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Equilibrium, Stress, Strain, and Strength of Materials
Equilibrium occurs when the total linear forces or stresses and angular forces or torques completely cancel to zero.
YE =0 XE =0 Yt,=XrFsin@=)(rF), =0 Forces are determined from Free Body Diagram

Axial Stress, Axial Strain, Thermal Strain, Relations and Compatibilities
Axial Stress is the perpendicular to surface total axial directed forces acting on an object divided by the cross sectional
area of an object. Axial Stress creates Axial Strain or length change of an object divided by the initial length of the object.

A temperature change creates Thermal Strain or length change of an object divided by the initial length of the object.

Aial St _ Total Axial Forces _ F Aial F b lied or due to t . b
xial Stress o = Cross Sectional Area — A xial Forces may be applied or due to temperature changes

Change in Length  ALgyiqr  Lf —1L;

ALthermal _ Lf - Li

Thermal Strain € =

Axial Strain € =

Initial Length  Liniian L; AL AL Linitial LiF
al +
Total Strain and Percent Length Change %L change = € = axmlL thermal _ <a(Tﬁnal — Tmitial) + ﬁ)
initial
Axial Stress and Axial Strain are directly proportional through material constant Youngs Modulus or Elastic Modulus E
F AL Linai — Linitial FLinitial F
o=Ee¢ Z = ET = E( Linitial ) ALgxia1 = Lfinal = Linitiar = /llmEla Lfinal = Linitial (1 + ﬁ)

Thermal Strain is directly proportional to temperature change through material constant @ and may change axial forces
Linai — Linitial
ALtpermar = Lfinal — Linitiat = @ Linitiat AT = & Linitiar (Trinat — Tinitiat) AT = Teinar — Tinitiat = ———————

L . @ Linitiar
final — ~initial
Linar = Linitial (1 + a(Trinar — Tinitial)) Trinat = Tinitiat + ——————
v v @ Linitiar
final = Vinitial
Veinat = Vinitial (1 + B(Trinar — Tinitial)) Trinai = Tinitiar + v p =3a
ﬁ initial
Combined applied axial forces and temperature changes are related to the initial length and final length of an object
F Lfinal F
Ly 1=L--t-l<—+aT- z—T--t-z> Trinat = Tonieir + (T2 = =)
fina initia AE ( fina initia ) fina initia Linitial AE

Inline Compatibility relates length changes for multiple objects placed adjacent end on end with a possible gap between.

Inline No Gap Compatibility (ALthermal 1 + ALatxiatl 1) + (ALthermal 2 + ALatxial 2) + (ALthermal 3 + ALaxial 3) =0

Inline Gap Compatibility (ALthermal 1 + ALaxial 1) + (ALthermal 2 + ALaxial 2) + (ALthermal 3 + ALawcial 3) = 5gap

Inset Compatibility relates length changes for two objects with one object placed enclosed inside the other object.
Inset No Gap Compatibility (ALthermal 1 + ALaxial 1) - (ALthermal 2 + ALawcial 2) =0

Shear Stress, Shear Strain, and Relations
Shear Stress is the transverse to surface total shear directed forces acting on an object divided by the cross sectional

area of an object. Shear Stress creates Shear Strain or angle change of an object vertex in radians where 180° = 7 rad.

Total Shear Forces F ) ) )
Shear Stress T = Cross Sectional Area — A Shear Strain y = Change in Radian Angle = A0,,q = 0 — 0,
Shear Stress and Shear Strain are directly proportional through material constant Shear Modulus or Rigidity Modulus ¢

F

F
T=G6y Z =GA0rqq =G (innal - Qinitial) A6 = efinal — Oinitial = e efinal = Oinitiar + E

Hydraulic Stress, Hydraulic Strain, and Relations
Hydraulic Stress is the Pressure or total radial directed forces acting on an object divided by the surface area of an
object. Hydraulic Stress creates Axial Strain or volume change of an object divided by the initial volume of the object.

) F  Total Radial Forces Change inVolume AV V-V,
Hydraulic Stress P =—= - =7 ¢

Hydraulic Strain v =

A Surface Area Initial Volume — V Vi
Hydraulic Stress Pressure and Hydraulic Strain are directly proportional through material constant Bulk Modulus B
F AV Veinat = Vinitial P Vinitial P
P=Bv P= Z =B 7 =B (W) AV = Vfinal — Vinitiar = % Vfinal = Vinitial (1 + E)
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Fluids

Fluids are liquids and gases which completely enclose an object with buoyancy pressure forces and flow through tubes.
Force on Fluid F

= Boundary Area =7 Priuid open to atmosphere = 1 atm = 14.7 psi = 101350 Pa = 760 mmHg = 760 torr

Absolute Pressure and Gauge Pressure
Actual Pressure Pabsolute = Fatmosphere + Pgauge Measured Gauge Pressure Pgauge = Labsolute — Patmosphere
Pressure Due to Depth within a Fluid

Pabsolute = Fatmosphere + Pfluid at depthof h = Patmosphere + pfluid ) hdepth of measurement — Patm t+p g h
U Tube Manometer is a device used to measure pressures by the effect on liquid columns on both side of the u tube.
Papsotute = Patm + pgh Both Ends Open Tube py hy = p, h,  One End Closed Tube P+ pyghy =py9ghy

Bouyancy
Bouyancy is the pressure force applied to an object residing partially or completely within a fluid of density ps;,,;4

Bouyancy Force Fbouyancy = pfluid Vsubmerged g If ObjeCt is Completely submerged Vsubmerged = Vobject
. mobject
Weight Force W = Mobject 9 = Pobject Vobject g where Pobject = %
object

Partial Submerged Floating, Fully Submerged Critical Floating, and Sinking

Partial Submerged Floating occurs when upward buoyancy and other forces equal or exceed downward weight and
other forces. Fully Submerged Critical Floating occurs when upward buoyancy and other forces equal downward weight
and other forces. Sinking occurs when downward weight or other forces exceed upward buoyancy and other forces.

e

Vsubmerged < Vobject

Partial Floating Conditions Vsubmergea = Vobject
Pobject < Pfluid Critical Floating Conditions
mobject g < pfluid Vsubmerged g pobject = pfluid
Mobject 9 = Pfluid Vsubmerged 9 Vsubmerged = Vobject
Sinking Conditions
pobject > pfluid
mobject g > pfluid Vsubmerged g
Vsubmerged Vsubmerged _ pobject

Percent Submerged %Sub = = 1if povject = Priuia %oSub = if Pobject < Pfuid

object Vobject Pfluid
Apparent Weight Wapp = (pobject Vobject - pfluid Vsubmerged)g if pobject > pfluid Wapp =0 if pobject: < pfluid

Fluid Flow Equations
Fluid Flow Equations describe the relation between the speeds, heights, and pressures of a fluid at different locations.

Bernoulli Equation for Fluid Flow Equation of Continuity for Fluid Flow
1 5 1 5 dv, av,

P1+§P1171 +p1gy1 =P, +§,02172 +pP29Y2 p1 A1 vy = py Ay v; o1 E:szz or A1V1:E
P; and P, is the pressure of the fluid at location 1 and 2 p; and p, is the density of the fluid at location 1 and 2
p1 and p, is the density of the fluid at location 1 and 2 A; and A, is tube cross section area at location 1 and 2
v, and v, is the speed of the fluid at location 1 and 2 v, and v, is the speed of the fluid at location 1 and 2
v1 and y, is the height of the fluid at location 1 and 2 % and 22 is the volume flow rate at location 1 and 2

t t

Force Transfer Formula is Bernoullis Equation for a contained static hydraulic force transfer from one end to another.
F, K
A, A,
Toricellis Formula is Bernoullis Equation for fluid flow out of a large tank into the atmosphere through a small opening.

1
— 2
Pabove the fluid in the tank + pfluid ) yheight of fluid level above opening — ! atmosphere + E pfluid Vout of the opening

P, =P, which expands to Where F; is at one end and F, is at another end
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Wave Motion

Wave Motion is any kind of motion that repeats its exact transverse or longitudinal direction path over and over again at
a fixed point of space in the same amount of time, this amount of time being known as the period T, while a wavefront
oscillation between maximum and minimum values continues to move across the point in the longitudinal direction.
Fluids, stretched strings, sound, and light are all examples of possible Wave Motion. Wave Motion has kinematic forms:

Elastic Displacement Wave Transverse Direction Relations
The Transverse Direction is the actual direction for the oscillation of mass particles as a wave front passes through.

Transverse Displacement Transverse Displacement
y(x,t) =Yy, cos(kx + wt+ ¢p) y(x,t) =y, sinfkx + wt + @)
+ will be positive for leftward moving waves + will be positive for leftward moving waves
+ will be negative for rightward moving waves + will be negative for rightward moving waves
Transverse Velocity Transverse Velocity
dy(x,t) — . dy(x,t)
v(x,t) == = tToyn sinfkx+ wt+ ¢) v(x,t) == = twy, costkx+wt+ ¢p)
Transverse Acceleration Transverse Acceleration
ov(x,t) 2 v(x,t) 2 .
a(x,t) = =W Ymcos(kxtwt+ @) a(x,t) = =W YmSin(kx+wt+ ¢p)
a(x,t) = — w? y(x,t) a(x,t) = — w? y(x,t)
Transverse Force Transverse Force
F(x,t) = —maw?y, cosckx+wt+ ¢) F(x,t) = —mw?y, sinflkx+ wt+ ¢)
F(x,t) = —m w? y(x,t) F(x,t) = —m w? y(x,t)
Vi is displacement amplitude or the largest displacement  x is fixed position along the wave front ¢ is time elapsed
k is angular wave number  w is angular frequency or angular velocity ¢ is phase angle in radians tan ¢ = — wv;(z'ooz))
Maximum Transverse Displacement Maximum Transverse Velocity Maximum Transverse Acceleration
Ym Vm = @ Ym U = @ VU = 0% Yy

Occurs with the following Occurs with the following Occurs with the following

displacement cos or sin = +1 velocity cos or sin = +1 acceleration cos or sin = +1

y(x,t) = max = +y,,, or —y, v(x, t) = max = +v,, or — v, a(x,t) = max = +a,, or —ay,
or with the following or with the following or with the following

acceleration cos or sin = +1 displacement cos or sin = 0 displacement cos or sin = +1

a(x,t) =max = +a,, or —ay, y(x,t) =0 y(x,t) = max = +y,, or —y,
or with the following or with the following or with the following

velocity sinor cos =0 acceleration cos or sin = 0 velocity sinor cos =0
v(x,t) =0 alx,t) =0 v(x,t) =0

Longitudinal Direction Relations
The Longitudinal Direction is perpendicular to the Tranverse Direction and is the direction of wave propagation which
has a wave speed v related to its angular frequency w, wave number k,wavelength A, period T, and cycle frequency f.

w A
Longitudinal Wave Propagation Speed v=—===1f

kT

Wave Motion Relations
Wave relations for wave speed v, angular frequency w, wave number k,wavelength 1, period T, and cycle frequency f.

Natural Angular Frequency Natural Cycle Period Wavelength
5 21 T 2 1 1 27
w = T = — = —= — = —
f T w f k
Natural Cycle Frequency Wave Number v
w 1 2r A=<
2w T 1
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Sound Displacement Wave and Pressure Wave Longitudinal Direction Relations
The Longitudinal Direction is the direction for the motion of medium particles as a sound wave front passes through.

Longitudinal Pressure Difference Longitudinal Pressure Difference
Ap(x,t) = Apy, sin(k x t w t + @) Ap(x,t) = Ap,, cos(kxt wt + ¢)
Amplitude Relations Ap,, =vp w Sy, Amplitude Relations Ap,, =vp w Sy,
I=2pvaw?sh p Apm = B pp, I=2pvw?sh p Apm =B pp,
+ will be positive for leftward moving waves + will be positive for leftward moving waves
+ will be negative for rightward moving waves + will be negative for rightward moving waves
Longitudinal Displacement Longitudinal Displacement
s(x,t) = s, cos(kxt wt+ @) s(x,t) =5y, sinfkx twt+¢p)
+ will be positive for leftward moving waves + will be positive for leftward moving waves
+ will be negative for rightward moving waves + will be negative for rightward moving waves
Longitudinal Velocity Longitudinal Velocity
as(x,t)  — . dy(x,t)
v(x,t) =— = Twsysinkxtwt+¢) v(x,t) =5 - =twsycostkxtwt+g)
Longitudinal Acceleration Longitudinal Acceleration
__ov(xt) 2 _ov(xt) _ 2 .
a(x,t) =— = "w smcos(kx +wt+ ¢) a(x,t) = =W Spsinfkx+twt+ @)
a(x, t) = —w?s(x,t) a(x,t) = — w? s(x, t)
Longitudinal Force Longitudinal Force
F(x,t) = —mw? s, cos(kx+ wt+ ¢) F(x,t) = —mw? sy, sinfkx + wt + ¢)
F(x,t) = —m w? s(x, t) F(x,t) = —m w? s(x, t)
S, is displacement amplitude  Ap,, is pressure amplitude x is fixed position along the wave front ¢ is time elapsed
k is angular wave number  w is angular frequency or angular velocity ¢ is phase angle in radians tan¢ = — %
Maximum Sound Pressure Maximum Transverse Velocity Maximum Transverse Acceleration
Apm Um = WYn am:wvm:wzym
Occurs with the following Occurs with the following Occurs with the following
pressure cos or sin = +1 velocity cos or sin = +1 acceleration cos or sin = +1
p(x,t) = max = +Ap,, or — App, v(x, t) = max = +v, or —v, a(x,t) =max = +a,, or —ay,
displacement cos or sin =0 or with the following or with the following
y(x,t) =0 pressure cos or sin = 1 displacement cos or sin = +1
or with the following p(x,t) = max = +Ap,, or — Apy, y(x, t) = max = +y,, or —yn,
acceleration cos or sin = 0 displacement cos or sin = 0 pressure cosor sin = 0
a(x,t) =0 y(x,t) =0 p(x,t) =0
or with the following or with the following or with the following
velocity cos or sin = +1 acceleration cos or sin = 0 velocity sinor cos =0
v(x,t) = max = +v, or — v, a(x,t) =0 v(x,t) =0

Longitudinal Direction Relations

Wave speed v is related to its angular frequency @, wave number k,wavelength A, period T, and cycle frequency f.

w A 1 1
Longitudinal Wave Propagation Speed v = ToTC Af Arrival Time Dif ference At =d <v_ — v_)
2 "1

Wave Motion Relations
Wave relations for wave speed v, angular frequency w, wave number k,wavelength 1, period T, and cycle frequency f.

Natural Angular Frequency Natural Cycle Period Wavelength
5 21 T 2 1 1 27
w = T = — = —= — = —
f T w f k
Natural Cycle Frequency Wave Number v
w 1 21 A=—
2w T 1
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Phase Difference, Location Difference, Time Difference on a Single Wave
Phase Difference A¢ is the angular difference in radians between two points that differ in location or in time on a wave.

Location Difference Time Difference

2T 2T
Ax Location difference between two points on a wave At Time difference between two points on a wave
A Wavelength of the wave T Period of the wave

Interference of Two Waves
Interference of Wave motion results when two wave fronts with matching amplitude, angular frequency, and angular
wave number but phase shifted interfere with each other and combine to form a new wave front form

1 1 1
y(x,t) = Yy, sin(kx — wt) + y,, sin(kx + wt + ¢p) = 2 y,, cos (E qb) sin (kx + wt + Egb) Ymax = 2 Ym COS <§ ¢)

1 1 m
Arrival Time Dif ference of Wave Speeds At =d (v_ - v_) Speed of Sound v = (331+ 0.6 Ty, o¢) <
2 1
Constructive Interference of Waves Antinode Maxima Destructive Interference of Waves Node Minima
Path dif ference = x, —x; =mA = % m=12,.. Pathdifference =x, —x; = (2m2—1)/1 = (2";1)” m=12,..

Standing Waves
Standing Wave motion results when two wave fronts with matching amplitude, angular frequency, and angular wave

number but moving in opposite directions interfere with each other and combine to form a new wave front form

y(x,t) = Yy sin(kx — wt) + yp, sin(kx + wt) = 2 y,, sin(kx) cos(wt) Ymax = 2 Ym Sin(kx)
dy(x,t) : : dv(x, t) .
v(x, t) = ot - —2 w Yy, sin(kx) sin(wt) a(x, t) = ot - -2 w? y,, sin(kx) cos(wt)

The location of the nodes (zeros) and the antinodes (maxima) are stationary and occur only at certain allowed values
Allowed Node (Zero) Location, Wavelength, Frequency  Allowed Antinode (Max) Location, Wavelength, Frequency

_ni _ 2L _nv _ (@2n-1)2 4L _ (@n-1v
T2 A_n f_ZL - 4 ~ (2n-1) f= 4L
n is any positive integer: n = 1,2,3,4, ... The maximum amplitude achieved by the antinode locations is 2y,

Stretched String Sound Waves
Waves that travel on a stretched string with both ends clamped have a speed related to the Tension T in the string

T 1 m
Speed of String Wave v = ; Power of String Wave Pp,g =5 pv w? y2  with Linear Density y = A

2

T is string Tension, which is known or found from Newtons Second Law  is the Linear Mass Density 1 = %

Waves on a stretched string must have both ends as nodes and only certain wavelengths and frequencies are allowed.

Allowed Wavelengths Allowed Frequencies
_ 2L —r_mn
A= n f A 2L
n is any positive integer: n = 1,2,3/4, ... n = 1 is the fundamental frequency and the fundamental wavelength

Open or Closed End Pipe Sound Waves
Waves that travel in a pipe with open or closed ends have a speed equal to the speed of sound in air at temperature T

Speed of Pipe Wave at 20°C v = 343? Speed of Pipe Wave at any TempT v = (331+0.6 Tin°C)?
Waves must have closed end nodes and open end antinodes and only certain wavelengths and frequencies are allowed.
Pipe with Both Ends Open or Pipe with Both Ends Closed Pipe with One End Open and One End Closed
Allowed Displacement Node (Zero) Location, Pressure Allowed Displacement Antinode (Maximum) Location,
Antinode (Maximum) Location, Wavelength, Frequency Pressure Node (Zero) Location, Wavelength, Frequency
Y = ﬂ 1= 2L f _nv _ 2n-1) A _ 4L f _ 2n-1)v

2 n 2L 4 (2n-1) 4L
n is any positive integer: n = 1,2,3,4, ... n = 1is the fundamental frequency and the fundamental wavelength
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Beat Interference of Two Waves
Beat Interference of Wave motion results when two wave fronts with matching amplitude, angular wave number, and
zero phase shift but with different angular frequencies interfere with each other and combine to form a new wave front

- +
v(x,t) = Yy sin(kx — wqt) + vy, sin(kx + w,t) = 2y, sin(kx) cos <(u) t> cos <(u) t>

2 2
W+ w W] — W
y(x,t) = a,, cos <<1TZ) t) with amplitude Am = 2 Yy, sin(kx) cos ((172) t
The resulting wave front has an amplitude that varies in time with a Beat Cycle Frequency and Beat Angular Frequency
Amplitude Beat Cycle Frequency fpear = f1 — [ Amplitude Beat Angular Frequency peqr = W1 — Wy

Doppler Effect
Doppler Effect occurs when a wave with speed vy, v in medium iS €ither emitted from a moving source v, ;- received

by a moving detector v ,.tector OF both. The received wave cycle frequency fotector and wavelength A;.¢0ct0- at the
detector is related to the emitted wave cycle frequency fsource and wavelength A, from the source

Vwave in medium * Vdetector .
for a dif ferent source and detector

faetector = fsource < ] _ T
wave in medium T Vsource

Vwave in medium T vdetector)

Asource = Adetector ( for a dif ferent source and detector

wave in medium T Vsource
Numerator sign for Vgetector ~ + fOr detector approaching source — for detector receding from source

Denominator sign for vgpyrce  — fOr Source approaching detector + for source receding from detector

Detecting echo wave vy,qye in meaium from object v, j..; the received wave cycle frequency fy.rect0r and wavelength
Adetector at the detector is related to the emitted wave cycle frequency f;,,ce and wavelength 1., from the source

Vwave in medium t+ Vobject Vwave in medium T Usource .
faetector = fsource ( . source detector echo from object

Vwave in medium + Usource Vwave in medium + vobject

Vwave in medium + Vobject Vwave in medium * Usource .
Asource = Adetector < ! source detector echo from object

wave in medium + Usource Vwave in medium + 17object:

Numerator sign for Vopject + for object approaching source — for object receding from source
Denominator sign for vopject — for object approaching source + for object receding from source
Denominator sign for Vsoyrce — for source approaching object + for source receding from object
Numerator sign for Vsource + for source approaching object — for source receding from object

Sound Source Power, Sound Intensity, Sound Detector Power, and Decibel Level
Sound Source Power is the rate at which energy is emitted from the sound source per unit time. The sound emanates
outward usually in either a spherical shell wave front or a hemispherical shell wave front and has a received intensity

PSOU,T'C@
Sound Intensity Leoceived = —————— where Ay qvefront area May depend on distance
Awavefront area
A = 4nr? isotropic spherical wavefront at distance r A = 2nr? hemispherical wavefront at distance r
P Arecei
source recelver . . .
Sound Detector Power  Procoived = 2 where A, eceiver IS the receiver cross sectional area

wavefront area
Since Sound Intensity exists on a very large range of values it is common to reduce the scale size on the log Decibel Level

I w
Decibel Level df = 10log (1—) where the threshold of hearing standard intensity is I, =1 x 10712 oz
0

I
Dif ference in Decibel Level for two sources with intensities I; and I, AR =B, — B, =10log (1—2)
1

Mach Number and Mach Cone Angle
Mach Number N is the ratio of an object speed to the speed of sound in the medium within which the object moves.
Mach Cone Angle 6,, is the angle of the shockwave created by an object exceeding the speed of sound in the medium.

Vobject in medium 1 __ VUsound in medium

Mach Cone Angle sinf,, = — =

Vsoundin medium N 17objectin medium
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Kinetic Theory of Gases
Kinetic Theory of gas describes the relations of the state variables pressure, volume, and temperature to the gas speeds.

Ideal Gas Laws

Many gases approximate the Ideal Gas state. A gas must meet two conditions to be ideal and follow the Ideal Gas Laws:
Gas molecules must occupy a very small fraction of the container volume by existing at a low pressure.
Gas molecules must have high energy and small intermolecular forces by existing at a high temperature.

Ideal Gas Laws relate state variables pressure P, volume V, and temperature T to amount of gas in moles or molecules.
Vi RV,

MolesnVersion PV =nRT Molecules N Version PV =NkT State Variable Relation =
n Ty nyT,

5
Pressure 1 atm = 14.7 psi = 101350 Pa Temperature K = °C+ 273 °C = §(°F —32) Volume1m3 =1000L

m mass Ji J

=—  ————  MoleculesN =nN, where N, = 6.022 x 1023 R =8.314 k=1.381x10"2=
n M molar mass otecutes 1t Na Where Na mol K K

Molecular Speed Distribution and Root Mean Square Speed
Each molecule has a random speed; some are slow, a few are very fast, but the majority is in the middle range of speeds

v, most probable speed
Fraction of [ \Vavg average speed
Molecules Vrms TOOt mean square speed
P(v)
Speed Distribution Equation
3 2
1 M = _Mv
o P(v)=47r( )zvze 2RT
27RT
\\

Molecular Speed

The above colored coded graphs can be compared to each other according to the following schemes:

Absolute Temperature

The higher absolute temperature in Kelvin, the faster individual molecules move and the more the curve is stretched

Temperature of Blue Curve > Temperature of Green Curve > Temperature of Red Curve

Molecular Weight

The higher molecular weight in grams, the slower individual molecules move and the more the curve is compressed
Molecular Weight of Red Curve > Molecular Weight of Green Curve > Molecular Weight of Blue Curve

Most Probable Speed, Average Speed, Root Mean Square Speed
Most Probable Speed v, is the maximum of the distribution curve, Average Speed v,,,, is the statistical mean of the
distribution curve, and the Root Mean Square Speed v, is the root of the mean of the squared distribution curve.

Root M S Speed —3RTA Speed - [BRT Most Probable Speed _ |ERT
oot Mean Square Speed Vyms = |— verage Speed Vayg = | ost Probable Speed v, = |—

oo (00

Normalization f Pv)dv=1 Average Speed Vg,g = f v P(v) dv Most Probable Speed P’(vp) =0
0 0
Kinetic Energy per Molecule and Kinetic Energy Total
Each gas molecule has random speed and kinetic energy, but average kinetic energy that depends only on temperature.
3RT 3 3 1 3

Kaverage per molecule = m = E kT Kiotar = N Kaverage per molecule = E NkT = E m Urzms = E nRT

Mean Free Path

Mean Free Path is the average distance a gas molecule travels between collisions and is inversely related to density.
1 kT

ﬁndzg_\/fndzP

N
Amean free path = d = molecule diameter 7= number of molecules per volume
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Laws of Thermodynamics

Thermodynamics is the study of heat transfer, work of a system, stored internal energy, and order energy or entropy.
Zeroth Law The steady state equilibrium of objects in contact require the temperatures to be equal 7y, joct 1 = Topject 2
First Law The relationship between the change in internal energy AE, heat () added to, and work I/ done by a system

State Relation AE=Q+ W Dif ferential Relation dE = dQ + dW
Second Law The total entropy or disorder of the Universe will always increase during any process
ASuniverse >0 where ASuniverse = ASsystem + ASsurroundings

Third Law The entropy of a substance will only be zero when the substance is in a pure crystalline form at absolute zero
S°=0 only when in a pure crystalline form and at absolute zero temperature T = 0 K

Internal Energy, Heat, Work, Entropy and Gases in the First Law of Thermodynamics
First Law is the Work Energy Equation change in internal energy AE, heat () added to, and work I/ done by the system.

State Relation AE =Q+ W Dif ferential Relation dE =dQ +dW
Internal Energy Change To System Heat Added To The System Work Done On The System
dE =dQ +dW =nC,dT dQ =dE —dW =nC,dT +pdV dW =dE —dQ = —pdV
AE =nC, AT

Q=AE—W=nCUAT+fpdV W=—fpde—AreabelowPchrve

Vei Vei
Isothermal (AT =0) AE=nC,AT=0 W =-nRT In (ﬂ) Q=-W =nRT In (M)
initial initial
Isobaric (AP = 0) AE =nC,AT W =—pAV  Q =nC,AT + pAV = nC,AT + nRAT = nC,AT
Isochoric (AV = 0) AE = nC,AT W=0 Q = AE = nC,AT
Adiabatic (Q =0) AE =nC, AT W =AE =nC,AT Q=0
Free Expansion (P = 0 and Q = 0 but AV > 0) AE =nC,AT =0 W=0 Q=0
Full Cycle (AT = 0and AP =0and AV =0) AE =nC,AT =0

degrees of freedom f
C, = ( > )R C,=C,+R
monatomic gas diatomic gas polyatomic gas
3 5 5 7 C,=3R C,=C,+R=4R
C,=5R  Cy=C,+R=2R C,=5R  C=Cy+R=3R v S
Entropy
Entropy is the state function of disorder energy per temperature as a natural log of all possible microstate combinations
N!
Entropy S=klnW k =1.381 X 10_231 = —————— with total microstates N =n, + n, + ng + -
K nylnyIngl..

Stirlings Approximation InN!'=NInN—-N and S=k[(NInN—-N)—-(n,Ilnn; —n;)— (nyInn, —ny) — -]

Entropy Change AS;,.- for an irreversible process is equal to Entropy Change AS,..,, of any equivalent reversible process
final state dQ final state
AS = ASirreversivie = ASreversivie = f T dQ =T dS Q= T dS
initial state initial state
We:
AS =0 Adiabatic AS :% Isothermal AS :% _Jfinal

Heat Resevoir AS =k ln( ) Any Process

initial

Tf inal

mL
AS = - Solid, Liquid, or Gas Phase Change AS =mc ln( ) Solid or Liquid Temperature Change

initial

Ve Ty Vei Prinar Vri
AS=nR In (M> +nCy In <M) =nRIn <M) +nCy In (M) Gas for Any Process

initial initial initial Pinitial Vinitial

C, = ER monatomic gas C, = ER diatomic gas C, = 3R polyatomic gas

WWW.GRADEPEAK.COM 11
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Processes with PV Diagrams and Equations for Internal Energy, Heat, Work, and Entropy

Isothermal T = constant prinar Vrinai = Pinitiat Vinitiar Pressure
Internal Energy AE =0

Heat Q =nRT ln(vﬁn“l

P
) =n R T 1n< mltlal)
Vinitial meal

final

_ Pinitial
Q p V' in (le“al) =P Vin (Pfinal>

Pressure Decreasing and

Pressure Volume Increasing

Increasing and

14
Work W =-nRT In (V f”“”) —nRT In <P””“‘“) Volume Decreasing
initial final
W=-pV ln( f”””) —pV 1n< ””““l) Volume
Vinitial Pflnal
Entropy AS = ;
Isochoric V = constant Zfinal _ Pinitial Pressure
Tfinal Tfinal
Internal Energy AE =n(, (Tfinaz — Tim-n-al)
Heat Q =n CV (Tfinal — Tinitial) Pressure
Work W =0 Decreasing
P .
Entropy AS =nCy ln( fm“l) =nCy In (M) Thigh
5 initial Pinitial -
monatomic gas C, = ER diatomic gas C, = ER Pressure Tmia
polyatomic gas C, = 3R Increasing Tiow
Volume
Vi o
Isobaric p = constant “final _ Vinitial Pressure
Tfinal Tfinal
Internal Energy AE =n(, (Tfinal — Tinitial) \ Volume
Heat Q =nC, (Trina — Tinitia1) —e> Decreasing
Work W = _p(Vfinal mLtlal) =-n R(Tfmal Tinitial) \
Entropy AS =nR ln( fmal) +nCy In (Tfmal) Volume <. > Thign
initial initial
monatomic gas C, = %R diatomic gas C, = ;R Increasing Tmid
polyatomic gas C, = 3R Cp,=C,+R Tiow
Volume
Adiabatic ¢ =0 prina V, fmal = Dinitial meaz Pressure
C Cy+R .
Trinai V}inal = Tinitial meal CZ VCu Pressure Decreasing and
Internal Energy AE =n(, (Tfinal — Tim-n-al) Volume Increasing
Heat Q=0
Work W =n(, (Tfl-nal — Tinitial) Pressure Thign
Entropy AS =0 Increasing and Tmid
monatomic gas C, = SR diatomic gas C, = SR Volume Decreasing Tiow
c
polyatomic gas C, = 3R C,=C,+R =2L= C”C+R Volume
v 4

Full Cycle Pfinal = Pinitial Vfinal = Vinitial Tfinal = Tinitial
Internal Energy AE =0

Heat Q = —W = —Area Enclosed by Cycle Curve

Work W = Area Enclosed by Cycle Curve + for CCW — for CW

Entropy AS = Z ASeach path of the entire cycle

WWW.GRADEPEAK.COM

Pressure

Positive Work O

Counterclockwise

Negative Work
O Clockwise

Volume
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Engines and Efficiency, Refrigerators and Coefficient of Performance
Engines and Refrigerators use Thermodynamic Laws to convert between thermal energy and mechanical work energy.

Engines and Efficiency

An Engine is any device that draws heat energy Q4 from a high temperature T}, reservoir, converts only a part of that
energy into useful work 1/, and dumps the remaining energy Q,; into the low temperature T, reservoir as heat exhaust.

Carnot Engine
Uses only Adiabatic and Isothermal Paths
Work Wy, =—-W = |Qul — Q.1

Entropy AS = ASy +AS, =2l _ 1l
Ty Ty
.. __ Mechanical Work __ M
Efficiency €. = Input Heat Energy  |Qyl
e —q_lul_
¢ |QH| Ty
Pressure Isothermal
Adiabatic Adiabatic
Isothermal
Volume

Refrigerators and Coefficient of Performance

Real Engine
Uses any Paths to complete cycle
Work Wy, =—-W = |Qul — 1Q.1

Entropy AS =Y ASeqcn path of entire cycle
Mechanical Work __ |W|

Input Heat Energy  |Qyl

Engine Diagram

Efficiency €=
1 7 Heat Input
e=1—1%l € <€,
[Qul

Pressure
Any Clockwise

Process Heat Exhaust

Volume

A Refrigerator is any device that draws heat energy O, from a low temperature T} reservoir by performing an amount of
work I/ on the system, and dumps the remaining energy Q}; into the high temperature T}, reservoir as heat exhaust.

Carnot Refrigerator
Uses only Adiabatic and Isothermal Paths
Work W = |Qu| — Q.

Entropy AS = ASy +AS; = lonl _ 1ol

Ty Ty
Coefficient of Performance K, = %
KC — |QL| — TL
lQul—1QLl  Ty-TL
Pressure Isothermal
Adiabatic Adiabatic
Isothermal
Volume

Heat Transfer Methods

Real Refrigerator

Uses any Paths to complete cycle

Work W =|Qy| —1Q.]

Entropy AS = Z ASeach path of entire cycle

Refrigerator Diagram

. QL
Coefficient of Performance K =—-
0| Wi Qy 1 Heat Exhaust
=—<=>L _  K<K,
[Qul-lQLl

Pressure Work

Any Counterclockwise

Process Heat Input

Volume

Heat is the transfer of thermal energy and can be accomplished by methods of Convection, Conduction, and Radiation.

Convection

Convection is transfer of heat energy by physical motion

of fluid particles over a temperature difference.

Conduction
Conduction is a transfer of vibrational energy between
adjacent atoms over a temperature difference.

9 _ kA (THigh - TLow)

Radiation Peonduction one object = r

Radiation is transfer of heat energy by emission of light Q A (THl-gh — TLOW)

particles or photons from a hot body. Peonduction multiple objects = T = L, L, L,
Pradiation=O_‘€AT4 k_1+k_2+k_3

0 =5.6703x 1078 W/m? - K*

WWW.GRADEPEAK.COM

& = emissivity
A = cross sectional area T = temperature in K

k = thermal conductivity L = slab length
A = cross sectional area T = temperature in K
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Heat, Temperature Change, Phase Change for Solids-Liquids-Gases and the Heating Curve
Heating Curve displays Temperature Change within the Phases (Solid, Liquid, or Gas) as a diagonal line with temperature
change directly proportional to the heat input and a Phase Transition as a horizontal line at a constant temperature.

; . _a . _ 9 . _ 9
Object Heat Capacity C = AT Mass Heat Capacity ¢ = AT Molar Heat Capacity c = AT

Heat Of Single substance Qtotal = Z each temperature change + each phase change = Z m; G A Ti + m; Li

Heat of multiple substances qiotqr =0 = Z each temperature change + Geach phase change = Z m; ¢ AT, +m; L;

Temperature
Change as
Temperature Gas

Liquid and Gas Transition

Temperature
Change as
Liquid

Solid and Liquid Transition

Temperature
Change as
Solid

«—<«« Heat Removed Exothermic to the Left or Heat Added Endothermic to the Right - ——
Important colored paths on the Heating Curve above are the Temperature Changes or Phase Transitions as follows:
Blue Path Solid Phase Temperature Change
The blue path is the solid phase temperature increase as heat is input or temperature decrease as heat is output. The
heat input g and temperature change AT are related through the mass m or moles n and the solid specific heat ¢, by

mole version q =nc; ATy slope of line =
mcg ncs

mass version q=mcs AT, slope of line =
Green Path Solid and Liquid Phase Transition

The green path is the solid and liquid phase transition at constant temperature known as freezing point temperature 7.
The heat input g of this phase transition is related to the heat of fusion L, ; and the number of moles n by

mass q =xtmlsg, + for forward,—for reverse mole q =1nlsg, + for forward,—for reverse
Purple Path Liquid Phase Temperature Change

The purple path is the liquid phase temperature increase as heat is input or temperature decrease as heat is output. The
heat input ¢ and temperature change AT are related through the mass m or moles n and the liquid specific heat ¢; by
mass version q =mc; AT, slope of line = m_cl mole version q =nc; AT; slope of line = nic,
Orange Path Liquid and Gas Phase Transition

The orange path is the liquid and gas phase transition at constant temperature known as boiling point temperature T7),.
The heat input g of this phase transition is related to the heat of vaporization L, and the number of moles 1 by

mass q=1mlLly,, + for forward,—forreverse mole q=xnLly,, + for forward,—forreverse
Red Path Gas Phase Temperature Change

The red path is the gas phase temperature increase as heat is input or temperature decrease as heat is output. The heat
input g and temperature change AT are related through the mass m or moles n and the gas specific heat ¢, by

1
mole version q=ncy AT, slope of line = —
mec, ncg
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Phase Changes and the Phase Diagram
Phase Diagram is a graph of the pressure vs. temperature for the phase boundaries between solid, liquid, and gas states.
Solid (s) has strong intermolecular forces and retains its shape regardless of the container that it exists in.

Liquid (I) has moderate intermolecular forces and has a shape that retains its volume but fills a container to a fixed level.
Gas (g) has weak intermolecular forces and has a shape that matches whatever container that it always completely fills.

On a Phase Diagram any horizontal path is a constant pressure path and any vertical path is a constant temperature path

Pressure

Most Molecules Water
Pressure
Melting Melting
Fusion Critical Fusion Critical
Point Point
Solid Liquid Solid Liquid
Evaporation Evaporation
Triple Condensation Blue Arrows Triple Condensation
Point Endothermic Point
Gas Gas
Sublimation Red Arrows Sublimation
Deposition Exothermic Deposition
Temperature Temperature

Important Points on the Phase Diagrams above are special pressures and temperatures as follows:

Triple Point The green point is the Triple Point, exact pressure and temperature values where all three phases of
solid (s), liquid (), and gas (g) exist in equilibrium. This point is fixed for a substance and is used for calibration.
Critical Point The orange point is the Critical Point, exact pressure and temperature values at which there no
longer exists a clear difference between the liquid and gas phases of the substance. Above this pressure and
above this temperature the substance becomes a supercritical fluid with properties of both a liquid and a gas.

1.

Important Arrow Directions on the Phase Diagrams above are the Phase Transitions as follows:

Melting or Liquification The blue arrow indicates the endothermic transition from solid to liquid.

For most molecules to reach this transition requires either an increase in temperature or a decrease in pressure.
For water to reach this transition requires either an increase in temperature or an increase in pressure.

The energy input required for this transition is known as the Heat of Liquification AH;; = AHpy

Fusion or Solidification The red arrow indicates the exothermic transition from liquid to solid.

For most molecules to reach this transition requires either a decrease in temperature or an increase in pressure.
For water to reach this transition requires either a decrease in temperature or a decrease in pressure.

The energy output created by this transition is known as the Heat of Solidification AH,,; = —AHg,¢
Evaporation or Vaporization The blue arrow indicates the endothermic transition from liquid to gas.

For all molecules to reach this transition requires either an increase in temperature or a decrease in pressure.
The energy input required for this transition is known as the Heat of Evaporization AH,,,,, = AH
Condensation The red arrow indicates the exothermic transition from gas to liquid.

For all molecules to reach this transition requires either a decrease in temperature or an increase in pressure.
The energy output created by this transition is known as the negative Heat of Vaporization AHy,q = —AH,q,
Sublimation The blue arrow indicates the endothermic transition from solid to gas.

For all molecules to reach this transition requires either an increase in temperature or a decrease in pressure.
The energy input required by this transition is known as the Heat of Sublimation AHg,, = AHg,s + AH,q)
Deposition The red arrow indicates the exothermic transition from gas to solid.

For all molecules to reach this transition requires either a decrease in temperature or an increase in pressure.
The energy output created by this transition is known as the Heat of Deposition AH ., = —AHp, s — AH,yq,,

1.
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