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Basic Thermodynamics 
• Conservation of Mass 

• Conservation of Energy 

• Principle of State and Phase 

• Principle of Entropy 

• Thermodynamic Cycles 
– Carnot 

– Rankine 

– Air Standard Cycles 
• Otto 

• Diesel 

• Brayton 

– Refrigeration Cycle (also Heat Pump) 

• Air/Water Mixtures 



Basic Thermo Processes and Terms 

• Adiabatic 

• Isothermal 

• Isobaric 

• Isometric or Isochoric 

• Isentropic 

• Isenthalpic 

• Polytropic 

 

• Ideal Gas 

• Incompressible 

substances 

 

 

 

 

• Intensive and Extensive Properties 

• Compressibility 

• Reduced Temperature and 

Pressure 

• Constant and Variable Specific 

Heat 

• Relative Pressure and Volume 

• Flow Work 

• Boundary Work 

• Enthalpy 

• Entropy 

• Thermal Efficiency and COP 

• Relative and Absolute Humidity 

 

 

 



Conservation of Mass 
Epicurus (341–270 BC). Describing the nature of the 

universe, "the sum total of things was always such as it is 

now, and such it will ever remain."  

Must be linked with Conservation of Energy  
2mcE 

Input 

 

- Output 

= Storage 



Continuity Equation 
Conservation of Mass 

(Total Mass Entering a System)-(Total Mass Leaving the System) = 

Net change in mass within system 

Steady flow implies no change in mass within cv 

mi 

me 

mcv 

0=m
dt

d
+m-m cvie  



Conservation of Energy 

• Energy is neither created nor destroyed 

Lights on or off 

Energy is always 

conserved… But 

that isn't what they 

mean! 



1st Law of Thermodynamics 

Input Output Storage 

    W Q me me
d

dt
meout in cv     0

Conservation of Energy 

Energy can neither be created nor destroyed 

e h
V

gz  

2

2

Where W is the work done by the system Q is 

the heat transferred to the system and 
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Using Conservation of Energy 

What is the output shaft power? 
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Using Conservation of Energy 

A refrigeration cycle has heat transfer Qout  3200 Btu and net work of Wcycle 

1200 Btu. Determine the coefficient of performance for the cycle. 

High Temperature Reservoir

C.M.

Low Temperature Reservoir

W

Qh

Ql
Qh = Ql + W
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Using Conservation of Energy 
A heat pump cycle whose coefficient of performance is 2.5 delivers energy by heat 

transfer to a dwelling at a rate of 20 kW. 

(a) Determine the net power required to operate the heat pump, 

in kW. 

(b) Evaluating electricity at $0.08 per determine the 

cost of electricity in a month when the heat pump operates 

for 200 hours.  
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Using Conservation of Energy 

For a power cycle, the heat transfers are Qin  25,000 kJ and Qout 15,000 

kJ. Determine the net work, in kJ, and the thermal efficiency. 

High Temperature Reservoir

C.M.

Low Temperature Reservoir

W

Qh

Ql
Qh-Ql=W



Perpetual Motion 

    W Q me me
d

dt
meout in cv     0



Perpetual Motion is a Technical Foul 

B.  S.  



Principle of State and Phase-Terms 

• Intensive and extensive properties (State Postulate) 

• Pure substance 

• Equilibrium 

• Specific properties  

• Compressed (Sub Cooled) Liquid 

• Quality 

• Two-phase region 

• Vapor dome 

• Superheated region 

• Critical properties 

• Ideal gas 

• Gas constant  

• Compressibility factor 

• Reduced temperature and pressure  

• Compressed liquid assumption 

 

Can You find Properties??? 



Thermodynamic Properties 
• Volume 

– Specific Volume 

– Density 

• Pressure 
– Gauge 

– Absolute 

– Units 

• Temperature 
– Units and Scales 

• Energy 
– Internal Energy 

– Enthalpy (internal energy + boundary/flow work) 

– Kinetic and Potential 

• Quality 

• Entropy 

 

 



The state postulate 

• Two-phase region 

•  Superheated 
vapor 

•  Triple line 

•  Saturation state 

•  Compressed 
liquid 

•  Vapor dome 

•  Critical point 

The minimum number of independent intensive properties to find the state 

for a simple compressible system is two. 

Fundamentals of Thermal Fluid Sciences 3rd Edition 

Yunus A. Cengel 

Robert H. Turner 

John M. Cimbala 

2008 



Look up Properties for Each Case 

• (a) is saturated liquid 

• (a) is liquid at 20 C 

• (b) is two phase 
quality (x) of .7 

• (c) is saturated vapor 

• (c) is superheated 
vapor at 120 C 

Pressure is 100kPa  Review Quality Equations subscripts f,fg,g 

Specific volume, specific internal energy, specific 

enthalpy, and specific entropy as properties 

Introduction to Thermal 

Systems Engineering: 

Thermodynamics, Fluid Mechanics, 

and Heat Transfer 

Michael J. Moran 

Howard N. Shapiro 

Bruce R. Munson 

David P. DeWitt 

John Wiley & Sons, Inc. 

2003 



Saturated Water 

Pressure Table 

Introduction to Thermal 

Systems Engineering: 

Thermodynamics, Fluid Mechanics, 

and Heat Transfer 

Michael J. Moran 

Howard N. Shapiro 

Bruce R. Munson 

David P. DeWitt 

John Wiley & Sons, Inc. 

2003 



Introduction to Thermal 

Systems Engineering: 

Thermodynamics, Fluid Mechanics, 

and Heat Transfer 

Michael J. Moran 

Howard N. Shapiro 

Bruce R. Munson 

David P. DeWitt 

John Wiley & Sons, Inc. 

2003 

Saturated Water 

Temperature 

Table 



Introduction to Thermal 

Systems Engineering: 

Thermodynamics, Fluid Mechanics, 

and Heat Transfer 

Michael J. Moran 

Howard N. Shapiro 

Bruce R. Munson 

David P. DeWitt 

John Wiley & Sons, Inc. 

2003 



THE IDEAL-GAS EQUATION OF STATE 

• Equation of state: Any equation that relates the pressure, temperature, 

and specific volume of a substance. 

• The simplest and best-known equation of state for substances in the gas 

phase is the ideal-gas equation of state. This equation predicts the P-v-T 

behavior of a gas quite accurately within some properly selected region. 

R: gas constant 

M: molar mass (kg/kmol) 

Ru: universal gas constant 

Ideal gas equation 

of state 

Different substances have different 

gas constants. 



Ideal Gas 

Ideal gas model only valid away
from two phase region and
critical point

pV=mRT 

 pV=nRuT 

Fundamentals of Thermal Fluid Sciences 3rd Edition 

Yunus A. Cengel 

Robert H. Turner 

John M. Cimbala 

2008 
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An automobile tire is inflated with air. The pressure rise of air in the tire when the tire is heated to 50 C and 

the amount of air that must be bled off to reduce the pressure to the original value are to be determined. 

Assumptions  1  At specified conditions, air behaves as an ideal gas.  2 The volume of the tire remains 

constant.  

Properties  The gas constant of air is R = 0.287 kPa.m3/kg.K 

 
 

Analysis Initially, the absolute pressure in the tire is 

  

Treating air as an ideal gas and assuming the volume of the tire 

to remain constant, the final pressure in the tire can be 

determined from 

  

Thus the pressure rise is 

  

The amount of air that needs to be bled off to restore pressure to its original value is 

 

Initial Condition 



Comparison of Z factors for various gases. 

Gases deviate from the 

ideal-gas behavior the 

most in the neighborhood 

of the critical point. 

Reduced 

temperature 

Reduced 

pressure 

Pseudo-reduced 

specific volume 

Compressibility Factor 



Charles’ and Boyle’s Law 

Uses ideal gas law and conservation of mass in steady flow to determine volume at 

another pressure and temperature. 

12

122
1

PT

TPV
V






Exhaust emissions at collected temperature and pressure to standard temperature 

and pressure 

Ambient Standard 1 bar 25°C 

Standard 1 atm 0°C 

Derive 



Specific Heat 

• Constant volume (Internal Energy) 

• Constant pressure (Enthalpy) 

• Ratio of specific heats 

• Specific heat  

– Solids   

– Liquids 

Introduction to Thermal 

Systems Engineering: 

Thermodynamics, Fluid Mechanics, 

and Heat Transfer 

Michael J. Moran 

Howard N. Shapiro 

Bruce R. Munson 

David P. DeWitt 

John Wiley & Sons, Inc. 

2003 



Compressed 

Liquid 

Assumption 
y  v, u, or h 

A more accurate relation for h 

A compressed liquid 

may be approximated 

as a saturated liquid at 

the given temperature. 

At a given P 

and T, a pure 

substance will 

exist as a 

compressed 

liquid if 

The compressed liquid properties 

depend on temperature much more 

strongly than they do on pressure. 



Principle of Entropy 

• Total Entropy is ALWAYS increasing 

• 2nd Law of Thermodynamics 

• Irreversibilities  

– Friction  

– Unrestrained expansion 

– Heat Transfer 

– Mixing 

– Resistance etc 

• Carnot Efficiency and Coefficient of Performance 

• Isentropic Efficiency 

 



What creates Entropy 

• Major Irreversibilities 

– Friction 

– Unrestrained Expansion 

– Heat Transfer 

• Minor 

– Mixing, spontaneous reaction 

– Resistance 

Total entropy always 

increases 



Carnot Heat Engine 
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Any thermal efficiency above Carnot thermal 

efficiency is a violation of the Second Law  

• Perpetual Motion Machine of the 2nd Kind 
PMM-2 

• This concept applies to heat engines, 
refrigerators, heat pumps and any other 
system 

• The best you can do is to have no change 
in entropy on the WHOLE system.  
(individual processes may see reductions 
in entropy) 



Perpetual Motion is a Technical Foul 

B.  S.  



Examples 

• Max Efficiency = 1-Tl/Th =1-

(300K/500K)=40% 

An “inventor” claims to have built a device which receives 1000 kJ at 

500K and converts it to 410 kJ exhausting heat to the environment at 

300K.  Is this Possible? 



Isentropic Efficiency 

• Processes are not Isentropic 

• Isentropic cases are a best case scenario 

• Efficiency can be related to the Isentropic 

case 

– Turbines 

– Pumps and Compressors 

– Nozzles 



Isentropic Efficiency 
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Kelvin-Planck: It is impossible to construct a device which 

will operate in a cycle and produce no effect other than 

(work) and the exchange of heat with a single reservoir. 

 

 

Clausius: It is impossible to construct a device which 

operates in a cycle and produces no effect other than the 

transfer of heat from a cooler body to a hotter body 

2nd Law of Thermodynamics 

Cyclical 

Process 

Tl 

Th 

Qh 

Ql 

Th 

Cyclical 

Process 

W=Qh 



Thermodynamic Cycles 

• Carnot Heat Engine 

• Rankine 

– Reheat 

• Air Standards Cycles 

– Otto 

– Diesel 

– Brayton 

• Regeneration 

• Carnot Refrigerator and Heat Pump 

• Ideal and Real Refrigeration Cycles 

 



The Rankine Cycle 
• The majority (75%+) of power plants are 

based on the Rankine Cycle 



Boiler 

T
u
rb

in
e 

1.  

2.  
3.  

4. 

 Net Work 
Back 

Work 

Heat In 

Pump 

Condenser 

Heat Out 



Simple Ideal Rankine  

• Isentropic Compression of Liquid (Pump) 

• Isobaric Heat Addition (Boiler) 

• Isentropic Expansion (Turbine or Piston) 

• Isobaric Heat Rejection (Condenser) 

 
Open and Closed Cycles 

Working Fluid is typically water 





Simple Analysis 

• State 1 must be 
liquid 

• State 2 must be 
liquid 

• State 3 must be 
superheated vapor 

• State 4 must have 
Quality better than 
0.85 

Boiler 

T
u
rb

in
e 

1

.  

2.  
3.  

4. 

 Net Work 
Back 

Work 

Heat In 

Pump 

Condenser 

Heat Out 



Pump 

• Pumps Liquid not Vapor (Cavitation) 

For isentropic case 

For incompressible substances like liquids 

From 1st Law 



Boiler  

• Change in Enthalpy 

of Steam 

From 1st Law 



Steam Turbine 

From 1st Law 

Quality of Turbine exit needs to stay 

above 0.85 

http://upload.wikimedia.org/wikipedia/commons/d/d7/Dampfturbine_Laeufer01.jpg


Steam Piston 

A typical single cylinder, simple expansion, double-acting high pressure 
steam engine. Power takeoff from the engine is by way of a belt. 
1 - Piston 
2 - Piston rod 
3 - Crosshead bearing 
4 - Connecting rod 
5 - Crank 
6 - Eccentric valve motion 
7 - Flywheel 
8 - Sliding valve 
9 - Centrifugal governor.  

Shaft Power = torque x ω 

http://upload.wikimedia.org/wikipedia/commons/7/72/Steam_engine_nomenclature.png


Condenser 

• Atmosphere 

• Rivers or Oceans 

From 1st Law 

)( 14 hhmQout  



A Run Around the Simple Ideal 

Rankine Cycle 

Start at Pump Inlet 



Boiler 

Turbine is Isentropic 



Summary 

1) Find enthalpy at all States  

2) Turn the mathematical crank 



Simple Real Rankine 



Real Systems 



How to Increase Rankine Cycle 

Efficiency 

• Increase Boiler Temperature and Pressure 
(materials constraints) 

• Decrease Condenser Pressure  

– increases moisture in turbine outlet  

– Large turbines required as density of steam 
drops 

• Reheat 

• Preheat using Open and Closed 
Feedwater heaters 

 



Air Standard Cycles 

• Otto 

• Diesel 

• Brayton 

Planes, Trains, and Automobiles 
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Air Standard Assumptions 

• Working fluid is air and acts as an ideal 
gas 

• All Processes are internally reversible 

• Combustion process is replaced by heat 
addition 

• Exhaust process is replaced by heat 
rejection 

• Cold ASA are that properties of air are 
constant at 25C 

 



Reciprocating 

Internal 

Combustion 

Engines 

56 



57 

Otto Engine Spark Ignition (SI) 

• High Power Density (aircraft, cars, etc) 

• Most common power plant in US 

automotive industry 

 

0.25 mile race at speeds over 300 mph 

(15 gallons of methanol used) 
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 Diagrams for Ideal Otto Cycle 

Isentropic compression 

Isometric heat addition 

Isentropic expansion 

Isometric heat rejection 

1
2

3

4

S=const

V

P T

S

1

2

3

4

V=constQh

Ql



REAL (a)   IDEAL(b) 
59 
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Mean Effective 

Pressure MEP 

Fictitious pressure for cycle in 

terms of average pressure for a 

given displacement  

 

Much lower than real pressures 

seen through cycle 

 

DO NOT use MEP to calculate 

required strength of materials 
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Otto Cycle Efficiency 
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Derivation continued 

T

T

V

V

k

2

1

1

2

1












But remember 

 
 

th Otto

h l

h

l

h

p

p

Q Q

Q

Q

Q

mc T T

mc T T

T

T

T

T

T

T

, 


   



 























1 1 1

1

1

4 1

3 2

1

2

4

1

3

2

 th Otto

T

T,  








1

1

2

r
V

V


1 4

3 2

,

,

th Otto kr,   1
1

1



63 

Modeled Otto Cycle efficiency 

• Increase temperature by increasing 

compression ratio but autoignition occurs 

• Use knock inhibitors to raise Octane number 

(lead was used in US until 1973-1996) 

th Otto kr,   1
1

1
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A Run Around the Otto Cycle 

1 – 2  is Isentropic Compression 



66 

2 – 3  Isometric or Isochoric Heat Addition 
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3 - 4 Expansion is Isentropic 

4 – 1 Heat Rejection is Isometric 
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Diesel Engines CI 

• High Efficiency (trucks, 

buses, construction 

equipment, ships, etc) 

(cars esp europe) 

• Low power density 

(runs fuel lean) 
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P-v Diagram for Diesel 

Isentropic compression 

Isobaric heat addition 

Isentropic expansion 

Isometric heat rejection 

http://upload.wikimedia.org/wikipedia/commons/6/65/DieselCycle_PV.svg
http://www.detroitdiesel.com/engines/dd15/
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rc or Alpha α is the cutoff ratio 

corresponding to the volume 

change during heat addition 

Diesel Efficiency 
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Diesel efficiency 
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Where α is the cutoff ratio v3/v2 corresponding to the burn 

duration 
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A Run Around the Diesel Cycle 
At the beginning of the compression process of an air-standard Diesel cycle 

operating with a compression ratio of 18, the temperature 

is 300 K and the pressure is 0.1 MPa. The cutoff ratio for the cycle is 2. 

Determine (a) the temperature and pressure at the end of each process of the 

cycle, (b) the thermal efficiency, (c) the mean effective pressure, in MPa. 

isentropic compression process 1–2 

p2 = 5.39 MPa T2 = 898.3 K and h2 = 930.98 kJ/kg. 

T3 = rcT2 = 2*(898.3) = 1796.6 K 

isobaric heat addition process 2–3 

h3 = 1999.1 kJ/kg 

Values from Tables (variable specific heat) 
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isentropic expansion process 3–4 

T4 = 887.7 K. 

p4  =  0.3 MPa 

u4 = 664.3 kJ/kg 
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Large Diesel Engines for Ships 
Wartsila-Sulzer RTA96-C turbocharged two-

stroke diesel engine  

Total engine weight: 2300 tons  (The 

crankshaft alone weighs 300 tons.)  

 Length: 89 feet  

 Height: 44 feet  

 Maximum power: 108,920 hp at 102 rpm   

 Maximum torque: 5,608,312 lb/ft at 102rpm  

50% efficiency 
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Reality vs. Models 
• Irreversible processes 

– Friction 

– Unrestrained Expansion 

– Heat Transfer 

• Exhaust stroke 

• Intake stroke 

• Heat addition takes time in otto cycle and 
changes pressure in diesel cycle 

• Throttling losses (esp at low power/idle) 

• Heat losses to cylinder wall 

• k ≠ 1.4  

This accounts for the large differences (1/2) in 
modeled versus real efficiencies in the ICE 
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Improving Efficiency 

• Decrease entropy generation 

– Friction  

– Unrestrained expansion of gases 

– Heat transfer  

• Increase temperature 

• Shorten burn time for diesel 

th Otto kr,   1
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Brayton Cycle 
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George Brayton (1830-1892)  

• Envisioned a continuous 
heat addition at constant 
pressure for a reciprocating 
engine. 

• Eventually this idea 
morphed into a compressor, 
followed by burner followed 
by an expansion device. 

• Gas turbine!  



Torpedo Development (wet heater) 



Gas Turbines 

• Developed in WW2 independently by 
British and German researchers (concepts 
known in 1920s) 

• Efficiency is lower than Otto and Diesel 
High backwork required 

• Significantly higher power density 

• ME 262 could outclimb the P-51 Mustang 
and fly 100 mph faster. Less efficient but 
roughly double the power! 

• Open Brayton Cycle 
http://www.rolls-royce.com/interactive_games/journey02/flash.html  

http://en.wikipedia.org/wiki/File:Messerschmitt_Me_262A_at_the_National_Museum_of_the_USAF.jpg
http://www.rolls-royce.com/interactive_games/journey02/flash.html
http://www.rolls-royce.com/interactive_games/journey02/flash.html
http://www.rolls-royce.com/interactive_games/journey02/flash.html


In 1942 Adolf Galland—director general of fighters 

for the Luftwaffe, veteran of the Battle of Britain, 

and one of Germany's top aces—flew a prototype 

Messerschmitt ME 262. "For the first time, I was 

flying by jet propulsion and there was no torque, no 

thrashing sound of the propeller, and my jet shot 

through the air," he commented. "It was as though 

angels were pushing."  

Hitler delays production of 

ME 262 in favor of 

“Offensive” Aircraft and 

Weapons 





Types of turbine engines 

• Turbojet 

• Turbofan 

• Turboprop 

• Turboshaft 



 Simple Brayton Cycle 

Combustor 
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working fluid 

Open or Closed 



Open Brayton Cycle 

• Uses Atmosphere as the Heat Exchanger 



Air Standard Assumptions 

• Working fluid is air and acts as an ideal 
gas 

• All Processes are internally reversible 

• Combustion process is replaced by heat 
addition 

• Exhaust process is replaced by heat 
rejection 

• Cold ASA are that properties of air are 
constant at 25C 

 



Ideal Brayton Cycle 

• Isentropic Compression 

• Isobaric Heat Addition 

• Isentropic Expansion 

• Isobaric Heat Rejection 







Gas Turbines 

Can use direct thrust from momentum (mass flow rate x Velocity = Force) or 

can drive a shaft (helicopters, boats, turbo propeller aircraft). 
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A Run around the Brayton Cycle  
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Example of Calculations (continued) 

Isentropic Compressor Work Isentropic Turbine Work 



Example of Calculations (continued) 

Heat In 

Work Out 



Example of Calculations (continued) 

Turbine exit 

temperature (659K) 

is significantly hotter 

than compressor exit 

(492K) !  



Entropy 

• Major Irreversibilities 

– Friction 

– Unrestrained Expansion 

– Heat Transfer 

Total entropy always 

increases 



Isentropic Efficiency 

• Referenced to 

Isentropic Cases 

• Always less than 

Unity. 
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Hot Exhaust (even without afterburners) 

http://img44.imageshack.us/i/f142.jpg/


Hot Exhaust brings the advent of Tricycle 

Landing Gear 

Early Model Taildragger ME 262 

Later Model ME 262 w/ tricycle gear 

Note how field catches on fire 



Recuperation 

• If temperature at exit of turbine is higher 

than the temperature at exit of compressor 

one can use a recuperator to preheat air 

before the combustion process. 

• Adds weight but increases efficiency. 

• Closed heat exchanger required (the two 

streams are at different pressures). 



For 8:1 pressure ratio, Compressor entrance at 300K 1 bar, turbine entrance 

at 1200K (ideal and non ideal cases with and without regeneration)  



Gas Turbine Engines 

Brayton Cycle 

• High back work  

• Need thermal recuperation for high 
efficiency 

• High Power Density  

• Smooth 

• Slow Dynamic Response (turbo lag) 

• Relatively Low Torque 

• Scalability?? 



Vapor compression 

Refrigeration Cycle 
• Can you imagine life 

without refrigeration? 



Refrigeration Cycle 
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Carnot Refrigeration Cycle 
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Heat Pump Cycle 
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Carnot Heat Pump Cycle 
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The System 



Thermodynamics – T-S 

• 1-2 Isentropic Compression 

– Compressor 

 

• 2-3 Isobaric heat transfer 

– Condenser 

 

• 3-4 Throttling process 

– Expansion valve 

 

• 4-1 Isobaric heat transfer 

– Evaporator 



 

Thermodynamics – P-h 

• Pressure - Enthalpy 
 

• 1 – Saturated vapor 

• 2 – Superheated vapor 

• 3 – Saturated liquid 

• 4 – Vapor + liquid 

 

 

• Will vary for each 
refrigerant gas  



Actual Process – T-S 

• Non-Isentropic compression 

 

• Superheated gas at 1 

 

• Subcooled liquid at 3 

 

• Ambient temperatures 

– TH<TCONDENSER 

– TC>TEVAPORATOR 

– Necessary for heat transfer 

You roughly need a Delta T of 

10 C for efficient Heat Transfer 



Performance 

• Heat WILL flow from cold to hot, if work is done 

• More heat flows than work is done 

• Typical COPR≈4 
















m

W
w

m

Q
q

hh

hh

w

q
COP

innet

L
R

,

12

41

,



A Run around the Refrigeration Cycle 
A vapor-compression refrigeration system circulates Refrigerant 134a at a rate of 

6 kg/min. The refrigerant enters the compressor at 10C, 1.4 bar, and exits at 7 

bar. The isentropic compressor efficiency is 67%. There are no appreciable 

pressure drops as the refrigerant flows through the condenser and evaporator. 

The refrigerant leaves the condenser at 7 bar, 24C. Ignoring heat transfer 

between the compressor and its surroundings, determine 

(a) the coefficient of performance. 

(b) the refrigerating capacity, in tons. 



A Run around the Refrigeration Cycle 



Primary system 



Desirable Characteristics of 

Refrigerants 

• High Hfg 

• Low Cost 

• Non-toxic  

• Non-Corrosive 

• Liquid at STP 

• Reasonable pressures and temperatures for 

application 

• Environmentally “friendly” GHG, Ozone, etc  

R-11 

R-22 

R-134a 

R-410 

Ammonia 



Typical Secondary Refrigeration 

Fluids (or heat transfer fluids) 

• Ethylene glycol  

• Propylene glycol (In your sports drink) 

• Water 

 

• High heat capacity 

• Low viscosity (pumping losses) 

• Non-toxic  

• Cheap 



What can be done to improve 

system 

• Decrease Entropy Generation (Friction, 

Unrestrained Expansion, 

• Decrease Heat Gain 

 

• Remove/Reduce Transient Loads 
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Air / Water Mixtures 

• Several tools 

– Wet / dry bulb thermometer 

– Psychrometric chart 

– Hygrometer 

• Allow calculation of: 

– Humidity 

– Enthalpy 

– Saturation temperature (dew point) 

– Density 
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Wet / dry bulb thermometer 

• Two thermometers 

– Wet bulb – bulb is surrounded by 

moistened wick 

– Dry bulb – exposed “dry” bulb” 

– Moisture content of air 

determines evaporation rate - 

cooling effect 

– 100% relative humidity – 

wet=dry 

– Low humidity = wet <<dry 
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Humidity Measures 

• Absolute Humidity: 

 

 

 

• Relative Humidity: 

airdryofmass

vaporwaterofmass

m

m

air

vapourOH
 2

etemperaturmixtureatpressuresaturation

vaporOHofpressurepartial

p

p

saturation

vapourOH 22 
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Calculating Humidity 

• Dry bulb = 30° C 

• Wet bulb = 22° C 

 

• Humidity = 50% 

• Dew Point = 18.5° C 

 

22 
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AC Thermodynamics 

• 1-2 Isentropic Compression 

– Compressor 

 

• 2-3 Isobaric heat transfer 

– Condenser 

 

• 3-4 Throttling process 

– Expansion valve 

 

• 4-1 Isobaric heat transfer 

– Evaporator 
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Evaporator Systems 

Refrigerant 

out 

Refrigerant 

In 

Air Out 

Air In 

Enthalpy Change of 

the Refrigerant = 

Enthalpy Change of 

the Air 
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AC Systems 

• Outside Air is 35˚C 80% relative humidity Comes 
across HTEX (AC system) exiting at 3˚C and is 
injected into a 21˚C Compartment 
– If Outside air is passed at 4 kg/min (assume dry air 

equivalence) and then exits the cabin what is the 
condensation removal required at the HTEX? 

– How big is the AC system in Tons? 

– What is the heat gain of the cabin? 

– If the AC system has a COP of 2.5 what is the power 
required in Watts? 

– What could be done to lower the power requirement 
and what is the minimum power requirement? 
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A 

B C 15 

34 

110 

4.5 

29 
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Solutions 
• Condensation Removal (Change in 

Absolute Humidity) 

 

 

• Size of the Refrigeration System (Ql in 
the proper unit 211kJ/min/ton) 

 

 

• Heat Gain (how does the air heat up?) 
(enthalpy change from evaporator exit 
to compartment exhaust) 

 

• Power required (Ql/COP in proper 
Unit) 

 

• Minimum Power (Why are we getting 
rid of relatively cool dry air? 
Recirculate!) (Ql becomes heat gain 
and Power=Ql/COP in proper Unit) 
(Note that some fresh air is required 
so this is overly optimistic) 
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    min/380/15/110min/4 kJkgkJkgkJkghhm AirDryAirDryAirDryBA 
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min//211
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

    min/76/15/34min/4 kJkgkJkgkJkghhm AirDryAirDryAirDryBc 

kWkJ
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kWkJ
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Q
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5.2
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

ASHRAE 1975 minimum value of 5 cubic feet per minute (CFM) of outdoor air per person in 

building design. 


