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&S PROBLEM 13-1

Statement: A slider-crank linkage has the dimensions and speed at t =0 given below. Its initial crank angle is
zero. Calculate the piston acceleration at the time specified below. Use two methods, the exact
solution, and the approximate Fourier series solution and compare the results.

Given: Link lengths: r:=3-in [:=12:in
Initial angular velocity: @ := 200-rad-sec ! Time span:  ¢:= 1.0-sec
Solution: See Mathcad file P1301.

1. Calculate the exact acceleration using equation 13.1f.

o P s

3

(12 - rz-sin(a) -t)z)z

2
dexqet = -1 | cos

Qoxact = —426793 —’"—2
sec

2. Calculate the approximate acceleration using equation 13.3e.

2 r 1
Agpprox = —T'® -(cos(u)-t) + 7-cos(2-m~t)) Aapprox = —42703.6 lz
sec

3. Compare the results by calculating the error in the approximation as a percent of the exact.

Qapprox — 9exact
error .= ey = error = 0.057%

Aexact

The approximate solution is a little less than 0.06% high.



DESIGN OF MACHINERY SOLUTION MANUAL 13-2-1

25 PROBLEM 13-2

Statement: A slider-crank linkage has the dimensions and speed at t = 0 given below. Its initial crank angle is
zero. Calculate the piston acceleration at the time specified below. Use two methods, the exact
solution, and the approximate Fourier series solution and compare the results.

Given: Link lengths: r:=4-in [I:=15in

Initial angular velocity: o := 200-rad-sec | Timespan:  f:= 0.9-sec
Solution: See Mathcad file P1302.
1. Calculate the exact acceleration using equation 13.1f.

,-.[12.(1 - 2-cos(a)~t)2) - VZ'Siﬂ(m‘t)4]

3

Aexact = 1@ 2- cos(m-t) -

(12 - r2-sin(0)-t)2)2

doxger = 107395.7 12
sec

2. Calculate the approximate acceleration using equation 13.3e.

2 r j
Aapprox = —T® -(cos(md) + 7-005(2-(1)-!)) Aapprox = 107857.8—1'1—2
sec

3. Compare the results by calculating the error in the approximation as a percent of the exact.

Qapprox — Qexact
error .= i error = 0430 %

Qexact

The approximate solution is a little less than 0.5% high.
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&S PROBLEM 13-3

Statement: A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the gas force and gas torque at this position.

Given: Link lengths: r:=3-in [:=12in
Piston bore: B :=2.in Peak pressure:  po:= 1000-psi Crank angle: @ := 10-deg

Assumptions: An approximate solution is acceptable.

Solution: See Mathcad file P1303.

1. Calculate the gas force on the piston using equation 13.4.
2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg21 = Fg-r-sm(e)-(l + §~cos(9)) Tg21 = 2040 in-Ibf
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& PROBLEM 13-4

Statement:

Given:

A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the gas force and gas torque at this position.

Link lengths: r:=4-in /:=15in
Pistonbore: B :=3.in Peak pressure: Pg = 600-psi Crank angle: 0 :=5-deg

Assumptions: An approximate solution is acceptable.

Solution:

See Mathcad file P1304.

1. Calculate the gas force on the piston using equation 13.4.

Fg:=—pg:B Fg = 4241 1bf

2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg21 = Fgr-sirz(e)-(l + f-cos(e)) Tg21 = 1871 in-lbf
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&3 PROBLEM 13-5

Statement: A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the exact gas torque at this position and compare it to that obtained by the
approximate expression in equation 13.8b. What is the percent error?

Given: Link lengths: r:=3-in [:=12in
Piston bore:  B:=2.in Peak pressure:  pg:= 1000-psi Crank angle: 6 := 10-deg

Solution: See Mathcad file P1305.
1. Calculate the gas force on the piston using equation 13 .4.

T 2

2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg2la:= Fg-r-sin(e)-(l + %-cos(())) Tg21a = 2039.53 in-Ibf

3. Calculate the exact gas torque on the crank using equations 13.7b, 13.1d, and 13.6d.

¢ := ata r-sin0) 6 = 2.488 deg
2
1|1 - G-sin(e))
. 2
X = r-cos(O) +1-]1- [-l--sin(e)) x= 14943 in
To21e:= Fotan($)-x Tg21e = 2039.91 in-Ibf

4. Compare the results by calculating the error in the approximation as a percent of the exact.

To21a— To21
error = 825 error = —0.0186 %

Tg21 e
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&S PROBLEM 13-6

Statement:

Given:

Solution:

A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the exact gas torque at this position and compare it to that obtained by the
approximate expression in equation 13.8b. What is the percent error?

Link lengths: r:=4-in [:=15in
Pistonbore: B:=3-in Peak pressure: Pg = 600-psi Crank angle: 0 :=5-deg

See Mathcad file P1306.

1. Calculate the gas force on the piston using equation 13.4.

n 2

2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg2la'= Fg-r-sin(e)-(l + f-cos(e)) Tg2ia = 187135 in-Ibf

3. Calculate the exact gas torque on the crank using equations 13.7b, 13.1d, and 13.6d.

r-Sin(G)

¢ = ata ¢ = 1.332deg

L - (g.sin(e)]z

2
x:=rcos(8) + I [1 - (; 'Si"(e)) x=18.981in

Tg21e = Fgtan($)-x Ty21e= 187145 in-lbf

4. Compare the results by calculating the error in the approximation as a percent of the exact.

Tg21a — Tg21
error ;= gra  gee error = -0.00567 %

TgZ le
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&S PROBLEM 13-7

Statement: The dimensions and mass properties of a connecting rod are given below.
a. Calculate an exact dynamic model using two lumped masses, one at the wrist pin, point B, and
one at whatever point is required. Define the lumped masses and their locations.
b. Calculate an approximate dynamic model using two lumped masses, one at the wrist pin, point
B, and one at the crank pin, point A. Define the lumped masses and their locations.
c. Calculate the error in the mass moment of inertia of the approximate model as a percentage of
the original mass moment of inertia.

Units: blob := Ibf-sec-in~ |

Given: Conrod length: /:=12:in  mass: m3:= 0.020blob
Mass moment of inertia: Ig3:= 0.620-blob-in2
Distance to CG (as fractionof [):  r,:= 0.4

Solution: See Mathcad file P1307.

1. Determine the exact model using equations 13.9d and 13.9¢.

Distance from point 4 to CG: lg:=rgl 1, =4.800in
Distance from point B to CG: Ip:=1-1,4 Ip=7200in
. I3 .
Distance from CG to lumped mass at P: Ip=——— Ip=4.306in

m3-lp
!
Masses: mp:=m3 mp = 0.0125 blob
Ip+1p
lp
mp:=m3 mp = 0.00748 blob
Ip+1p

2. Determine the approximate model using equations 13.9d, letting /, = /,.

Let Ip = la
Ip
Masses: m3g = m3- m3, = 0.0120 blob
Ip+1p
lp
m3p=m3 m3p = 0.00800 blob
Ip+1p

3. Calculate the mass moment of inertia of the approximate model and compare it to the original.

2 2 .2
1G3approx = M3a'la + Mm3p-1p 1G3approx = 0.691 blob-in

Ig3 - IG3
error := oy 7 error = 11.48%

IG3
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&S PROBLEM 13-8

SOLUTION MANUAL 13-8-1

Statement: The dimensions and mass properties of a connecting rod are given below.
a. Calculate an exact dynamic model using two lumped masses, one at the wrist pin, point B, and
one at whatever point is required. Define the lumped masses and their locations.
b. Calculate an approximate dynamic model using two lumped masses, one at the wrist pin, point
B, and one at the crank pin, point 4. Define the lumped masses and their locations.
c. Calculate the error in the mass moment of inertia of the approximate model as a percentage of

the original mass moment of inertia.

m3:= 0.025blob

Units: blob = Ibf-secin” |

Given: Conrod length:  /:= 15-in  mass:
Mass moment of inertia: I3 := 1.020-blob-in”
Distance to CG (as fraction of /):

Solution: See Mathcad file P1308.

1. Determine the exact model using equations 13.9d and 13.9.

Distance from point 4 to CG: Iy=rgl

Distance from point B to CG: Ip:=1-1,

Distance from CG to lumped mass at P:

Ip
Masses: mp:=m3
Ip+1p
mp:=m3 a
Ip+1p

la=3.750in
Ip=11.250in
1IG3
= — Ip =3.627in
m3-lp

mp = 0.0189 blob

mp = 0.00609 blob

2. Determine the approximate model using equations 13.9d, letting /, = /,.

I
Masses: m3g:=m3-
Ip+1p
m3pi=m3 b
Ip+1p

m3, = 0.0188 blob

m3p = 0.00625 blob

3. Calculate the mass moment of inertia of the approximate model and compare it to the original.

2 2
1G3approx = M3a'la + m3plp

] G3approx — Ig3
IG3

error :=

IG3approx = 1055 blob-in"

error = 340%
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&S PROBLEM 13-9

Statement: The dimensions and mass properties of a crank are given below. Calculate a statically equivalent,
two-lumped mass dynamic model with the lumps placed at the main pin and crankpin. What is the
percent error in the model's moment of inertia about the crank pivot?

Units: blob := Ibf ~sec2-in_ !
Given: Crank length: r:=3.5in mass: m2:=0.060bl0db

Mass moment of inertia: D= 0.300-blob-in2
Distance to CG (as fraction of 7): rg:=03

Solution: See Mathcad file P1309.
1. Determine the statically equivalent model using equations 13.11.

Distance from O, to CG: rG2 i =rgr rGg2=1.050in

rg2
Mass: mpqi=my—— m3, = 0.0180 blob
r
2. Calculate the mass moment of inertia of the statically equivalent model and compare it to the original.

2 L2
102model := M2ar 102model = 0.2205 blob-in

102modei — 12
error = omose < error = —26.50%

I
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&5 PROBLEM 13-10

Statement: The dimensions and mass properties of a crank are given below. Calculate a statically equivalent,
two-lumped mass dynamic model with the lumps placed at the main pin and crankpin. What is the
percent error in the model's moment of inertia about the crank pivot?

Units: blob := Ibf-sec>-in” |
Given: Crank length: r:=4-in  mass: mp:=0.050biob

Mass moment of inertia: D= 0.400-blob-in2
Distance to CG (as fractionof r):  7r,:= 0.4

Solution: See Mathcad file P13010.

1. Determine the statically equivalent model using equations 13.11.

Distance from O, to CG: rG2i=rgb rGg2 = 1.600 in

Mass: myq = my—— mpq = 0.0200 blob
r

2. Calculate the mass moment of inertia of the statically equivalent model and compare it to the original.

2 2
102model == m2a'r 102model = 0.3200 blob-in

102model — 12
error ;= amodel < error = -20.00 %

5]
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&S PROBLEM 13-11

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.
. 2. -1 -1
Units: blob = Ibf-sec -in rpm:= 2-n-rad-min
Given: Conrod length: /:=12-in  mass: m3:= 0.020blob

Distance to CG (as fraction of /): r3q:=0.4

Crank length:  r:=3.5-in mass: my:= 0.060-blob

Distance to CG (as fraction of 7): r2q:=0.3

Pistonmass:  my := 0.012-blob

Crank speed: @ := 2000-rpm Crank angle: @ := 45.deg

Solution: See Mathcad file P1311.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3gl lp=4.800in
Distance from point B to CG: Ip=1-1, Ip=7200in
Ip
Let Ip=1lq m3g:=m3 m3q = 0.0120 blob
L+ 1
P
IP
m3p:=m3 m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2:=ragr rG2 = 1.050in

rgz
Mass: myq = my— my, = 0.0180 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

myq:=my; + m3g my = 0.0300 blob

mp:=m3p + my mpg = 0.0200 blob

4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.
Fix = —mA-(—r-m2-cos(9)) - mBI:—r-mz-(cos(B) + %-cos(Z-e))] Fix = 5428 Ibf
Fiy:= —mA-(—r-coz-sin(G)) Fy = 325716f

A Fi=6330lf  at  atan(Fi,Fy) = 30.964 deg

T2) = —mB-rz-mz-sin(G)-(i + cos(e) + %%-cos(Z-O)) Tip1 = 6482 in-Ibf
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&5 PROBLEM 13-12

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.
Units: blob = Ibf secin” | rpm:= 2-n-rad-min !
Given: Conrod length: /:=12-in  mass: m3:= 0.020blob
Distance to CG (as fraction of /):  r3,:= 04
Crank length: r:= 4.in mass: m) := 0.050-blob
Distance to CG (as fraction of 7):  rp,:= 0.4
Piston mass:  my:= 0.019-blob
Crank speed: @ := 3000-rpm Crank angle: 0 := 30-deg

Solution: See Mathcad file P1312.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3gl Iy =4.800in
Distance from point B to CG: Ip=1-1, Ip=7200in
)
Let Ip:=1g m3q=m3 m3g = 0.0120 blob
Ip+1p
Ip
m3p:=m3 m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2:="ragr rGg2 = 1.600in
rG2
Mass: myq:=my— mp, = 0.0200 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

my=m, + m3q my = 0.0320 blob

mp .= m3p + my mp = 0.0270 blob
4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.
2 2
Fix = —mA-(—r-m -cos(G)) - mB{—r-co -(cos(e) + %-cos(Z-e))] Fix = 21948 Ibf
(-ro?sio)
Fiy = -mg\-r-o-sir(0) Fy = 6317 l6f

Fi:= ,IFixz + F,-y2 F;=22839lf at  atanXFy,Fy) = 16.055deg

Tiz] = —mB-rz‘mz-sin(B)-({; + cos(9) + z—.:-cos(Z-e)) Tiz; = 27345 in-Ibf
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&S PROBLEM 13-13

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.

Calculate the inertia force and inertia torque for the linkage.

Units: blob = Ibf" -secz-in_ ! rpm:= 2-n-rad-min !

Given: Conrod length: /:=15in mass: m3:= 0.025blob

1.

Distance to CG (as fraction of /):  r3,:= 0.25

Crank length:  r:=3.5-in mass: m) .= 0.060-blob

Distance to CG (as fraction of ):  rp5:= 0.3

Piston mass: my = 0.023-blob

Crank speed: @ := 2500-rpm Crank angle: 0 :=24-deg

Solution: See Mathcad file P1313.
Determine the approximate conrod model using equations 13.9d, letting 7, = /.

Distance from point 4 to CG: lg:=r3gl Iy =3.750in

Distance from point B to CG: Ip:=1-1, Ip=11.250in
Ip

Let Ip=14 m3q:=m3 m3, = 0.0188 blob
IP

m3p:=m3 m3p = 0.00625 blob
Ip+1p

Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2 = rigr rG2 = 1.050in
rg2
Mass: myg = my—— my, = 0.0180 blob
r

Calculate the lumped masses at points 4 and B using equations 13.12.

myq:=m, + m3g my = 0.0367 blob

mp:=m3p + my mp = 0.0292 blob
Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.
2 2
Fix = —mA-(—r-m -cos(B)) - mg[—r-co -(cos(e) + §-cos(2-e))] Fix = 15559 Ibf
(-ro2siro)
Fiy = -mg\-r-0”-sir(0) Fiy = 3586 lbf

Fi= ,/Fixz + F,-y2 Fi=159671bf at  atan2(Fix,Fy) = 12.978 deg

T;21 = —m3-r2-02~sin(9)-(2Ll + cos(O) + %-COS(Z-G)) Ti21 = -12630in-Ibf
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S PROBLEM 13-14

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.

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

Given: Conrod length: /:= 15-in  mass: m3:= 0.025blob

Distance to CG (as fractionof [):  r3,:= 0.25

Crank length:  r:=4.in mass: m) := 0.050-blob

Distance to CG (as fractionof 7):  r,:= 0.4

Piston mass:  my:= 0.015-blob

Crank speed: o := 4000-rpm Crank angle: 0 := 18-deg

Solution: See Mathcad file P1314.
1. Determine the approximate conrod model using equations 13.9d, letting 7, = /,.

Distance from point 4 to CG: Ig:=r3g- Iy =3.750in
Distance from point B to CG: Ip=1-1, Ip =11.250in
Iy
Let Ip:=1Ia m3g:=m3 m3q = 0.0188 blob
Ip+1p
lp
m3p:=m3- m3p = 0.00625 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O; to CG: rG2 =gt rGg2 = 1.600in
rGg2
Mass: mog = my— my, = 0.0200 biob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

mq=mg+ m3g my4 = 0.0388 blob

mp:=m3p + my mp = 0.0213 blob
4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.
2 2
Fi = —mA~(—r-m -cos(e)) - mg[—r-m -(cos(B) + z-cos(z-e))] Fix = 43267 Ibf
/
(-ro? o)
Fiy = -mg\-r-o”sin(0) Fiy = 8404 [bf

Fii=Fi + Fy Fi=440750f  at  atan2(Fi,Fiy) = 10992 deg

Ti21 = —mB-rz-mz-sin(G)-(le + cos(G) + %—:——cos(Z-e)) Tip = 25956 in-Ibf
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&S PROBLEM 13-15

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces on the linkage.

Units: blob = Ibf -sec2-in_ ! rpm:= 2-n-rad-min !

Given: Conrod length: /:=12:in  mass: m3:= 0.020blob

Distance to CG (as fractionof [):  r3,:= 04

Crank length:  r:=3.5.in mass: m):=0.060-blob

Distance to CG (as fraction of 7):  r,:= 0.3

Piston mass:  my := 0.022-blob Gas force: Fg:=300-Ibf
Crank speed: o := 2000-rpm Crank angle: 6 := 45-deg

Solution: See Mathcad file P1315.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: lg=r3gl lg=4.800in
Distance from point B to CG: Iy=1-1, Ip=7200in
I
Let Ip=1Iq m3g:=m3 m3q = 0.0120 blob
Ip+1p
IP
m3p:=m3 m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2:="rag’ rGg2 = 1.050in

rG2
Mass: mg = my— m2, = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

myi=m2q+ mMm3q my4 = 0.0300 blob

mp:=m3p + my mp = 0.0300 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3¢, respectively.

¢:=ata r-sin(O) ¢ = 11.902 deg
2
Lf1- (f-sin(e))
ag:= —r~m2-(cos(9) + ;-cos(Z-O)) ap = —108560.1 in2

sec
5. Determine the sidewall force F,; using equation 13.20.

Fyp = {(m4 + m3b)-aB + Fg]-tan(q)) Fyq1 = 62321bf
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6. Determine the wrist pin force F34 using equation 13.21.

F34x:= Fg+ myap F34 = 20883 /bf
F3gp={Fg+(mg+m 3b)-ap]-tar{$) F34y = 6232 1bf
F3y4 :=JF34x2+F34y2 F34=217931bf
034 := atan2(F34x,F34y) 034 = 163.384 deg

7. Determine the crankpin force F3; using equation 13.22.

2
F32x =m3grao -cos(e) - (m3b + m4)-a3 - Fy F32x = 4259.5 Ibf
F3y:= m3a-r-0)2-sin(9) + [Fg + (m4 + mgb)-ag}tan(d)) F32y =679.5lbf
2 2
F32:= \}F32x + F32y F32=431341bf
037 := atan2(F32x,F32y) 032 = 9.064 deg

8. Determine the main pin force F; using equations 13.19¢ and 13.22.

2
Folx :=mogro -cos(e) + F32x Faix = 6213.6 Ibf

2
Faly:= mygro -sil8) + F3z Fa1y = 2633.6 Ibf

2 2
Foy :=\’F21x + F2py Fy; = 6748.7 Ibf

071 := atanZ(szx,FQIy) 021 = 22.969 deg
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&5 PROBLEM 13-16

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces on the linkage.
Units: blob = Ibf sec2in | rpm:= 2-n-rad-min !
Given: Conrod length: /:=12:in mass: m3:=0.020blob
Distance to CG (as fraction of /):  r3,:= 04
Crank length:  r:=4.in mass:  m):= 0.050-blob
Distance to CG (as fraction of 7):  rp;:=04
Piston mass:  my:=0.019-blob  Gas force: Fg:= 600-Ibf
Crank speed: o := 3000-rpm Crank angle: 0 := 30-deg

Solution: See Mathcad file P1316.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: ly:=r3q1 I =4800in
Distance from point B to CG: lp=1-1, Ip=7200in
Iy
Let Ip:=lq m3g:=m3 m3g = 0.0120 blob
Ip+1p
Ip
m3p = m3- m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: G2 =12 rGg2 = 1.600in

rG2
Mass: mjyg = my— m3q = 0.0200 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.
myg:=m;+ m3q my4 = 0.0320 blob

mp:=m3p + my mp = 0.0270 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

r-sin(G)

¢ :=ata ¢ = 9.594 deg

L1 - G-sin(e))2

ap:= -—r-(oz-(cos(ﬁ) + -;:-cos(Z-B)) ag= -407690.5"—"2
sec

5. Determine the sidewall force F,; using equation 13.20.
Fyq1:= {(m4 + m3b)-a3 + Fg]-tan(d)) Fyq1=1759.2106f



DESIGN OF MACHINERY SOLUTION MANUAL 13-16-2

6. Determine the wrist pin force F34 using equation 13.21.

F34x = Fg+ myap F34x = =7146.1 1bf
F34y:= { Fg + (mq+ m3p)-ap]-tan(9) F34y = 17592 1bf
Fsgm|Faas® + Fs? F3q=7359.5Ibf
034:= atanZ(F 4%, F 34y) 634 = 166.170 deg

7. Determine the crankpin force F3; using equation 13.22.

2
F32x :=m3gro -cos(O) - (m31, + m4)-a3 - Fg F32x = 145104 Ibf
2
F32y:=m3qgro ~sin(9) + [Fg + (m4 + m3b)‘aB]-tan(¢) F32y = 609.51bf
2 2
F32:=,‘F32,¢ + F32y F33=14523.21bf
03y := atanZ(F32x ,F32y) 06132 = 2.405deg

8. Determine the main pin force F3; using equations 13.19¢ and 13.22.

2
Foix =mogro -cos(e) + F32% Foix = 213482 Ibf

2
F21y = maqro -sin(e) + F32y F21y =4551316f

2
Fay :=JF21x +Fg1y2 Fop=21829216f

021 := atan2(F21x,F21y) 851 = 12.050 deg
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&S PROBLEM 13-17

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces on the linkage.

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

Given: Conrod length: /:= 15in  mass: m3:= 0.025blob

Distance to CG (as fraction of [):  r3,:= 0.25

Crank length:  r:=3.5.in mass: m):= 0.060-blob

Distance to CG (as fractionof r):  rjy,:= 0.3

Piston mass:  my:=0.032-blob  Gas force:  Fg:= 900-Ibf
Crank speed: @ := 2500-rpm Crank angle: 0 := 24-deg

Solution: See Mathcad file P1317.
1. Determine the approximate conrod model using equations 13.94, letting /, = /,.

Distance from point 4 to CG: lg:=r3q1 Ip=3.750in
Distance from point B to CG: Ip=1-1, Ip=11.250in
4
Let Ip:=lg m3g = m3- m3g = 0.0188 blob
Ip+1p
Ip
m3p:=m3- m3p = 0.00625 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2i=1r2gr rGg2=1.050in

Mass: mog = my—— my, = 0.0180 blod
r

3. Calculate the lumped masses at points A and B using equations 13.12.

my=m2q+ M3q my = 0.0367 blob

mp:=m3p+ my mp = 0.0383 blob

4, Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

6 := ata r-5in6) 6 = 5.446 deg
2
L1 - G-sin(e))
‘ ag:= —r-mz-(cos(e) + -;--cos(Zﬂe)) ag= —256600.5%

sec
5. Determine the sidewall force F,; using equation 13.20.

Fy) = {(m4 + m3b)-aB + Fg]-tan(d)) Fq1 = 8499 Ibf
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6. Determine the wrist pin force F34 using equation 13.21.

F34x:= Fg+ myap F34x = -T311.21bf
Figpi={Fg+(mg+m 3b)-ag |-tan() F34y = 849.9I6f
F34:= ,’F34x2 + F34y2 F34=7360.5Ibf
034 := atan2(F34x,F34y) 014 = 173.369 deg

7. Determine the crankpin force F3; using equation 13.22.

2
F325 := m3gr-o -cos(e) - (m3b + m4)-aB - Fg F32¢ = 13024.0 Ibf
2
F32y = m3gro -sin(G) + [Fg + (m4 + m3b)-a3]-tan(¢) F32,=979.51bf
2 2
F32:=JF32X + F32y F33=13060.8 Ibf
037 := atan2(F32x,F32y) 032 = 4.301 deg

8. Determine the main pin force F;; using equations 13.19¢ and 13.22.

2
Foix:=mogro -cos(e) + F32x F21x = 16968.6 Ibf

2
F21y:=mygrwo -sin(e) + F32y F21y =273581bf

, 2
Fa1=JFoix + F21y2 Fo1=17187.71f

021 := atan2(F21x,F21y) 021 =9.159deg
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&S PROBLEM 13-18

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces on the linkage.

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

Given: Conrod length: /:= 15in mass: m3:=0.025blob

Distance to CG (as fractionof /):  r3,:= 0.25

Crank length: r:=4.in mass: m) = 0.050-blob

Distance to CG (as fraction of 7):  7r,:= 0.4

Piston mass:  my:=0.014-blob  Gas force: Fg = 1200-Ibf
Crank speed: @ := 4000-rpm Crank angle: 0 := 18-deg

Solution: See Mathcad file P1318.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: Iy =13l ly=3.750in
Distance from point B to CG: Iy=1-1, lp=11.250in
Iy
Let Ip:=14 m3g:=m3 m3, = 0.0188 blob
Ip+1p
p
m3p:=m3- m3p = 0.00625 blob

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2 = ragr rG2 = 1.600in

G2
Mass: mpyq = mp-—— mg = 0.0200 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.
my:=m)y + m3g my4 = 0.0388 blob

mp:=m3p + my mp = 0.0203 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

r-sin((-))

¢ = ata 6 =4.727deg

L= G-sin(e))z

apg:= —r-mz-(cos(e) + g-cos(}e)) ag= —818901.3"—"2
sec

5. Determine the sidewall force F,; using equation 13.20.

Fyp:= {(mq + m3p)-ap + Fg]-tan(9) Fyqp = 1271.916f
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6. Determine the wrist pin force F34 using equation 13.21.

F34x = Fg+ myap F34x = -10264.6 Ibf
F3gy:= [ Fg + (ms+ m3p)-ap)-tan($) F34y = 1271.916f
F3y :=,’F34x2+F_;'4),2 F34=10343.11f
034 := atan2(F34x,F34y) 034 = 172.936 deg

7. Determine the crankpin force F3; using equation 13.22.

2
F325 1= m3gro -cos(é)) - (m3b + m4)-a3 - Fy F3ox = 27898.2 Ibf
2
F32y = m3qgro ~sin(9) + [Fg + (m4 + m3b)-a3]-tan(¢) F32y = 2794.6 Ibf
2 2
F32:=,’F32x + F32y F37=28037.81bf
032 := atan2(F32x,F32y) 037 = 5.720 deg

8. Determine the main pin force F,; using equations 13.19c and 13.22.

2
Frix:=mogro ~cos(9) + F30x Fa1x = 412479 Ibf

2
Faly = magro -sil0) + F32, Fa1y = 71322 1bf

2
Fp = ‘/Fm + Fapy Fy) = 41860.0 Ibf

021 := atanF21x,F21y) 821 = 9.810 deg
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&S PROBLEM 13-19

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius - on the crank and recalculate the inertia force.
¢. Compare these results to those for the unbalanced crank.

Units: blob = Ibf sec>-in” | rpm:= 2-n-rad-min :
Given: Conrod length: /:=12:in  mass: m3:= 0.020bl0b
Distance to CG (as fractionof [):  r3;:= 04
Crank length:  r:=3.5.in mass: m):=0.060-blob
Distance to CG (as fraction of r):  ry5:= 0.3
Piston mass: my = 0.012-blob
Crank speed:  ® := 2000-rpm Crank angle: 6 := 45-deg

Solution: See Mathcad file P1319.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg=r34'1 l,=4.800in
Distance from point B to CG: Ip=1-1, Ip=7200in
I
Let Ip:=1, m3q .= m3 m3, = 0.0120 blod
Ip+1p
IP
m3p:=m3 m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2:=ragr rGg2 = 1.050in

Mass: myg = my— myg = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

myi=m2q + M3q my4 = 0.0300 blod

mpg:=m3p + my mp = 0.0200 blob

4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
Fig = —mB-[—r-mz-(cos(B) + f-cos(ze))] Fi = 2171 16f
Fiy:=0-I6f Fiy = 0lbf

Fip = Fic® + Fi? Fip=2171f 8t atan(Fix,Fiy) = 0.000 deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.

mpg -3
( 2 ) 2 r
Fix:=—-mg\-ro -cos(e) —-mpgi—ro - cos(e) + 7-c0s(2-6) Fiy = 1447 Ibf

+ (mA + mp)-(—r-m 2-cos(9)

Fiy:=-m A-(—r-a)z-sin(a)) +(ma+ mp)-(—r-m 2-sin(9)) Fy = 724 1bf

Fiop = ,fFixz +Fy Fiob=16181bf at  atan2(Fy,Fy) = ~26.565 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-11, the inertia force for the unbalanced
crank is Fj:= 6330-/bf. The percent differences for the balanced and overbalanced cranks are:

Fip — Fj
Exactly balanced: A= —F— A=-657%
i

Fiob — Fj
Overbalanced: A= T A=-744%
i
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&S PROBLEM 13-20

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius - on the crank and recalculate the inertia force.
c. Compare these results to those for the unbalanced crank.

Units: blob := Ibf sec2-in” | rpm:= 2-n-rad-min !

Given: Conrod length: /:= 12-in  mass: m3:= 0.020blob
Distance to CG (as fraction of /): r3g:=04
Crank length: 7r:=4-in mass: my := 0.050-blob
Distance to CG (as fraction of r):  rp,:= 0.4
Piston mass: my = 0.019-blod
Crank speed: o := 3000-rpm Crank angle: 0 := 30-deg

Solution: See Mathcad file P1320.
1. Determine the approximate conrod model using equations 13.9d, letting [, = /.
Distance from point 4 to CG: lg:=r3g-l Iy =4.800in
Distance from point B to CG: lp:=1-1, Ip =17200in
Ip
Let Ip:=1, m3g = m3 m3, = 0.0120 blob
Ip+1p
IP
m3p = m3- m3p = 0.00800 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2 = ragr rg2 = 1.600in
rg2
Mass: myg = my—— m2g = 0.0200 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

my:=my;+ m3g my = 0.0320 blob

mpg:=m3p+ my mp = 0.0270 blob

4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
Fix := —m B-[—r-mz-(cos(e) + f-cos(le))] Fix = 11008 Ib6f
Fiy = 0-Ibf Fy = 01bf

Fip = Foct + Fip = 1100816f at  atan2(Fix,Fy) = 0.000deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.
mpy= — mp = 9.0000 x 107 ° blob
( 2 ) 2 r
Fix == —-mg\-ro -cos(B) -mp|ro - cos(e) + 7-cos(2-9) Fix = 7931 Ibf

+ (m 4+ mp)-(—r’co 2-cos(6)

Fiy:=-m A.(-r-mz-sin(e)) +(ma+ mp)-(—r.m 2-sin(9)) Fy = 1777 lbf

Fioh = JF,f + F,'yz Fiob=812716f at  atan2(Fy,Fy) = —12.626 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-12, the inertia force for the unbalanced
crank is F; := 22839-/bf. The percent differences for the balanced and overbalanced cranks are:

Fip - Fi
A= —

Exactly balanced: A=-518%

Overbalanced: A= . A=-644%
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&S PROBLEM 13-21

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius -r on the crank and recalculate the inertia force.
c. Compare these results to those for the unbalanced crank.

Units: blob = Ibf -sec2-in_ ! rpm:= 2-n-rad-min !

Given: Conrod length: /:= 15in  mass: m3:= 0.025blob
Distance to CG (as fraction of /): r3g:= 025
Crank length:  r:=3.5-in mass: m):= 0.060-blob
Distance to CG (as fraction of 7):  rp,:= 0.3
Piston mass: my := 0.023-blob
Crank speed: @ :=2500-rpm Crank angle: 9 :=24-deg

Solution: See Mathcad file P1321.

1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point A4 to CG: ly:=r3g1 lg=3.750in
Distance from point B to CG: Ip:=1-1, lp =11.250in
Ip
Let Ip:=1Iq m3g = m3 m3, = 0.0188 blob
I[_7 +1p
IP
m3p:=m3- m3p = 0.00625 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2=rgr rG2 = 1.050in
rGg2
Mass: myg = my-— mg = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

myg:=m;+ m3q my4 = 0.0367 blob

mp:=m3p + my mp = 0.0292 blob
4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
2
Fix = —m3-|:——r-m -(cos(e) + g-cos(Z-B))] Fix = 7506 Ibf

Fiy = 0-1bf Fiy = 0lbf

Fip = ,/Fixz + F,—y2 Fip =750616f at  atanFy,Fiy) = 0.000 deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.

m _
mp = TB mp = 97500 x 10 blob
( 2 ) 2 r
Fix = —mg\-ro -cos(e) -mpg|—ro - cos(e) + 7-cos(2-9) Fix = 5369 Ibf

+(mA + mp)-(—r-co z-cos(e)
Fiy = —mA-(—r-mz-sin(G)) + (mA + mp)-(—r-mz-sm(e)) Fiy = -9511bf

Fiob := ,fFixz + Py’ Fiop = 54531bf at  atan(Fiy,Fyy) = ~10.048 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-13, the inertia force for the unbalanced
crank is F;:= 15967-Ibf. The percent differences for the balanced and overbalanced cranks are:

Fip - Fj
Exactly balanced: A= — A=-53.0%

Overbalanced: A = ————— A=-659%
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&S PROBLEM 13-22

Statement:

Units:

Given:

Solution:

The dimensions and mass properties of a crank, connecting rod, and piston are given below.

a. Exactly balance the crank and recalculate the inertia force.

b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius -~ on the crank and recalculate the inertia force.

c. Compare these results to those for the unbalanced crank.

blob = Ibf -secz-in_ ! rpm:= 2-n-rad-min !

Conrod length:  /:=15in  mass: m3:= 0.025blob

Distance to CG (as fraction of [):  r35:= 0.25

Crank length:  r:=4-in mass:  my = 0.050-blob

Distance to CG (as fraction of 7):  rp;:= 0.4

Piston mass: my = 0.015-blob

Crank speed: o := 4000-rpm Crank angle: 0 := 18-deg

See Mathcad file P1322.

1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: lg:=r3gl la=3.750in
Distance from point B to CG: Ip=1-1, Ip=11.250in
I
Let Ip = la m3a = m3‘ m3a= 0.0188b10b
Ip+1p
Ip
m3p:=m3 m3p = 0.00625 blob
Ip+1p

Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2:=rar rGg2 = 1.600in

rG2
Mass: mog = my— moq = 0.0200 blob
r

Calculate the lumped masses at points 4 and B using equations 13.12.

mg:=mog+ m3q my = 0.0388 blob

mpg:=m3p+ my mpg = 0.0213 blob

Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.

Fig:= —mB-I:—r-u)z-(cos(O) + %-cos(Z-O))] Fix = 17402 Ibf

Fiy = 0-Ibf Fiy = 01bf

Fib = Fa® + Fi” Fip = 1740206f at  atan2(Fix,Fy) = 0.000 deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.

mpg _3
mp = T mp = 7.0833 x 10 " blob

Fix = —mA-(—r-m 2-cos((-))) -mp —r-mz-(cos(e) + ?-cos(Z-O)):l Fix = 12674 Ibf

+(m 4+ mp)-(—r-m 2-cos(9)
(0 sino) (r-0.sino)
Fiy = —myg\-ro -sm(e) + (mA + mp)- ) -sm((-)) Fiyy = -1536 Ibf

Fiob := JF,;,,z + Fy’ Fiob = 12766 I6f at  atan2(Fiy,Fy) = —6.911deg

6. Compare the results to those for an unbalanced crank. From Problem 13-14, the inertia force for the unbalanced
crank is Fj:= 44075-1bf. The percent differences for the balanced and overbalanced cranks are:

Fip — F;
Exactly balanced: A= —7— A=-605%
i
F, — F
Overbalanced: = iob ! A=-71.0%
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&S PROBLEM 13-23

Statement: Combine the necessary equations to develop expressions that show how each of these dynamic

parameters varies as a function of the crank/conrod ratio alone:

a. Piston acceleration.

b. Inertia force.

c. Inertia torque.

d. Pin forces.

Plot the functions. Check your conclusions with program ENGINE.

Solution: See Mathcad file P1323.

1.

Note that the stroke volume ¥ of the cylinder must be held at some constant value while varying the r// ratio in
order to isolate the effects of that parameter. We must hold all other factors constant for this analysis as well,
such as all masses, crank angle, and bore/stroke ratio. We will assume that the crank radius 7 is held constant as
we vary the #// ratio in order to keep the stroke volume constant. Note that we can vary the 7/ ratio
independently of the crank radius r since for any r we can choose a value of / to maintain r// constant.

(Part a.) The expression for the piston acceleration is shown in equation a. Note that the 7/ ratio only appears
in the second harmonic term. If we allow r// to become very small (long conrod), then this term diminishes
toward zero, leaving a pure harmonic primary component. Thus, as the conrod length approaches infinity, the
acceleration approaches a pure cosine. The 7// term acts as a distortion factor that changes the shape of this
harmonic function in a way that increases its peak negative value. The optimum value for r// is zero. The longer
the conrod, the lower the peak acceleration.

[
ap = —r-m2~(cos(m-t) + -;-cos(2~co-t)) (@)

(Partb.) The expression for inertia force is shown in equation 5. Note that only the x-component contains an r//
term and it is within the piston acceleration term. Thus the effects of the 7/ ratio on inertia force are the same as
those described for piston acceleration above. The optimum value for r// is then zero. The longer the conrod,
the lower the peak inertia force in the x-direction.

Fix:= _”'A'("’ "”2'“’3(“"’)) - ”‘B‘[—r-mz-[cos(ﬂ) + f.cos[Z-(m-t)]ﬂ.
b
Fiy = —’”A'(—r-mz-sin(w.t)). )

(Part c.) The expression for inertia torque is shown in equation c¢. Note that only the primary and tertiary
components contain an r// term. Thus, the effects of the r/l ratio on inertia torque are similar to those described
for inertia force above. The dominant term in this equation is the second harmonic as it has the largest possible
coefficient of 1. If the /I ratio were zero (infinite conrod) then the inertia torque would be a pure harmonic of
twice crank frequency. A nonzero #// adds distortion to this curve in the form of the 1st and 3rd harmonics. The
optimum value for 7// is zero. The longer the conrod, the lower the peak inertia torque.

]
Tip1 = —mB-rz-mz-sin(a) t)[le + cos((n-t) + %-co&{l(m-t)]] ©)

(Part d.) The equation for the wrist pin force is shown in equation 4. It contains both the acceleration of the
piston (¢) and tang (f). These are substituted into d to get g. This expression shows that the wrist pin force is
directly proportional to both 7// and the sum of that ratio squared to form the fourth power as shown in 4. The
optimum value of 7/ is then zero. The longer the conrod, the lower the wrist pin force.

i
F34x = Fg+ myapg %)

F34 = —[Fg + (M4 + m3b)‘aB]~tan(¢).



DESIGN OF MACHINERY SOLUTION MANUAL 13-23-2
2 r '
ag:=-ro -{:cos(w-t) + 7-005[2-(@4)]] (e)

. ]
¢ = ata r-si{w-1) 0

1 ﬁ _ (f.s,-,.(m .,))2

Foses gt ma] o colo )+ 2eod2 40| ®

Fgy:=| Fg +(my + '"3b)'["'0)2-[COS(m-t) + %-cos[Z-(m-t)]]:I' f sinfo-1) :

J 1- G-sin(m -t))2

F34x proportional to

2 4 *
. r r
F34y proportional to —H—+ ”
I
6. (Partd.) The equation for the crankpin force is shown in equation i. It contains both the acceleration of the
piston (e) and tand (f). These are substituted into i to getj. This expression shows that the crankpin force is
directly proportional to both /7 and the sum of that ratio squared and to the fourth power as shown in k. The
optimum value of 7// is then zero. The longer the conrod, the lower the crankpin force.
2
F3ox i=m3gro -cos(m-t) - (m3b + M4)~a3 - Fg
. @
2
F32y:=m3gre -sin(u)-t) + [Fg + (m4 + m3b)-a3:|-tan(¢)
2 2 r !
F3ox :=m3gron -cos(a)-t) - (m 3p + m,;)-[—r-m -[cos(m-t) + 7-003[2-(a)-t)]:|:| - Fg
2 ]
F32y:=m3qr-o ‘sin(u)-t) 0]
2 imo -
+|:Fg + (m4 + m3b)-[—r-a) -|:cos(m-t) + %-co.s{Z-(m-t)]]ﬂ- § sm((o t) >
j] - (?sin((n t))
F32x proportional to 5
2 4 *)
. r r
F32y proportional to —+ ”
/

7. (Partd.) The equation for the mainpin force is shown in equation /. It is equal to the crankpin force just
analyzed above plus another term. Note that the second term does not contain 7/, so the mainpin force has the
same dependence on 7// as does the crankpin force.
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]
2
Foix:=mogro -cos(a)~t) + F32x

. 0
2 .

F21y = mygro ‘sm(a)-t) + F32,

. r
Foix proportional to 7

r2 r4 "
Fory proportional to 72- + n
!
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&S PROBLEM 13-24

Statement: Combine the necessary equations to develop expressions that show how each of these dynamic
parameters varies as a function of the bore/stroke ratio alone:
a. Gas force.
b. Gas torque.
c. Inertia force.
d. Inertia torque.
e. Pin forces.
Plot the functions. Check your conclusions with program ENGINE.

Solution: See Mathcad file P1324.

1. The stroke volume ¥ of the cylinder must be held at some constant value as shown in equation a while varying
the B/S ratio in order to isolate the effects of that parameter. This relationship is rearranged to introduce the
bore/stroke ratio B/S in equation 5. We must hold all other factors constant for this analysis as well, such as all
masses, crank angle, and crank/conrod ratio. Note that we can vary the B/S ratio independently of the crank/
conrod ratio »/ since for any r we can choose a value of / to maintain r// constant.

B
V= %-BZ.S = constant (a)

2 ! 2
but, B (5) 5 s0, Ve E.(E) s> ®)

2. (Parta.) The gas force equation is shown in equation ¢ and the expression for (B/S)? from & is substituted in
equation ¢. Expressions b and c are each then solved for S and combined ind. Gas force Fy is proportional to
B/S as shown in e. Any increase in the B/S ratio will increase the gas force and vice versa.

n 2. n B 2 2
Fo:=—-poB or Foi=—po|—1-8 ¢
g= 4 Pg g=7,Pg ( S) ©
2 1
B 3
combine equations b and ¢ to get: Fg:=0.922635- pg.[V.(E):l @
so, for a given p, and ¥, F, is proportional to (B/S)*". (e)

3. (Partb.) The gas torque equation is shown in equation £ Expressions for its F, and r terms are shown in
equation g. These are substituted into f"and shown as . The first expression in parentheses is the stroke
volume V, which is constant as shown in i. Thus, as shown in j, the gas torque is independent of B/S.

]
Tg21 = Fgr-sin(m-t)-(l + %-cos(m-t)) f))

L} 1
N
-pg'Bz r= 5

Fg:= ®

Ai:l

1
Tg21 = —l-pg-(%-32-s)-sin(m-t)-(l + -;-~cos(oa-t)) h)

2

T 2 '
= Z-B .S = constant )

<
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]
Tg2) = —%-pg- V-sirr(oa~t)-(1 + %-cos(m t)) ()

4. (Partc.) The expression for inertia force is shown in equation k with the expression S = 2r substituted and the §
factored out. These are simplified by grouping all other factors as parameters K, K,, and K3 and the magnitude
of the force found. The dimensionless parameter of B/S ratio is introduced in /. The stroke volume constraint is
then introduced, combined with / and substituted in & to get the nonlinear inverse relationship of inertia force to
the B/S ratio shown in m.

2 L
Fix = S-[%-[m,q-cos(w-t) + mB-(cos(e) + -;~cos(2~m-t))]] = SK;
my 2 '
Fiy = S-(T-w -sin(m-t)) = 85K
Fi= \/Fixz +Fyl= J(S.K])z (s-k2)* = (s- ’ K2+ Kl =s K3) ®

L
B
Fi= K3'B~(§) 0]

=)

introduce volume constraint, i 1

1
-1 3 - 3
v=2Rs="p5(8) B=|2y[B)| =1083852r3 (2
4 4 ) n S S

substitute this into the force equation, "
Ty 3

B ~

F;:=1.083852.K3-V 3 (E) -

5. (Partd.) The inertia torque equation is shown simplified in equation n. Equation / is substituted into # to show
the relationship of inertia torque to the B/S ratio in o.

L]
2
mgo .
Tz = Sz-|: B8 -(—2-"—1-sin(o)-t) - sin(Z-m-t) - %-sin(}a)-t)ﬂ = SZ~K4 n)

2

enloft) Tors (@ oo G o

6. (Parte.) The equation for the wrist pin force is shown in equation p. It contains both the gas force (c) and the
acceleration of the piston (¢). These are substituted along with / into p to get ». This expression shows that the
wrist pin force is directly proportional to both B2 and S as shown in s. This means that there may be an optimum
value of B/S, which will minimize the wrist pin force. Note that the tan term contains only r// terms so is
constant in this analysis.

3
F34x:=Fg+ myap ®)

F34:= —[Fg + (m4 + mgb)-aB]-tan(¢)l
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| ]
ag:= —r-wz-licos(m -t) + 5-003[2-((0-1)]] @
F3yx = Z. pg-B + my [—— ® -[cos((o t) + - cos[2 ((o t)]ﬂ
4 2 Q)
n 2 S 2 r '
F34y:= —[—Z-pg-B + (m4 + m3b)'|:—'£'00 -|:cos((oot) + 7-cos[2-(m-t)]]:l-tan(¢)
F34 is proportional to 32 -8 )

7. (Parte.) The equation for the crankpin force is shown in equation ¢. It contains both the gas force F, (c) and
the acceleration of the piston (g). These are substituted along with / into ¢ to get u. This expression shows that
the crankpin force is directly proportional to both B2 and S as shown in v. This means that there may be an
optimum value of B/S, which will minimize the crankpin force. Note that the tan$ term contains only 7// terms so
is constant in this analysis.
]

F305 = m3a-r-m2-cos(u)-t) - (m3b + m4)-aB - Fg

(] ®
2
F32y = m3qgro ~sin(w-t) + [Fg + (m4 + m3b)-a13]-tan(¢)
S 2 2'
F3yx = m3a~-2—~w -cos(m-t) - (m3b + m4) -—2- m . cos(m t) + = cos[2 (m t)] + - pg
s 2 . ' ()
F32y:= m3a-;-(o -sm(c)-t)
+|:—%-pg-32 + (m4 + m3b)-[-—?s-m2~|:cos(co-t) + ?-cos[Z-(m-t)]ﬂ]-tan(d))
F3ox proportional to 132 +S
) )
F32y proportional to -B

8. (Parte.) The equation for the mainpin force is shown in equation w. It is equal to the crankpin force just
analyzed above plus another term. The result from u is substituted along with / into w to getx. This expression
shows that the crankpin force is directly proportional to both B2 and S as shown in x. This means that there
may be an optimum value of B/S, which will minimize the mainpin force.

S 2
Fix =mpy—-0 -cos(u)-t) + F3)x
2 (W)
1

s 2
Fapy = mza-E-o) -sm(m-t) + F32y

Fox proportional to 32 + S

) )
Fary proportional to B +S
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&S PROBLEM 13-25

Statement: Develop an expression to determine the optimum bore/stroke ratio to minimize the wrist pin force.
Plot the function.
. 2. -1 . —1
Units: blob := Ibf-sec”-in rpm:= 2-n-rad-min

Assumptions: Use the data from Problem 13-15 for the unvarying parameters.
Conrod length: /:= 12:in  mass: m3:= 0.020blob
Distance to CG (as fraction of /):  r35:= 0.4
Crank length:  r:=3.5-in mass: m):= 0.060-blob
Distance to CG (as fractionof r):  rp,:= 0.3

Piston mass: my = 0.022-blob  Gas pressure:  po := 300-psi

Crank speed: o = 2000-rpm Crank angle: 0 := 45-deg

Stroke volume: V= l-in3 R/L ratio: RoverL := 02917
Solution: See Problem 13-15 and Mathcad file P1325.

1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: lg:=r3ql I, =4.800in
Distance from point B to CG: lp:=1-1, Ip =17200in
Iy
Let Ip=1y m3q:=m3 m3q = 0.0120 blob
Ip+1p
Ip
m3p = m3- m3p = 0.00800 blob
Ip+1p
2. Determine the stroke and crank radius as functions nf R/S
1
— 2
AN 3
Stroke as function of B/S: S(BoverS) := (——) -BoverS
T
Crank length as a function of stroke: r(BoverS) ;= 0.5-S(BoverS)

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3¢, respectively.

¢ := ata RoverL5ir{0) ¢ = 11.903 deg

J]i_ ( RoverL-sin(e))2

ag(BoverS) := —r(BoverS)-o 2-(cos(E)) + Roveancos(Z-e))

5. Write an expression for the gas force as a function of the B/S ratio.

Fg(BoversS) := % Dg BoverS2 -S (BoverS)2
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6. Determine the wrist pin force F34 using equation 13.21.
F34x(BoverS) := Fg(BoverS) + m4ap(BoverS)

F34,(BoversS) := —[Fg(BoverS) + (m4 +m 3b)‘aB(BoverS):|-tan(¢)

F34BoverS) = J F 34x(BoverS)2 + F34y(BoverS )2 »

7. Plot the wrist pin force F34 as a function of B/S.
BoverS :=0.1,02..10

WRIST PIN FORCE vs BORF/STROKE RATIO

2000

1500

F3 BoverS) /
Ibf 1000 /1

500 /
//

0 2 4 6 8 10

BoverS
B/S, dimensionless

Wrist Pin Force, Ib

8. The graph shows that there is an optimum value of B/S that will minimize the wrist pin force, which in this case,
is about B/S = 1.3. However, the optimum value is dependent on the other design choices (especially peak gas
pressure) and can vary considerably from this value. The bore, stroke, and crank radius that would result from
choosing this value are:

Sopt =8(1.3) Sopt =0910in Topt = r1.3) Yopt = 0.455in
4.V
Bopt = Bopt =1.183in
n'SOpt
Yopt
lopt = Iyt = 1.560in
opt RoverL opt

This probably is not a praétical design.



DESIGN OF MACHINERY SOLUTION MANUAL 13-26-1

&< PROBLEM 13-26

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the main pin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a.

Piston, conrod and crank masses = 0.

b. Piston mass = 1 blob, conrod and crank masses = 0.

c.
d.

Conrod mass = 1 blob, piston and crank masses = 0.
Crank mass = | blob, conrod and piston masses = 0.

Place the CG of the crank at 0.5r and the conrod at 0.33/. Compare and explain the differences in
the main pin force under these different conditions with reference to the governing equations.

Assumptions:

1
2
3
4
5

Peak cylinder pressure is 600 psi.
Link length ratio is L/R = 4.
Main pin dia is 2.00 in.

Crankpin dia is 1.500 in.

Friction coefficient is zero.

Solution: See Mathcad file P1326.

1. Enter the above data and the masses for part a into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

d.

my:=0 m3:=0 my:=0 F21max = 604.3-1bf

Polar plot of main pin force for parta.

w ENGINE for Windows by R. L. Norton - Copyright 1998

Mainpin Force
Ib

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

b.
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Polar plot of main pin force for part b.

. wm ENGINE for Windows by R. L. Norton - Copyright 1998

hrd

Mainpin Force
Ib

3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

c. mp:=0 m3:=1 my:=0 Folmax = 68417-1bf
See polar plot on next page.

4. Enter the above data and the masses for part d into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

d. my:=1 m3:=0 my:=0 F21max = 31696-1bf

See polar plot on next page.
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&< PROBLEM 13-27

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the crankpin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Piston, conrod and crank masses = 0.

b. Piston mass = 1 blob, conrod and crank masses = 0.

c. Conrod mass = 1 blob, piston and crank masses = 0.

d. Crank mass = 1 blob, conrod and piston masses = 0.

Place the CG of'the crank at 0.5r and the conrod at 0.33/. Compare and explain the differences in
the crankpin force under these different conditions with reference to the governing equations.

Assumptions: 1. Peak cylinder pressure is 600 psi.
2. Link length ratio is L/R = 4.

3. Main pin dia is 2.00 in.

4. Crankpin dia is 1.500 in.

5. Friction coefficient is zero.

Solution: See Mathcad file P1327.

1. Enter the above data and the masses for part a into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

a. my:=0 m3:=0 my:=0 F32max = 602:-1bf

Polar plot of crankpin force for part a.

w ENGINE for Windows by R. L. Norton - Copyright 1998

Crankpin Force
Ib

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

b. my:=0 m3:=0 my =1 F32max = 79004.1bf
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Polar plot of crankpin force for part b.

Notton - Copynight 1398

Crankpin Force
Ib

3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

c. my:=0 m3:=1 my:=0 F32mayx = 68417-1bf
See polar plot on next page.

4. Enter the above data and the masses for part d into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

d. my:=1 m3:=0 my:=0 F32max = 602-1bf
See polar plot on next page.
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&S PROBLEM 13-28

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the wrist pin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Piston, conrod and crank masses = 0.

b. Piston mass = | blob, conrod and crank masses = 0.

c. Conrod mass = 1 blob, piston and crank masses = 0.

d. Crank mass = 1 blob, conrod and piston masses = 0.

Place the CG of the crank at 0.5r and the conrod at 0.33/. Compare and explain the differences in
the wrist pin force under these different conditions with reference to the governing equations.

Assumptions: 1. Peak cylinder pressure is 600 psi.
2. Link length ratio is L/R = 4.
3. Main pin dia is 2.00 in.
4. Crankpin dia is 1.500 in.
5. Friction coefficient is zero.
Solution: See Mathcad file P1328.

1. Enter the above data and the masses for part @ into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

a. m2:=0 m3:=0 my:=0 F34max = 602-1bf

Polar plot of wrist pin force for parta.

w ENGINE for Windows by R. L. Norton - Copynight 1998

Wristpin Force
Ib

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

b. my:=0 m3:=0 my =1 F34max = 79004.1bf
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Polar plot of wrist pin force for part b.

w ENGINE for Windows by R. L. Norton - Copyright 1993

Wristpin Force
Ib

Envelope [ vectors ¢

3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

(8 m2:=0 m3:=1 my:=0 F3gmax = 2914-1bf
See polar plot on next page.

4. Enter the above data and the masses for part d into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

d. my:=1 m3:=0 my:=0 F34max = 602-1bf
See polar plot on next page.
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Polar plot of wrist pin force for part c.

| w FHGINFE for Windows by B | Norton - Copyanght 1998

Wristpin Force
Ib

Polar plot of wrist pin force for part d.

wm ENGINE for Windows by B L. Norton - Copynght 1998

Wristpin Force
b

Envelope [
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&S PROBLEM 13-29

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the main pin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Engine unbalanced.

b. Crank exactly balanced against mass at crankpin.

c. Crank optimally overbalanced against masses at crankpin and wrist pin.

Piston, conrod, and crank masses = 1. Place the CG of the crank at 0.5r and the conrod at 0.33/.
Compare and explain the differences in the main pin force under these different conditions with
reference to the governing equations.

Assumptions: 1. Peak cylinder pressure is 600 psi.

2. Link length ratio is L/R = 4.

3. Main pin dia is 2.00 in.

4. Crankpin dia is 1.500 in.

5. Friction coefficient is zero.

Solution: See Mathcad file P1329.

1. Enter the above data and the masses for part a into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

a. Engine unbalanced F21max = 179658 Ibf
Polar plot of main pin force for parta.

wm ENGINE for Windows by H. L. Norton - Copynight 1993

Mainpin Force
Ib

Frvelope i€ Vectors i

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

b. Crank exactly balanced against mass at crankpin F21max = 105075-1bf



DESIGN OF MACHINERY SOLUTION MANUAL 13-29-2

Polar plot of main pin force for part b.

w ENGIMNE tor Windows by H. L. Norton - Copynght 1998

Mainpin Force
Ib

-105,075. ’ 0]

3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the main pin and to get the polar plot of this force.

c. Crank optimally overbalanced. F21max = 52619-1bf
See polar plot on next page.
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Polar plot of main pin force for partc.

| m ENGINE for Windows by R. L. Norton - Copynght 1998

Mainpin Force
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@S PROBLEM 13-30

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the crankpin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Engine unbalanced.

b. Crank exactly balanced against mass at crankpin.

c. Crank optimally overbalanced against masses at crankpin and wrist pin.

Piston, conrod, and crank masses = 1. Place the CG of the crank at 0.5 and the conrod at 0.33/.
Compare and explain the differences in the crankpin force under these different conditions with
reference to the governing equations.

Assumptions: 1. Peak cylinder pressure is 600 psi.

2. Link length ratio is L/R = 4.

3. Main pin dia is 2.00 in.

4. Crankpin dia is 1.500 in.

5. Friction coefficient is zero.

Solution: See Mathcad file P1330.

1. Enter the above data and the masses for part @ into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

a. Engine unbalanced F2lmax = 147421-1bf
Polar plot of crankpin force for part a.

w ENGINE for Windows by R. L. Morton - Copynight 1998

Crankpin Force Y
Ib 147 421.

147 421,

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

b. Crank exactly balanced against mass at crankpin F21max = 147421.1bf
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Polar plot of crankpin force for part b.

i w ENGINE for Windows by B. L. Norton - Copyrnight 1998

Cylinder Data

Crankpin Force
Ib

TN

3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the crankpin and to get the polar plot of this force.

e Crank optimally overbalanced. F21max = 147421-1bf
See polar plot on next page.
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Polar plot of crankpin force for part c.

wm ENGINE for Windows by R. L. Norton - Copyright 1998

Crankpin Force
b




DESIGN OF MACHINERY SOLUTION MANUAL 13-31-1

2S PROBLEM 13-31

Statement: Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the wrist pin of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Engine unbalanced.

b. Crank exactly balanced against mass at crankpin.

c. Crank optimally overbalanced against masses at crankpin and wrist pin.

Piston, conrod, and crank masses = 1. Place the CG of the crank at 0.5r and the conrod at 0.33/.
Compare and explain the differences in the wrist pin force under these different conditions with
reference to the governing equations.

Assumptions: 1. Peak cylinder pressure is 600 psi.

2. Link length ratio is L/R = 4.

3. Main pin dia is 2.00 in.

4. Crankpin dia is 1.500 in.

5. Friction coefficient is zero.

Solution: See Mathcad file P1331.

1. Enter the above data and the masses for part @ into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

a. Engine unbalanced F2I1max == 79004 .Ibf

Polar plot of wrist pin force for parta.

w ENGINE for Windows by B. L. Norton - Copyright 1938

Wristpin Force
Ib

2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

b. Crank exactly balanced against mass at crankpin F2imax == 79004-1bf



DESIGN OF MACHINERY SOLUTION MANUAL 13-31-2

Polar plot of wrist pin force for part b.

il m FHGINE for Windows by R I HMHorton - opynght 1998
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3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
force on the wrist pin and to get the polar plot of this force.

& Crank optimally overbalanced. F21max = 79004-1bf
See polar plot on next page.
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Polar plot of wrist pin force for partc.

| m ENGINE for Windows by R. L. Norton - Copyright 1998

Wristpin Force
b
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&S PROBLEM 13.32

Statement:

Assumptions:

Solution:

Use program ENGINE, your own computer program, or an equation solver to calculate the
maximum value and the polar plot shape of the force on the shaking force of a one-cubic-inch
displacement, single-cylinder engine with bore = 1.12838 in for the following situations.

a. Engine unbalanced.

b. Crank exactly balanced against mass at crankpin.

c. Crank optimally overbalanced against masses at crankpin and wrist pin.

Piston, conrod, and crank masses = 1. Place the CG of the crank at 0.5 and the conrod at 0.33/.
Compare and explain the differences in the shaking force force under these different conditions
with reference to the governing equations.

1. Peak cylinder pressure is 600 psi.
2. Link length ratio is L/R = 4.

3. Main pin dia is 2.00 in.

4. Crankpin dia is 1.500 in.

5. Friction coefficient is zero.

See Mathcad file P1332.

1. Enter the above data and the masses for part a into program ENGINE to determine the maximum value of the
shaking force and to get the polar plot of this force.

a. Engine unbalanced F2Imax = 179023.-1bf

Polar plot of shaking force for part a.

wm ENGINE for Windows by R. L. Norton - Copynight 1998
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2. Enter the above data and the masses for part b into program ENGINE to determine the maximum value of the
shaking force and to get the polar plot of this force.

b. Crank exactly balanced against mass at crankpin F21max = 105075-1bf
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Polar plot of shaking force for part b.

wm ENGINE for Windows by B | Norton - Copynight 1998
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3. Enter the above data and the masses for part ¢ into program ENGINE to determine the maximum value of the
shaking force and to get the polar plot of this force.

c. Crank optimally overbalanced. F21max = 52617-1bf
See polar plot on next page.
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Polar plot of shaking force for part c.

wm ENGINE for Windows by R. L. Norton - Copyright 1998
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&S PROBLEM 13-33

Statement: Figure P13-1 shows a single-cylinder air compressor stopped at top dead center (TDC). There is a

static pressure P = 100 psi trapped in the 3-in-bore cylinder. The entire assembly weighs 30 Ib.
Draw the necessary free-body diagrams to determine the forces at points 4, B, and C, and the
supports R; and R,, which are symmetrically located about the piston centerline. Assume that the

piston remains stationary.
Given: Pressure: p:= 100psi Bore: d:=3.00in
Solution: See Figure P13-1 and Mathcad file P1333.
1. Calculate the gas force:
2
-d
Fg:= p(TJ Fg = 7069 Ibf

Draw the FBDs. There will be four FBDs: the piston, the conrod, the crank, and the housing or body.

The piston will have two downward forces; the gas force F; and the piston weight; and one upward force F34
acting at point C, whose magnitude is the sum of the gas force and the piston weight.

The conrod will have two downward forces; F; and the conrod weight; and one upward force F»; acting at
point B, whose magnitude is the sum of the gas force and the weights of the piston and the conrod.

The crank will have two downward forces; F3, and the crank weight; and one upward force F, acting at point
A, whose magnitude is the sum of the gas force and the weights of the piston, conrod, and crank.

The housing will have two downward forces; F,, acting at 4 and the weight of the housing acting at its CG; and
three upward forces; F, acting at the top of the cylinder, and the reaction forces R, and R,, whose magnitudes
will be one-half the total weight of the assembly, which is 15 Ib each. The gas force causes compression in
piston, conrod, and crank; and tension in the housing. The net force at the supports is the total assembly
weight.
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&S PROBLEM 13-34

Statement: Calculate and plot the position, velocity, and acceleration of a sliha-crmk linkage with =3, /=12,
and o = 200 rad/sec over one cycle using the exact solution and the approximate Fourier solution.
Also, calculate and plot the percent difference between the exact and approximate solutions for

acceleration.
Given: Link lengths: r:=3 [:=12

Angular velocity: o := 200-rad-sec !
Solution: See Mathcad file P1334.

1. Define the crank angle over one cycle.
0 := 0-deg, 1-deg..360-deg

2. Calculate and plot the exact and approximate position using equations 13.1d and 13.3¢.

Fxact (6) = rcos(0) + 1 ’1 _ G.s,-n(e))2

2
Approximate: x’(@) =1- 4:—1 +r (cos(@) + 4Ll-cos(2~9))

Exact & Approx Position

15 /

14 \ /7
13

- \ /

x'(6)

_____ 12 \ /

LN/

Position

10 \ /
9 \ /
0 45 90 135 180 225 270 315 360
o
deg
Crank Angle

3. Calculate and plot the exact and approximate velocity using equations 13.1e and 13.3d.

sin(2 .9)

- (.lr..s,-n(e))2

Exact: ) V(e) = —p - sin(e) + —251-
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Approximate: v'(G) = —r-cu-(sin(e) + le-sin(Z-B))

Exact & Approx Velocity
1000
500 //
0
2 w0)
$ YO o0
; -----
=500 //
—1000
0 45 90 135 180 225 270 315 360
S
deg
Crank Angle

4. Calculate and plot the exact and approximate acceleration using equations 13.1f and 13.3e.

I:I2 -(1 - 2~cos(9)2) - rz-sin(e)ﬂ

a(G) = —rvmzv cos(e) _r 3

(12 - r2~sin(0)2) :

Exact:

. 2
Approximate: a(8) = —ro -(cos(@) + %-cos(2-9))
5. Compare the results by calculating the error in the approximation as a percent of the exact.

_ale) - ale)
o)==
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5 Exact & Approx Acceleration

P i SN

4 /1N

5‘10‘ / \

Acceleration
S
—
&)
s

-1.10°
- 5 ,
1.5-10
45 90 135 180 225 270 315 360
o
deg
Crank Angle
Acceleration Ervor - %
50

. error(0)
é % =50
~100
—150
0 45 90 135 180 225 270 315 360
0
deg

Crank Angle
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&S PROBLEM 13-35

Statement: Calculate and plot the position, velocity, and acceleration of a slider-crank linkage with r=3, /=15,
and @ = 100 rad/sec over one cycle using the exact solution and the approximate Fourier solution.
Also, calculate and plot the percent difference between the exact and approximate solutions for

acceleration.
Given: Link lengths: =3 [:==15

Angular velocity: o := 100-rad-sec” !
Solution: See Mathcad file P1335.

1. Define the crank angle over one cycle.
0 := 0-deg, 1-deg.. 360-deg

2. Calculate and plot the exact and approximate position using equations 13.1d and 13.3c.

Exact: H0) := r-cos(0) + 1. }1 - (—;:-sin(e)jz

2
Approximate: x(0):=1- f—l +r (cos(@) + f;cos(le))

Exact & Approx Position

18 ’ /
17 /

16

— \ /
x'(6)

_____ 15 \ /

LN/

Position

13 N V4
12 \ /
0 45 90 135 180 225 270 315 360
0
deg
Crank Angle

3. Calculate and plot the exact and approximate velocity using equations 13.1e and 13.3d.

sin(2-6)

- G.Sm(e)f

Exact: wWo) := o sin(0) + 2Ll.
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Approximate: v'(e) = —r'co-(sin(e) + 2Ll~sin(2-9))

Exact & Approx Velocity

/TN

200 4

400

2
S VO o
~

=200 \\—’ /

—400
90 135 180 225 270 315 360
0

deg
Crank Angle

4. Calculate and plot the exact and approximate acceleration using equations 13.1f and 13.3e.

| cos(0) - 21 = 2.00s0)) - i)

Exact: a(O) =—-re - 3

(l2 - rz-sin(9)2)2

. 2
Approximate: a'(O) =-ro -(cos(e) + §-cos(2-9))
5. Compare the results by calculating the error in the approximation as a percent of the exact.

a'(e) - a(9)

error(@) . » (0)
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Exact & Approx Acceleration

3.10

2 104 | //-.—\\ ~
4 / N

1-10 / \

Acceleration
)
1=
G
[N
£
o

-4.10*
45 90 135 180 225 270 315 360
0
deg
Crank Angle
Acceleration Error - %
200
150
100
. error(0)
L§ %
50
o Jr -
—50
45 90 135 180 225 270 315 360
L |
deg

Crank Angle
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&S PROBLEM 13-36

Statement: A slider-crank linkage has the dimensions and speed at t = 0 given below. Its initial crank angle is
zero. Calculate the piston acceleration at the time specified below. Use two methods, the exact
solution, and the approximate Fourier series solution and compare the results.

Given: Link lengths: r:=3-in l:=9-in

Initial angular velocity: o := 100-rad-sec ! Time span:  f:= 0.01-sec
Solution: See Mathcad file P1336.
1. Calculate the exact acceleration using equation 13.1f.

[12(1 - 2-cos(cu-t)2) - rz-sin(w-t)ﬂ

3

(12 - r2-sin(a) -1)2) i

Qoxact = —r-mz- cos(m-t) L

Goxact = —121333 l’—z-

sec

2. Calculate the approximate acceleration using equation 13.3e.

in

2
Agpprox = —T"® o(cos(m-t) + §-cos(2-m-t)) agpprox = —12047.6
sec

3. Compare the results by calculating the error in the approximation as a percent of the exact.

Aapprox — Qexact
error = cppror e error = -0.706 %

Qexact
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&S PROBLEM 13-37

Statement: A slider-crank linkage has the dimensions and speed at t = 0 given below. Its initial crank angle is
zero. Calculate the piston acceleration at the time specified below. Use two methods, the exact
solution, and the approximate Fourier series solution and compare the results.

Given: Link lengths: r:=3-in [:=15in
Initial angular velocity: = 100-rad-sec ! Time span: ¢ := 0.02-sec
Solution: See Mathcad file P1337.

1. Calculate the exact acceleration using equation 13.1f.

(09 - 21— 2costo?) - Psino-1)]

3

(12 - r2-sz'n(co-t)2)2

2
dexaet = —1"@ | coOs

doxact = 16436.6 iz
sec

2. Calculate the approximate acceleration using equation 13.3e.

’ .
Aapprox = —T® -(cos(m-t) + §-cos(2-m-t)) Qgpprox = 16406.3 12
sec

3. Compare the results by calculating the error in the approximation as a percent of the exact.

Aapprox — Qexact
error = T emm error = —0.185%
Qexact
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&S PROBLEM 13-38

Statement: The equation given below is an approximation of the gas force over 180 deg of crank angle. Using
this equation with B = 15 deg and F,,,, = 1200 Ib, calculate and plot the approximate gas torque for
r=4inand /=12 in. What is the total energy delivered by the gas force over the 180 deg of
motion? What is the average power delivered if the crank rotates at a constant speed of 1500 rpm?

Units: rpm:= 2.n-rad-min

Given: Link lengths: r:=4in [:= 12in Speed: n:= 1500rpm
Maximum gas force: Fomax = 1200.1bf Gas force parameter: B := 15.deg
Gas force equation:

0 Fomax 6-p
Foi0) =F -Sin| —-— Fon8) = ———| 1 + cos| -
gl() gmax "(B 2) gZ() 2 ( ( - B
Fgl0) := if(0 < B, Fy1(6), F20))
Solution: See Figure P2-17 and Mathcad file P0236.
1. Define the crank angle over 180 deg.

0:=0-deg, 1.deg.. 180-deg

Using equation 13.8b, calculate and plot the approximate gas torque as a function of crank angle.

Gas Torque - in-lb

T,21(6) = Fg(e).r.sm(e).(l . §.cos(e))

GAS TORQUE
5000
4000 / \
3000 / \
Tg21(0)
in-Ibf
2000 \
1000
0 0 20 40 60 80 100 120 140 160 180
S
deg
Crank Angle

Integrate the gas torque over the range of crank motion (180 deg) to determine the energy delivered.
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(1
E:= J Ty21(6) 40 E = 485.71bf- ft
0

4. Divide the energy delivered by the time for the crank to travel 180 deg to get the average power.

(oo 180-deg
) n

t = 0.020 sec

E
t
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4 PROBLEM 13-39

Statement:

Given:

Assumptions:

Solution:

A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the gas force and gas torque at this position.

Link lengths: r:=3.75in [:=1Lin
Pistonbore:  B:=2.5-in  Peakpressure:  po:=1150-psi Crankangle: 0 := 12-deg

An approximate solution is acceptable.

See Mathcad file P1339.

1. Calculate the gas force on the piston using equation 13.4.

T

2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg2j = Fgr~sin(9)-(l + -l':-cos(e)) Tg21 = 5869 in-Ibf
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& PROBLEM 1340

Statement: A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the exact gas torque at this position and compare it to that obtained by the
approximate expression in equation 13.8b. What is the percent error?

Given: Link lengths: r:=3.75in [:=1l-in
Pistonbore:  B:=2.5.in  Peakpressure:  po:=1150.psi Crankangle: 6 :=12.deg

Solution: See Mathcad file P1340.
1. Calculate the gas force on the piston using equation 13.4.

n 2
Fg:= Z-pr Fg = 5645 Ibf
2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg2la= Fg-r-sin(e)-(l + %-cos(e)) Tg21a = 5868.91 in-Ibf

3. Calculate the exact gas torque on the crank using equations 13.7b, 13.1d, and 13.6d.

¢:=ata r-sin(e) ¢ = 4.064 deg

2
1 {1- G-sin(e))
. 2
X = r-cos(e) + - ]1 - (-I--sin(e)) x = 14.640in
Tg21e:= Fgrtan(¢)-x Tg2le = 5872.61 in-Ibf
4. Compare the results by calculating the error in the approximation as a percent of the exact.

To21a— Tg21
error = M error = —0.0630 %

TgZ!e
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&< PROBLEM 13-41

Statement: A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the gas force and gas torque at this position.

Given: Link lengths: r:=4.12in [:= 14.5in
Piston bore:  B:=225.-in Peakpressure:  po:=1325.psi Crankangle: 0 :=9.deg

Assumptions: An approximate solution is acceptable.

Solution: See Mathcad file P1341.
1. Calculate the gas force on the piston using equation 13.4.

4 2
Fgi=7PgB Fg = 5268 Ibf
2. Calculate the approximate gas torque on the crank using equation 13.8b.

Tg21:= Fg-r-sin(e)-(l + §-cos(e)) Tg21 = 4348 in-Ibf
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&S PROBLEM 1342

Statement: A slider-crank linkage has the dimensions given below. The peak gas pressure and crank angle are
also given. Calculate the exact gas torque at this position and compare it to that obtained by the
approximate expression in equation 13.8b. What is the percent error?

Given: Link lengths: r:=4.12in [:=14.5in
Pistonbore:  B:=225.in Peakpressure:  pg:=1325.psi Crankangle: @ :=9-deg

Solution: See Mathcad file P1342.

1. Calculate the gas force on the piston using equation 13.4.
2. Calculate the approximate gas torque on the crank using equation 13.8b.
Tg2ia'= Fg-r-sin(e)-(l + —:—-cos(e)] Tg21a = 434838 in-Ibf

3. Calculate the exact gas torque on the crank using equations 13.7b, 13.1d, and 13.6d.

r-sin(e)

¢ := ata ¢ = 2.548deg

11— G-sin(e))2

2
r-cos(0) + I- ‘1 - G-sm(e)) x = 18.555in

Tg2le:= Fgtan($)-x Tg21e = 4349.32 in-Ibf

=
W

4, Compare the results by calculating the error in the approximation as a percent of the exact.

Tg21a — Tg21
error = _gra e error = -0.0217%

TgZIe



DESIGN OF MACHINERY SOLUTION MANUAL 13-43-1

S PROBLEM 1343

Statement: The dimensions and mass properties of a slider-crank linkage are given below. Determine the
approximately dynamically equivalent two-mass lumped parameter model for this linkage with the
masses placed at the crank and wrist pins.

Units: blob = Ibf .sec-in |
Given: Masses: m2:= 0.045blob m3:=0.120blob my4:= 0.15blob
Crank CG location as fraction of its length: r2=04

Assumption: Two-thirds of the conrod mass is placed at the crank pin and one-third at the wrist pin.

Solution: See Mathcad file P1343.
1. Determine the lumped masses for link 3 using equations 13.10a and 13.10b and the assumption as to mass
distribution.
2
Masses: m3g:=m 3-; m3q = 0.0800 blob
1
m3p = m3-§ m3p = 0.04000 blob

2. Determine the lumped mass at point A due to the crank alone using equation 13.11.

Masses: myq = mpr mpq = 0.0180 blob

3. Determine the two-mass model with masses placed at the crank and wrist pins using equations 13.12.

mgqi=m2q+ M3q my = 0.098 blob

mpg:=m3p + my mp = 0.190 blob
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&< PROBLEM 1344

Statement: The dimensions and mass properties of a connecting rod are given below. Calculate the sizes of
two dynamically equivalent masses and the location of one if the other is placed at point B (see

Figure 13-10).
. 2. -1
Units: blob = Ibf-sec”-in
Given: Conrod length: /:= 12.5in mass: m3:= 0.120b/0b
Mass moment of inertia: I3 := 0.15-blob- in2
Distance to CG : lp:=45-in
Solution: See Mathcad file P1344.

1. Determine the exact model using equations 13.9d and 13.9¢.

Distance from point B to CG: Ip=1-1, Ip =8.000in
. I3 :
Distance from CG to lumped mass atP:  /,:= —— Ip=0.156in

m3-lp
Ip
Masses: mp=m3 mp, = 0.118 blob
Ip+1p

IP
Ip+1p

mp:=m3- mp = 0.00230 blob
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&< PROBLEM 13-45

Statement: The dimensions and mass properties of a slider-crank linkage are given below. Determine the
approximately dynamically equivalent two-mass lumped parameter model for this linkage with the
masses placed at the crank and wrist pins.

Units: blob := Ibf secein |
Given: Masses: m):=0.060blob m3:=0.180blob m4:= 0.160blob
Crank CG location as fraction of its length: rp:=0.38

Assumption: Two-thirds of the conrod mass is placed at the crank pin and one-third at the wrist pin.
Solution: See Mathcad file P1345.

1. Determine the lumped masses for link 3 using equations 13.10a and 13.10b and the assumption as to mass
distribution.

2
Masses: m3g = mg-g m3q = 0.1200 blob
1
m3p = mg-g m3p = 0.06000 blob

2. Determine the lumped mass at point 4 due to the crank alone using equation 13.11.

Masses: myg = m)r2 m2q = 0.0228 blob

3. Determine the two-mass model with masses at the crank and wrist pins using equations 13.12.

mgq:i=my;+ m3g my4 = 0.143 blob

mpg:=m3p+ my mp = 0.220 blob
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4 PROBLEM 13-46

Statement: The dimensions and mass properties of a connecting rod are given below. Calculate the sizes of
two dynamically equivalent masses and the location of one if the other is placed at point B (see
Figure 13-10).

Units: blob := lbf-sec’-in” *

Given: Conrod length:  /:= 10.4in  mass: m3:= 0.180blob
Mass moment of inertia: Ig3:= 0.12-blob-in2
Distance to CG : lg:=4.16-in

Solution: See Mathcad file P1346.

1. Determine the exact model using equations 13.9d and 13.9e.

Distance from point B to CG: Ip:=1-1, Ip=6.240in
. 1G3 :
Distance from CG to lumped mass at P: Ip=—— 1,=0.107in

m3-lp
Ip
Masses: mp :=m3 mp = 0.177 blob
Ip+1p
I
mp:=m3- mp = 0.00303 blob

Ip+1p
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& PROBLEM 1347

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.

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

Given: Conrod length: /:=12.5in mass: m3:= 0.120blob
Distance to CG (as fractionof [):  r3;:= 0.36
Crank length:  r:=3.13-in mass: m) :=0.045-blob
Distance to CG (as fraction of r):  r7,:= 04
Piston mass: my = 0.015-blob
Crank speed: @ := 1800-rpm Crank angle: 0 := 30-deg

Solution: See Mathcad file P1347.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3q1 la=4.500in
Distance from point B to CG: Ip=1-1, Ip = 8.000in
I
Let lp:=1Ig m3q:=m3 m3, = 0.0768 blob
I+ 1p
P
IP
m3p:=m3 m3p = 0.04320 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2 = rgr rg2=1252in
G2
Mass: myg = my— mpq = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

mqi=m2q+ M3g my = 0.0948 blob

mpg:=m3p + My mp = 0.0582 blob

4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.

Fiy = —-mA-(—r-a)z-cos(e)) - mB-[—r-a)z-(cos(B) + %-cos(Z-G))] Fi = 15546 Ibf
(ro?sine)
Fy = -mg\-ro -sin8) Fy = 5271 16f

F; :=,/Fixz+F,-y2 Fi=164151f at  atan2(Fy,Fy) = 18.731 deg

Tiz1 = —mB-rz-mz-sin(B)-(ﬁ + cos(e) + %-cos(Z-G)) Ti2; = -11943 in-lbf
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47 PROBLEM 1348

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.

Units: blob = Ibf -secz-in_ ! rpm:=2-n-rad-min !

Given: Conrod length: /:= 10.4in mass: m3:= 0.180blob
Distance to CG (as fraction of /):  r3,:= 0.40
Crank length:  r:=2.60-in mass: m) := 0.060-blob
Distance to CG (as fraction of 7):  r,:= 0.38
Piston mass: my = 0.016-blob
Crank speed: o := 1850-rpm Crank angle: 9 := 20-deg

Solution: See Mathcad file P1348.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg=r3gl I, =4.160in
Distance from point B to CG: p=1-1, Ip=6240in
Ip
Let Ip:=1, m3q:=m3 m3q = 0.1080 blob
Ip+1p
IP
m3pi=m3 m3p = 0.07200 blob
Ip+1Ip

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2 = ragr rGg2 = 0.988in
rG2
Mass: myg = my-—— m2q = 0.0228 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

myi=m2q+ M3q my = 0.1308 blob

mp:=m3p + Ny mp = 0.0880 blob

4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.

Fix = —mA-(—r-u)2-cos(9)) - mB-I:—r-mz-(cos(O) + §-cos(2-9))] Fix = 21708 Ibf

2
Fiy:= —mA-(—r-co -sin(e)) Fiy = 4365 Ibf
Fi:= ‘}F,-xz + Fiyz F;=2214316f at  atan2(Fix,Fy) = 11371 deg

Tiz] == —mB-rz-w2-sin(6)-(2—rI- + cos(()) + %-cos(ze)) T2 = -10324 in-Ibf
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& PROBLEM 1349

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.

Units: blob := Ibf-seczq'n_ ! rpm:= 2-n-rad-min !

Given: Conrod length:  /:= 10.4in  mass: m3:= 0.120blob

Distance to CG (as fraction of /):  r3,:= 0.36

Crank length:  r:=2.60-in mass: m) := 0.045-blob

Distance to CG (as fraction of 7):  rp,:= 0.40

Piston mass: my ;= 0.015-blob

Crank speed: @ := 2000-7pm Crank angle: 0 = 25.deg

Solution: See Mathcad file P1349.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3gl Ig=3.744in
Distance from point B to CG: Ip=1-1, Ip = 6.656in
Ip
Let Ip:=1lg m3g = m3 m3q = 0.0768 blob
Ip+Ip
Ip
m3p = m3- m3p = 0.04320 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2=1r2gT rg2 = 1.040in
rg2
Mass: myq = my— m>, = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

my=myy;+ m3g my = 0.0948 blob

mp:=m3p + my mp = 0.0582 blob

4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.
Fix = —mA-(—r-mz-cos(G)) - mg[—r~m2-(cos(9) + §~cos(2-9)):| Fix = 16881 Ibf
Fiy = —mA-(—r-mz-sin(B)) Fiy = 4569 Ibf

Fiom|Fal + By Fi=174890bf at  atan2(Fir,Fyy) = 15.145 deg

T2l = —mg»r2-m2-sin(9)-[zil + cos(8) + 2—';-cos(2.e)) Ti21 = —9280 in-Ibf
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4 PROBLEM 13-50

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the inertia force and inertia torque for the linkage.

Units: blob := Ibf" -secz-in_ ! rpm:= 2-n-rad-min !

Given: Conrod length: /:= 12.5in mass: m3:= 0.180blob

Distance to CG (as fractionof I):  r3,:= 0.40

Crank length:  r:=3.13-in mass: m) := 0.060-blob

Distance to CG (as fraction of 7):  rp,:= 0.38

Piston mass: my = 0.015-blob

Crank speed: o := 1500-rpm Crank angle: 0 :=22-deg

Solution: See Mathcad file P1350.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: Ig=r3gl 1, =5.000in
Distance from point B to CG: Ip:=1-1,4 lp =7.500in
Iy
Let Ip=1, m3g = m3- m3, = 0.1080 blob
Iy +1p
P
IP
m3p = m3- m3p = 0.07200 blob
Ip +1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2:="ragr rGg2=1.189in

Mass: myg = my-—— my, = 0.0228 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

myg:=my;+ m3ig my4 = 0.1308 blob

mp:=m3p + my mp = 0.0870 blob

4. Calculate the inertia force and inertia torque using equations 13.14d and 13.15d.

Fix = —mA~(—r-co2-cos(9)) - m3|:—r~m2-(cos(9) + %-cos(Z-G))] Fix = 16806 Ibf
(-ro2sie)
Fiy = -mg\-ro-sin(0) Fy = 3784 Ibf

Fi= ,fFixz +Fy? Fi=172270f at  atan2(Fy,Fy) = 12.689 deg

Tj2) = —mﬁrz-m2-sin(e)~(5’7 + cos(0) + %-cos(z-e)) Ti21 = —10419 in-Ibf
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@S PROBLEM 13-51

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces torque on the linkage.
Units: blob = Ibf sec2in” | rpm:= 2-n-rad-min !
Given: Conrod length:  [:= 12.5in mass: m3:=0.120blob
Distance to CG (as fraction of /): r3g:=0.36
Crank length:  r:=3.13.in mass: mj:= 0.045-blob
Distance to CG (as fraction of r):  rp,4:= 0.40
Piston mass:  my .= 0.150-blob Gas force: Fg = 600-Ibf
Crank speed: @ := 1800-rpm Crank angle: 0 := 30-deg

Solution: See Mathcad file P1351.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3g1 I, =4.500in
Distance from point B to CG: lp=1-1, Ip = 8.000in
Ip
Let Ip:=1, m3g:=m3 m3g = 0.0768 blob
Ip+1p
Ip
m3p:=m3 m3p = 0.04320 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O; to CG: rG2i=1r2gt rg2=1252in

Mass: myg = my-—— mj, = 0.0180 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

myq=m2qg+ m3q my4 = 0.0948 blob

mp:=m3p+ my mp = 0.1932 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

¢ = ata r-5inl6) ¢ = 7.192 deg
2
1|1 - G-sin(e))
ag:= —r'(oz-(cos(ﬁ) + §~cos(2-9)) ag= -1 ]0234.9’.—'12

sec

5. Determine the sidewall force F4; using equation 13.20.
Fyp:= {(m4 + m3b)-a3 + Fg:l-tan(d)) Fq1 = 26121bf
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6. Determine the wrist pin force F34 using equation 13.21.

F34x = Fg+ myap F34y = -15935 Ibf
Fi4y = { Fg + (mg+ m3p)-ap]-tan(9) F34y = 2611.916f
F3y :=,}F34x2 + F34y2 F34= 161479 Ibf
034 := atan2(F34x,F34y) 834 = 170.692 deg

7. Determine the crankpin force F;3; using equation 13.22.

2
F325 = m3gro -cos(e) - (m3b + m4)~aB - Fg F334 = 28094 Ibf
2
F32y:= m3gr-o”-sid®) + [ Fg + (m4 + m3p)-ap]-tan(o) F32y = 1658.6 lbf
2 2
F32:=,}F32x + F32y F3y = 28143 Ibf
032 := atan2(F32x,F32y) 832 = 3.379 deg

8. Determine the main pin force F3; using equations 13.19¢ and 13.22.

2
Fo1x:=mogro -cos(e) + F32% Fix = 29828 Ibf

2
Faly = magro -sif®) + F3z, Fa1y = 2659.51bf

2 2
F2; :=,’F21x + Fapy F1=29946 Ibf

021 := atan2F21x,F21y) 821 = 5.095 deg
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@S PROBLEM 13-52

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces torque on the linkage.
Units: blob = Ibf: secoin rpm:= 2-n-rad-min !
Given: Conrod length: /:=104in mass: m3:= 0.180blob
Distance to CG (as fraction of /): r3q:=0.40
Crank length:  r:=2.60-in mass: m) .= 0.060-blob
Distance to CG (as fractionof 7):  rp,:= 0.38
Pistonmass:  my := 0.160-blob Gas force: Fg:= 600-Ibf
Crank speed: @ := 1850-rpm Crank angle: 6 := 20-deg

Solution: See Mathcad file P1352.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: Ig:=r3q°1 I,=4.160in
Distance from point B to CG: Ip=1-1, Ip=6.240in
I
Let Ip:=lq m3g:=m3 m3, = 0.1080 blob
Ip
m3p = m3- m3p = 0.07200 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2=12qr rg2 = 0.988in

Mass: mygi=mpy— m), = 0.0228 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.

my:=my;+ m3g my4 = 0.1308 blob

mp:=m3p+ my mp = 02320 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

¢ := ata r-sin) ¢ = 4.905 deg
2
I]1- G-sin(e))
ag:.= —r-m2-(cos(6) + %-cos(2~9)) ag= -1 10386.2%

sec

5. Determine the sidewall force Fy; using equation 13.20.

Fy;:= —[(m4 + m3b)-a3 + Fg]-tan(¢) Fyj = 2146 Ibf
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6. Determine the wrist pin force Fi4 using equation 13.21.

F34x:=Fg+ myap F345x = -17062 lbf
F34y:= - Fg + (mq + m3p)-ap]-tan(¢) F34y = 21463 1bf
F3y4 :=JF34,,2 + F34y2 F34=17196.3 Ibf
034 := atan2(F34x,F34y) 034 = 172.830 deg

7. Determine the crankpin force F3; using equation 13.22.

F32x = m3a-r~m2~cos(6) - (m3b + m4)-aB - Fg F325 = 34913 Ibf

F3y = m3a-r-u)2-sin(0) +[Fg+(mys+ m3p)-ap]-tar($) F32y = 14582 16f
{ 2 2

F32:=\F32x +F32y F32 = 34943 Ibf

035 := atan2(F32x,F32y) 032 = 2.392deg

8. Determine the main pin force F,; using equations 13.19c and 13.22.

2
Fa1x = magro -cos(0) + F3ay Fa1x = 37004 Ibf

2
F21y = magro ~sin(6) + F32y Fa1y = 2219.21bf

Fay :=JF21,,2+F21),2 Fa1=37070 Ibf

021 := atanAF2x,F21y) 871 = 3.432deg
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4 PROBLEM 13-53

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces torque on the linkage.
Units: blob = Ibf -sec2-in_ ! rpm:= 2-n-rad-min !
Given: Conrod length: /:= 10.4in mass: m3:= 0.120blob
Distance to CG (as fraction of /): r3g:= 0.36
Crank length:  r:=2.60-in mass: m):=0.045-blob
Distance to CG (as fractionof r):  rp,;:= 0.40
Piston mass:  my := 0.150-blob Gas force: Fg:=350-1bf
Crank speed: o := 2000-rpm Crank angle: 9 :=25-deg

Solution: See Mathcad file P1353.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: lg:=r3q1 l,=3.744in
Distance from point B to CG: Ip=1-1, lp = 6.656in
)
Let Ip:=1, m3g:=m3- m3q = 0.0768 blob
Ip+1p
Ip
m3p = m3- m3p = 0.04320 blob
Ip +1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2 =gt rg2 = 1.040in

rG2
Mass: myg = my— mq = 0.0180 blob
r

3. Calculate the lumped masses at points A and B using equations 13.12.
my:=my;+ m3g my4 = 0.0948 blob

mp:=m3p + my mp = 0.1932 blod

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

r-sin(e)

¢ := ata ¢ = 6.065 deg

L1 - G-sin(e))z

ag:= —r-mz-(cos(e) + %-cos(Z-e)) ag= —121690-6—”‘%
sec

5. Determine the sidewall force F,; using equation 13.20.

Fyq1 = —[(m4 + mgb)-aB + Fg]-tan(¢) Fyq1 =246116f
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6. Determine the wrist pin force Fi34 using equation 13.21.

F34x:= Fg+ myap F34x = -17904 Ibf
F3gy:= { Fg+ (my + m3p)-ap]-tan(9) F34y = 2460.8 Ibf
F3y :=,‘F34x2+F34y2 F34=18071.91bf
834 := atan2(F34x,F34y) 034 = 172.174 deg

7. Determine the crankpin force F3, using equation 13.22.

F3x:= m3a-r-m2-cos(6) - (mgb + m4)‘a3 - Fg F3o, = 31099 {bf

F3pp:=m saro-sif8) + [ Fg+ (ms + m3s)-ap]-tan(9) F32y = 12409 16f
' 2 2

F32:=F3x +F32 F3y=311241bf

032 := atan2(F32x,F32y) 032 = 2.285 deg

8. Determine the main pin force F; using equations 13.19¢ and 13.22.

2
Foy = mogro -cos(e) + F32x Fo1x = 32959 Ibf

2
Fapy = mygro -sif8) + F3, Fa1y = 2108.5Ibf

Fy :=,‘F21x2+F21y2 Fy; =33027 I6f

021 := atanZ(Fg;x,szy) 021 = 3.660deg



DESIGN OF MACHINERY SOLUTION MANUAL 13-54-1

& PROBLEM 13-54

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
Calculate the pin forces torque on the linkage.

Units: blob := Ibf -secz-in_ ! rpm:= 2-n-rad-min !
Given: Conrod length: /:= 12.5in mass: m3:= 0.180blob
Distance to CG (as fraction of /): r3q = 0.40

Crank length: .= 3.13-in mass: m) := 0.060-blob

Distance to CG (as fraction of r):  rp,:= 0.38

Piston mass:  my:=0.150-blob  Gas force: Fg:= 550-Ibf
Crank speed: o := 1500-rpm Crank angle: 0 :=22.deg

Solution: See Mathcad file P1354.
1. Determine the approximate conrod model using equations 13.9d, letting [, = /,.

Distance from point 4 to CG: Ig:=r3g-l lg=5.000in
Distance from point B to CG: lp=1-1, Ip =7.500in
Ip
Let Ip:=lg m3q:=m3- m3, = 0.1080 blob
Ip+1p
lP
m3pi=m3- m3p = 0.07200 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.
Distance from O, to CG: rG2:=1r2gr rg2=1.189in

rg2
Mass: myg:=my—— mg = 0.0228 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

mygi=my,; + m3g my = 0.1308 blob

mp:=m3p + my mp = 0.2220 blob

4. Calculate the conrod angle and acceleration of the piston using equations 13.16e and 13.3e, respectively.

6 := ata r-5ir(6) b = 5.382 deg
2
1|1 - G-sin(e))
ap:= —r-mz-(cos(e) + §-cos(2-9)) ap = -85516.9 i"z
sec

5. Determine the sidewall force F; using equation 13.20.

Fy1:= {(my + m3p)-ap + Fg)-tan(¢) Fap = 173716f
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6. Determine the wrist pin force F34 using equation 13.21.

F3y4x = Fg+ myap F34x = —12278 Ibf
F34y = Fg + (mg + m3p)-ag]-tan(¢) F34y = 17369 Ibf
Fq:= JF34x2 + Fi4) Fiq= 12399.8 Ibf
034 := atanZ(F 34x,F34y) 034 = 171.948 deg

7. Determine the crankpin force F3; using equation 13.22.

F3y = m3a-r-m2-cos(6) - (m3b + m4)-a3 - Fg F32x = 26168 Ibf
F32y = m3a-r-u)2-sin(e) + [Fg + (nz4 + m3b)~aB]-tan(¢) F32y = 1387.71f
F32:= J F32x2 + F32y2 F32 = 26205 Ibf
032 := atanAF32x,F32y) 832 = 3.035 deg

8. Determine the main pin force F,, using equations 13.19¢ and 13.22.

2
Fapy = magro -cos(8) + F32x F21x = 27801 Ibf

2
F21y=mygrw -sin(e) + F32y F21y = 20473 1bf

2
F :=\'F2]x2+F2]y Fa1 = 27876 Ibf

021 := atanZ(Fz;x,FQIy) 021 =4.212deg
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&S PROBLEM 13-55

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius -r on the crank and recalculate the inertia force.
¢. Compare these results to those for the unbalanced crank.

Units: blob := lbf -secz-in_ ! rpm:= 2-n-rad-min_ :
Given: Conrod length: /:= 12.5in mass: m3:= 0.1205/0b
Distance to CG (as fraction of /):  r3,:= 0.36
Crank length:  r:=3.13-in mass: mj := 0.045-blob
Distance to CG (as fraction of 7):  rp,:= 0.4
Piston mass: my :=0.015-blob
Crank speed: @ := 1800-7pm Crank angle: 0 := 30-deg

Solution: See Problem 13-47 and Mathcad file P1355.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: Iy:=r3gl l,=4.500in
Distance from point B to CG: Ip:=1-1, Ip = 8.000 in
Ip
Let lp:=1Iq m3q:=m3- m3g, = 0.0768 blob
Ip+1p
IP
m3p:=m3- m3p = 0.04320 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O, to CG: rG2i=ragr rGg2=1252in
rg2
Mass: mpq = my—— mp, = 0.0180 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

my:=mo,+ m3g my4 = 0.0948 blob

mpg:=m3p+ my mp = 0.0582 blob

4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
Fix = -mB-l:—r-coz-(cos(G) + f-cos(2-9))] Fix = 6416 Ibf
Fiy = 0-1bf Fiy = 01bf

Fip = Fa® + Fy Fip=64161f at  atan2(Fy,Fyy) = 0.000 deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.
mp

mp = T mp = 0.0194 blob

Fix = —mA-(—r-(nz-cos(O)) - mp —r-mz-(cos(ﬁ) + §~cos(2-9)ﬂ Fi = 4547 Ibf

+ (m 4+ mp)-(—r-m 2-cos(())
(ro?sio) (o2 sinfe)
Fy = —mg\-ro -sm(e) + (mA + mp)- -r® -sm(B) Fiy = -1079 Ibf

Fiob = ,’Fixz + F,f Fioh =467316f at  atan2Fy,Fiy) = —13.346 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-47, the inertia force for the unbalanced
crank is F;:= 16415-1bf. The percent differences for the balanced and overbalanced cranks are:

Fip — Fi
Exactly balanced: A= —;‘_ A=-609%
i
Fiob — Fi
Overbalanced: A= ———— A=-T15%

Fi
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&S PROBLEM 13-56

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius -7 on the crank and recalculate the inertia force.
c. Compare these results to those for the unbalanced crank.

Units: blob = Ibf ~secz-in_ ! rpm:= 2-n-rad-min !
Given: Conrod length: /:= 10.4in mass: m3:= 0.180blob
Distance to CG (as fraction of /): r3g:=0.40
Crank length:  r:=2.60-in mass: m) := 0.060-blob
Distance to CG (as fractionof r):  7rp4:= 0.38
Piston mass: my = 0.016-blob
Crank speed: o := 1850-rpm Crank angle: 0 := 20-deg

Solution: See Problem 13-48 and Mathcad file P1356.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.

Distance from point 4 to CG: lg=r3q1 lp=4.160in
Distance from point B to CG: Ip=1-1, Ip = 6240in
Ip
Let lp =1, m3g:=m3 m3g = 0.1080 blob
Ip+1p
IP
m3p = m3 m3p = 0.07200 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2 =gt rg2 = 0.988in
rg2
Mass: myg:=myp—— myq = 0.0228 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

my=mdg+ M3q my = 0.1308 blob

mp:=m3p + my mp = 0.0880 blob
4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
2
Fix = —mg-[—r-m -(cos(e) + f-cos(z-e))] Fix = 9714 Ibf

Fy = 0-Ibf Fiy=01bf

Fip = ,/F,—xz +Fy Fip=971416f at  atan2(Fp,Fy) = 0.000deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.
mp

mp = —3— mp = 0.0293 blob

Fi = —mA-(—-r-coz-cos(e)) - mpg —r-a)z-(cos(e) + §-cos(2-6)n Fi = 7024 Ibf

+ (m A+ mp)-(—r-(n z-cos(B)

Fiy:= —mA-(-r-mz-sin(G)) + (mA + mp)-(—r-mz-sin(e)) Fiy =-9191bf

Figh = JFL»,,Z + Fy Fiob=70921f at  atan2(Fyy,Fy) = ~1.935 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-48, the inertia force for the unbalanced
crank is Fj:= 22143-Ibf. The percent differences for the balanced and overbalanced cranks are:

Fip - F;
Exactly balanced: A= —F-— A=-56.1%
i

Fiop — Fi
Overbalanced: A= ——F— A =-68.0%
i
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&S PROBLEM 13-57

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius -~ on the crank and recalculate the inertia force.
¢. Compare these results to those for the unbalanced crank.

Units: blob := Ibf -secz-in— : rpm:= 2-n-rad-min :
Given: Conrod length:  /:= 10.4in mass: m3:= 0.120blob
Distance to CG (as fraction of I):  r35:= 0.36
Crank length:  r:=2.60.in mass: m):=0.045-blob
Distance to CG (as fractionof 7):  r),:= 0.40
Piston mass: my = 0.015-blob
Crank speed: @ := 2000-rpm Crank angle: 0 := 25-deg

Solution: See Problem 13-49 and Mathcad file P1357.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg:=r3q1 la=3.744in
Distance from point B to CG: Ip:=1-1, lp = 6.656in
)
Let Ip:=1I4 m3g:=m3 m3, = 0.0768 blob
h+1p
p
m3p:=m3- m3p = 0.04320 blob
Ip+1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2i=ragr rg2 = 1.040in
rG2
Mass: mjg = my—— myq = 0.0180 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

myg:=my; + m3g my4 = 0.0948 blob

mp:=m3p + my mp = 0.0582 blob

4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
] B-[—r-mz-(cos(ﬁ) + ?cos(lﬂ)]] Fix = 7082 Ibf
Fiy = 0-1bf Fiy = 0lbf

Fip = ,}Fixz +Fy’ Fip=708206f at  atan2(Fy,Fiy) = 0.000deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.
mp

mp = T mp = 0.0194 blob

Fix = —mA~(—r-u)2-cos(9)) - mp —r-u)z-(cos(e) + §-cos(2-6)):| Fix = 5077 Ibf
+ (mA + mp)-(—r-m 2-cos(e)

Fiy:= —mA-(—r-m2-sin(9)) +(mg+ mp)-(—r-m 2-sin(6)) Fiy = -9351bf

Fiob = Jnxz + Fyl Fiob=516316f at  atan2(Fy,Fy) = ~10.435 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-49, the inertia force for the unbalanced
crank is Fj:= 17489./bf. The percent differences for the balanced and overbalanced cranks are:

Fip — Fi
Exactly balanced: A= — A=-595%

Overbalanced: A=-705%
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@S PROBLEM 13-58

Statement: The dimensions and mass properties of a crank, connecting rod, and piston are given below.
a. Exactly balance the crank and recalculate the inertia force.
b. Overbalance the crank with approximately two-thirds of the mass at the wrist pin placed at
radius - on the crank and recalculate the inertia force.
¢. Compare these results to those for the unbalanced crank.

Units: blob := Ibf secvin rpm:= 2-n-rad-min !
Given: Conrod length: /:= 12.5in mass: m3:= 0.180blob
Distance to CG (as fraction of /):  r3,:= 0.36
Crank length: 7 := 2.60-in mass: m) := 0.045-blob
Distance to CG (as fraction of 7):  ry;:= 0.40
Piston mass: my = 0.015-blob
Crank speed: o := 2000-rpm Crank angle: 9 := 25-deg

Solution: See Problem 13-50 and Mathcad file P1358.
1. Determine the approximate conrod model using equations 13.9d, letting /, = /,.
Distance from point 4 to CG: lg=r341 lp=4.500in
Distance from point B to CG: lp:=1-1,4 Ip = 8.000in
Ip
Let Ip=1lg m3q:=m3 m3q = 0.1152 blob
Ip+1p
Ip
m3p:=m3- m3p = 0.06480 blob
Ip + 1p

2. Determine the statically equivalent crank model using equations 13.11.

Distance from O; to CG: rG2 =gt rG2 = 1.040in
rg2
Mass: myg = my— m3q = 0.0180 blob
r

3. Calculate the lumped masses at points 4 and B using equations 13.12.

my=m;+ m3q my = 0.1332 blob

mp:=m3p + my mp = 0.0798 blob

4. Calculate the inertia force for an exactly balanced crank using equations 13.14d and 13.15d.
Fig = —mB-[—r-mz-(cos(B) + %-cos(Z-B)):' Fix = 9465 Ibf
Fiy == 0-16f Fiy=01bf

Fip = JFl-xz + F,-y2 Fip=9465If at  atan2(Fix,Fy) = 0.000deg
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5. Calculate the inertia force for an overbalanced crank using equations 13.14d and 13.15d.

mp
mp = T mp = 0.0266 blob

Fix = —mA-(—r-(o 2-cos(9)) —mp —r-mz-(cos(e) + §~cos(2-9))] Fix = 6716 Ibf

+ (m 4+ mp)-(—r-(o 2-005(6)

Fiy = ~m A-(—r-(oz-sin(ﬁ)) + (ma+ mp)-(—r-mz-sin(e)) Fiy = 1282 1bf

Fioh i= ,’F,—_xz + Fy’ Fiob = 68370bf at  atan(Fiy,Fy) = —10.808 deg

6. Compare the results to those for an unbalanced crank. From Problem 13-50, the inertia force for the unbalanced
crank is F;:= 17227-1bf. The percent differences for the balanced and overbalanced cranks are:

Fip — Fi
Exactly balanced: A= —F——- A=-451%
i

Fiop - Fi
OVCrbalanced: A= ‘——F_ A=-603%
i






