 x 10~ * blob m3=2070x 10 *blob  my=1.004x 10 *blob
2. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
Ly —4 .
mboy .= m3- b3‘-l—‘—-cos(¢3) - L mbyy = -3.560 x 10~ blob-in
3
Ly
mb3y, = m3| b3-—-sir{93) mby, = 0.000 blob-in
L3
Ly ~4 .
mbyy == -m3 b3-L—-cos(¢3) mbyy = -3.560 x 10  blob-in
3
Ly
mbyy = -m3| b 3-L—-sin(¢3) mbyy = 0.000 blob-in
3
3. Determine the additional mR product components for links 2 and 4.
mRoy = mbyy — m2~b2-cos(¢2) mR)yy = -5287x 10 4 blob-in
mR2y = mbpy, — m2-b 2-sin(¢2) mR32,, = 0.000 blob-in
mR g = mbygy — m4-b4-cos(¢4) mRyx = -5287x 10 4blob-in
mRyy = mbgy, — my-bssin(¢s) mRy, = 0.000 blob-in

4. Solve equations 12.2d and 12.2¢ for the position angle and additional mass-radius product required.

mRp2 = ,/ngxz + mRzy2 mRp) = 5.287 x 10 4bIob-in

Op2 = alanZ(ngx,mRzy) Gp2 = 180.000 deg

mRpy = J mR4x2 + mR4y2 mRpy=5287x 10 4 blob-in

Opyq:= atanZ(mR4x,mR4y) p4 = 180.000 deg
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&S PROBLEM 12-32

Statement: Use the data of Problem 12-31 to design the necessary balance weights and other features
necessary to completely eliminate the shaking force and shaking moment the linkage exerts on the

ground link.
Units: blob := Ibf-sec-in” |
Given: Link lengths:

Link 2 (O to 4) ay:=3.44-in Link 3 (4 to B) a3 := 7.40-in

Link 4 (B to Oy) ay:=3.44-in Link1(O;t004) aj:=8.88-in
Link cross-section dims: 4 := 0.50-in t:=0.20-in r:=025-in
Material density: alum  p:= 2800-kg-m 3

Solution: See Figure P12-12 and Mathcad file P1232.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

2
a a
et 3|8 128 e=2.704in
2" Un 2
13 = a3+2.e l3= 12.807 in

2. Determine the distance to the CG in the LRCS on each of the three moving links.

RcG2:=05-a2 Rcg2 =1.720in
r3:=0.5-a3 r3=3.700in
Rcge:=0.5-a4 RcGgq4 =1.720in
3. Determine the mass of each link.
my = (az-h + n-rz)-t-p m3:= h-t-13-p my = (a4-h + n-rz)‘t‘p
my=1004x 10" biob  m3=3356x 107 ¢ blob my = 1.004x 10~ * blob

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

bz:=a3-r3 b3 =3.700in
az —4 .
mry:=m3-| b3 — mry=5772x 10  blob-in
as
a4 —4 .
mry:=m3-| ry— mry=5772x 10 blob-in
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy :=mry — my-RCG2 mRy = 4.044 x 10 4blob-in

mRy:=mry — my- RCG4 mRy = 4.044 x 10 4blob-in
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6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry :=2-in Ry:=2-in

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

mR) —4
mpp = —— myp=2.022x 10 ~blob
Rz
mRy —4
myp = T myp = 2.022x 10 ~blob
4

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

—4 mrz
m'y:=my + myp m' =3.026 x 10 ~blob r2i=— ry=1907in
m2
—4 mry
m'y:=my+ myp m'y=3.026 x 10 blob ry=-—- rgy=1907in
m'y
8. Calculate the new radius of gyration of links 2 and 4.
my (022 + hz)
. 2 -—
1= —T— + mg-(rz + Rcc,'z) + m2b-(R2 - r2)2 I'y=1424x 10 3bIob-in2
1
k= |— k'> =2.169in
m?2
m (a 2 + h2)
4\94 —
Iyi= ==Lt my(ra+ Reca): + mas(Ry - r4)’ Ig= 1424 x 107> blob-in*
Iy
Ky= |— K'4=2.169in
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

w2 = m'g-(k'zz 4 ag-rz) T2 = 4.510 x 107> blob-in”

Iowd = m'4-(k’42 + r42 + a4-r4) Iewg=4510x 10 3 blob-in*
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&S PROBLEM 12-33

Statement: Figure P12-13 shows a fourbar linkage and its dimensions in inches. Links 2 and 4 are rectangular
steel with a 1-in wide x 0.12-in thick cross-section and 0.5-in radius ends. The coupler is 0.25-in-
thick aluminum with 0.5-in radii at points 4, B, and P. Design counterweights to force balance the
linkage using the method of Berkof and Lowen.

Units: blob := Ibf-sec -in” |
Given: Link lengths:
Link2 (Oytod)  Lp:=5.00-in Link 3 (4 to B) L3:= 4.40-in
Link4 (BtoO)  Ly:=5.00-in Link 1 (010 04)  Lj:= 9.50-in
Link cross section: A := 0.50-in t:=0.20-in r:=025in
Mass center: by:=0.5-L bg:=0.5-Ly Coupler point data:
¢2 = 0-deg ¢4 :=0-deg p:=89.in 8= 56-deg

Mass density of steel and aluminum: pl =78 103-kg-m_ 3 p2:=2.8- 103-kg-m_ 3

Solution: See Figure P12-13 and Mathcad file P1233.
1. Determine the location of the mass center and the mass of link 3. Take AB as the base of the triangle, Then,

The height is: h = p-sin(8) h=17378in t3:=025-in

The horizontal distance from 4 to P is: APy = p-cos(S) APy =4977in

L3+ APy h
xbar = ——3— xbar = 3.126 in ybar = -3- ybar = 2.459 in
’( ) b
b3:= xbar2 + ybar2 b3=3977in  $3:= atan(y ar) ¢3 = 38.199deg
xbar
L3-h -3
m3:= p2~t3-T m3 = 1.063x 10 ~ blob

2. Calculate the mass of links 2 and 4.

m) = (Lg-h + n-rz)-t'pl my = (L4-h + n-r2>-t~p1
my = 5414 % 10 ° blob my=5414% 107 blob
2. Solve equations 12.8c and 12.8d for the total mR product components for links 2 and 4.
L -3 .
mbox = m3- b3-—L—-cos(¢3) -L mbyy = —1.540 x 10 " blob-in
3
L -
mbyy = m 3-(1; 3-L—-sin(¢3)) mb2y = 2.972 x 10” > blob-in
3
Ly -3 .
mbyy = -m3| b 3-Z--cos(¢3) mbyy = —3.776 x 10"~ blob-in
3
Ly -3 :
mbyy = -m3:| b 3-L—-sm(¢3) mbyy = —2.972x 10" " blob-in
3

3. Determine the additional mR product components for links 2 and 4.
mRy == mb)yy — mg-bz-cos(cbz) mRoy = —0.015 blob-in
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mR2y = mb2y, — mg-bz-sin(d)z) mR2y, = 2.972 x 10 3 blob-in
mRyy = mbyy — m4-b4-cos(¢4) mR 4 = —0.017 blob-in
MR 4, = mbgy, — mg-by-sir¢s) mRyy = -2.972x 10 3 blob-in

4. Solve equations 12.2d and 12.2¢ for the position angle and additional mass-radius product required.

mRy) = Jmszz + ngy2 mRp2 = 0.0154 blob-in

Bp2 = atan2{mR 5, mR> Gp2 = 168.848 deg
34

mRpyq = ,‘ mR4x2 + mR4y2 mRp4 = 0.0176 blob-in

Op4 = atan2(mR 45, mR ) Op4 = —170.260 deg
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&S PROBLEM 12-34

Statement: Use the data of Problem 12-33, changing link 3 to be steel with the same cross-section dimensions
as links 2 and 4, to design the necessary balance weights and other features necessary to
completely eliminate the shaking force and shaking moment the linkage exerts on the ground link.

Units: blob := Ibf-sec-in~ |
Given: Link lengths:
Link2 (Oyt04)  a):=5.00-in Link 3 (4 to B) a3 := 4.40-in
Link 4 (B to Oy,) ay:=5.00-in Link 1 (O,t004)  ay:=9.50-in
Link cross-section dims: 4 := 0.50-in t:=020-in r:=0.25-in
Material density: steel  p:= 7800-kg-m 3

Solution: See Figure P12-13 and Mathcad file P1234.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

as
1] - — e=1.602in

I3:=a3+2-e 13=7.605in

2. Determine the distance to the CG in the LRCS on each of the three moving links.

Rcg2=05-ap Reg2 =2.500in
r3:=0.5-a3 r3=2200in
RcG4:=05-a4 RcGgye = 2.500in
3. Determine the mass of each link.
my = (a2~h + n-rz)-t-p m3:= htl3-p my = (04-h + n-rz)-t-p
my=3936x 10 *blob  m3=5550x 10" blob my=3936x 10~ * blod

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3:=a3-r3 b3=2.200in
aj -3 .
mrp = m3-[b3-—) mry>= 1388 x 10 ~ blob-in
as
ay -3 .
mry.=m3-| r3— mry= 1388 x 10 ~ blob-in
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mRy = mry — my RCG2 mR = 4.036 x 10~ * blob-in

— 4
mRy:=mry — my RoGy mRy =4.036 x 10 blob-in
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6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry:=2-in Ry:=2-in

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

mR —4
mop = —— mop =2.018 x 10 ~ blob
R
mR 4 —4
myp = T myp=2.018 x 10 blob
4

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

—_4 mr)
m'y:i=mp+ mp m'y>=5954 x 10  blob ry=— rp=2331in
m2
_4 mry
my=my+ myp m'y=5954 x 10~ blob ry=— ry=2331lin
m'y
8. Calculate the new radius of gyration of links 2 and 4.
m) (022 + hz)
1= —T— + mg-(rz + RCGZ)Z + mgb-(Rg - r2)2 1'2=10.0100 blob-in2
')
k'y:=|— k'>=4.105in
m?
m (a 2 + hz)
4+\ayq
Iy:= T my(ry+ RCG4)2 + myp-(Ry - r4)2 I'4 = 0.0100 blob-in*
1y
kg=|— k'4=4.105in
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

Iow2 = m’g-(k'gz + rgz + az-rz) Iywo = 0.0202 blob-in2

Towq = m’4-<k’42 + r42 + a4-r4) Ioywg = 0.0202 blob-in2
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S PROBLEM 12-35

Statement: Figure P12-14 shows a fourbar linkage and its dimensions in inches. All links are 0.08-in-thick steel
and have a uniform cross-section of 0.26-in wide x 0.12-in thick. Links 2 and 4 have rounded ends
with a 0.13-in radius. Link 3 has a squared ends that extend 0.13-in from the pivot point centers.
Design counterweights to force balance the linkage using the method of Berkof and Lowen.

Units: blob := Ibf -secz-in_ !
Given: Link lengths:
Link 2 (02 to A) Ly:= 5.52.in Link 3 (A to B) L3:= 4.88-in
Link 4 (Bto Oy) Ly:=6.48-in Link 1 (O2t004)  Lj:=2.72-in
Link cross section: A := 0.26-in t:=0.08-in r:=0.13-in
Mass center: by =05-Ly b3:=05-L3 by:=0.5Lyg
02 := 0-deg ¢3 := 0-deg ¢4 := 0-deg
Mass density of steel: p:=78- 103-kg-m_ 3
Solution: See Figure P12-14 and Mathcad file P1235.
1. Caliculate the mass of each link.

2 2
my = (L2~h + T-r )-t-p m3 = (L3 + 2-r)-h-t-p my = (L4-h + -7 )-t—p
my=8.690x 107 ° blob m3=7803x 10 “blob  my=1.015x 10" " blob

2. Solve equations 12.8¢ and 12.8d for the total mR product components for links 2 and 4.
Ly — 4 ,
mbyy = m3- b3-L—-cos(¢3) -Ly mbyy = -2.154 x 10~ blob-in

3

L;
mby = m3- b3-—L—-sin(¢3) mbpy, = 0.000 blob-in

3

Ly —4 .
mbyx = -m3- b3-L—-cos(¢3) mbyy = -2.528 x 10 blob-in

3
Ly
mbyy = -m3-| b 3~L—-sin(¢3) mbyy = 0.000 blob-in
3
3. Determine the additional mR product components for links 2 and 4.
mR)y = mbyy - mg-bg-cos(d;z) mRyy = —4.552x 10 4blob-in
mR2y = mbp, — m2-b g-sin(q:g) mR2, = 0.000 blob-in
MR gx = mbgy — mg-bg-cos(da) mRyy = ~5.816 x 10~ blob-in
mR gy = mbygy — myby-sinba) mR g, = 0.000 blob-in

4. Solve equations 12.2d and 12.2e for the position angle and additional mass-radius product required.

mRp) = \}ngxz + mR2y2 mRp> = 4.552x 10 4 blob-in

Gp2 = atanZ(mR ¢, MR gy) Op2 = 180.000 deg

mRpy = J mR4x2 + mR,;;y2 mRps=5816x 10 4 blob-in

Opyg = atanZ(mR4x,mR4y) Op4 = 180.000 deg
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&S PROBLEM 12-36

Statement: Use the data of Problem 12-35 to design the necessary balance weights and other features
necessary to completely eliminate the shaking force and shaking moment the linkage exerts on the

ground link.
Units: blob := Ibf-sec’in” "
Given: Link lengths:
Link 2 (O, to A) ay:=5.52-in Link 3 (4 to B) a3:=4.88-in
Link 4 (B to Oy) ay:=6.48-in Link1(0,t1004) a;:=272-in
Link cross-section dims: /4 := 0.26-in t:=0.12-in r:=0.13-in

Material density: steel p:=7800-kg-m 3

Solution: See Figure P12-14 and Mathcad file P1236.

1. Determine the amount by which link 3 must be elongated to make it physically like a pendulum by using
equation 12.12a.

2
as a
e::-ll- 3| — —1——3- e=1.784in
2 h 2
I3:=a3+2-e I3=8.448in

2. Determine the distance to the CG in the LRCS on each of the three moving links.

RcGg2:=05-a2 Rcgz = 2.760 in
r3:=0.5a3 r3=2440in
Rcg4:=05-a4 Rcg4 =3240in
3. Determine the mass of each link.
my = (az-h + n-rz)-t-p m3:=h-t-13-p my = (a4-h + n-rz)-t-p
my=1304% 10 “blob  m3=1924x 10~ *blob my=1522x 10" * biob

4. Solve equations 12.17a and 12.17b for the total mR product components for links 2 and 4.

b3:=a3-r3 b3=2440in
az -4 ,
mr):=m3| b3 — mry=5310x 10 blob-in
az
ay -4 )
mryg:=m3| r3— mry= 6233 x 10  blob-in
as

5. Determine the additional mR product components for links 2 and 4 to accomplish the force balance.
mR = mry - ma-RCG2 mRy = 1.712x 10~ * blob-in

mRy = mrg — mg-RCG4 mRy=1302x 10~ * blob-in
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6. Let the distance to the force-balance mass from the pivot point on links 2 and 4 be
Ry:=2-in Ry:=1.52-in

then the masses of the force balance weights will be (R4 was chosen to make the weights the same)

ng -5
myp = —— mpp = 8.561 x 10 ~ blob
R
mR4 -5
myp = R_ myp = 8.563 x 10 ~ blob
4

7. Calculate the new, total mass of links 2 and 4 and the distance from the pivot point to the composite CG.

_4 mr2

m'>:=mo+ mp m'y=2.160 x 10 ~ blob r2i=— ry)=245%in
m3
_4 mry

m'y:=my+ myp m'y=2378 x 10  blob ryi=—- ry=2.621in
my

8. Calculate the new radius of gyration of links 2 and 4.

my (azz + h2>

12

Iy: v mp(r2+ Reg2) + map(Ro—7))° 12=73.900x 107" blob-in”

12
m?

2 2
-(a +h )
Iy= 14———‘:—2— + my{rs+ Rega)” + map(Ra—r4)

k'y:= k'>=4250in

I'y = 5.865x 107> blob-in*

I'y
Ky= |— k'y=4.966in
m'y

9. Solve equations 12.17d and 12.17e to determine the mass moment of inertia required for the two inertia
counterweights that are geared to links 2 and 4..

2 .2
Iy = m’z-(k'gz +r + az-rg) Ieyw2 = 0.00814 blob-in

2
Iowyq == m'4-(k'42 + r42 + a4-r4) Iewq = 0.0115 blob-in
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. ] .|
PROBLEM 12-1 PROBLEM 12-5
Row mpr, 0, Row mr, 0, mr, 8,

a 0.934 -75.5 a 0.814 -175.2 5.50 152.1

b 40.21 148.55 b 25.13 140.23 19.32 83.89

c 5932 1523 c 748  -154.4 7.993 1763

d 7547 12.0 d 31.91 12.83 37.52 74.82

e 7.448  -80.76 e 6.254  -84.5 3.671  -73.9

PROBLEM 12-8

Row my,R,, 9,, m R, 6,,
a 0.051 180.0 0.459 -154.2
b 0.255 -162.4 1.437 -158.3
c 0.107 142.3 0.476 -164.3
d 0.772 141.8 1.573 -135.5
e 0.078 158.4 0.166 175.1
f 7.338 172.9 3.152 -93.2

g 2.029 -175.2 0.320 45.0







