AutoTherm

Thermodynamics

Validation Cases & Tutorial

A ETR, LLC. Proprietary and Confidential. All rights reserved.
Ava AutoTherm



AutoTherm Thermodynamics Tools — Validation and Tutorials

01: Evaluating Properties — Saturation and Superheated Tables
02: Evaluating Properties — Ideal Gases and Ideal Gas Processes
03: Steady-Flow Engineering Devices

04: Heat Engines and Refrigerators

05: Gas Power Cycles: Reciprocating Engines

06: Gas Power Cycles: Brayton Cycle

07: Gas Power Cycles: Turbojet Engine

08: Vapor Cycles: Rankine Cycle

09: Refrigeration Cycles: Vapor-Compression Cycle

10: Psychrometry

11: Analyzing Air-Conditioning Processes

12: Combustion: Energy Analysis of Reacting Mixtures

ETR, LLC. Proprietary and Confidential. All rights reserved.
4% AutoTherm



01: Evaluating Properties — Saturation and Superheated Tables

Saturated Properties Calculator:

AutoTherm's built-in material functions extract material properties for both saturated and superheated states.
These features are integrated into different thermodynamic toolsets. However, the tools in this section allow
users to perform these functions manually.

o® Saturated Properties Calculator = O x

Water w Set all units to S

Set all units to Enalish

Step1: Enter temperature or Pressure
v 0.0010584 Imi/kg  ~| vg 0949 Imifkg |
OT1T namw C ~ S I
| | uf  495.13 lkifkg  ~| ug  2526.66 |kl/kg |
OFP 18687 kPa | hf 49532 Wikg | hg 270304 Wig |
Update ¢  1.5062 WikgK | g 71507 kK/kgK |

Step2: Evaluate Properties
Option 1, Enter Quality (must be between zero and one)

Option 2. Enter Known Property (value must be between saturated liquid and saturated vapor values)

O x  0.700000

Ov oseass  [mifg |
Chu  1917.20 kg |
Oh 204072 Wikg |
Os 54 WikgK |

Update

1. Select the material from the combo box options:

2. To work with Imperial Units, click “Set all units to English”.

3. The upper panel works like the saturation property table. Enter a temperature or pressure, then click Update
to display saturated fluid and saturated vapor property values. These values are automatically interpolated
for any temperature/pressure.

4. To obtain mixture average properties:

a. Enter the quality (x) in the lower panel and click on the Update button in the panel.
b. If an average property is given, to get other properties and the quality, check the radio button
indicating the property, enter the value, and click Update.

Average property values are interpolated from values already extracted and shown in the upper panel.
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Superheated Properties Calculator:

The superheated property tool enables users to look up superheated property tables effortlessly, eliminating the

need for complex double interpolation.

1® Superheated Properties

Water v|
Pressure
p 3.253 MPa -
o7 280.00 C v|
[Ju 2700.62 klikg w
(3 h 25249.05 kg w
O's 63900 kifkgK

Update

1. Select the material and choose the system of measurement.
Enter the fluid pressure. Note that in the Sl system, MPa is the unit for pressure, which differs from kPa

used in the Saturated Properties tool.

3. Select the other known property and enter its value.
4. Click Update to extract values for other properties.
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Example: A piston-cylinder device contains steam initially at 3.5 MPa and superheated by 5 °C (State-1). The
steam then loses heat to the surroundings, and the piston moves down until it hits a set of stops. At this point, the
cylinder contains saturated liquid water (State-2). The cooling continues until the water reaches 200 °C. a)
Determine the initial temperature and enthalpy; b) Determine the enthalpy change per unit mass of steam by the
time the piston first hits the stops; d) Determine the final pressure, quality, and enthalpy.

a) To find the temperature at State-1, we must first find the
saturation temperature at P1=3.5 MPa and add 5 °C to it. P 4
e Change the unit of pressure from kPa to MPa
e Enter 3.5 MPa for pressure and click Update.
e The Saturation temperature is calculated to be 242.56 °C 2.5 MPa

,,,,,, 1) P=3.5MPa

Step1: Enter temperature or Pressure @) r=2000°c

| Update l

e Add5 degrees to get the temperature at State-1=247.53 °C

To get the enthalpy for State-1, open the superheated tool and enter a pressure of 3.5 MPa and a
temperature of 242.56 °C. Click Update to see the property values.
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¥ Superheated Properties - O X
© Sl System
Water V| -
() English System
Pressure
P 350 \MPa
OT 2475 C ~
Ov 00582  Imikg |
Ou 26171 Kikg ~
O n( 282085 Wikg v
Os 61593 kirkgK

b) The process 1-2 is at a constant pressure of 3.5 MPa, and state 2 is saturated liquid. Therefore, we can use the
Saturated Property tool to obtain h2:

Step1: Enter temperature or Pressure
vi( 0.0012350 im3/kg v | vg  0.057 mikg |

oT 242.56 C w

uf 104540 kg | ug  2603.00 Wkg |
OFP 350 MPa | hf@ kg | hg 280270 Wkg |
[ Update | o 27253 WkgK v o 61244 WkgK |

h, =1049.7 kJ/kg; v, = 0.001235 m3/kg;
The enthalpy change of the system will be:

Ah = h, — h, = 2820.85 — 1049.7 = —1771.15 k] /kg

c) The process 1-3 is constant volume at 0.001235m3/kg. So, State-3 is at 200 °C, 0.001235 m3/kg in a mixed
state. We will use the Saturated Properties tool:
1. Top panel: T=200 °C to get saturated liquid and vapor values.
2. Bottom panel: set 3 = 0.001235 m3/kg to get all other average properties.
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1® Saturated Properties Calculator = O >

Water - Set all units to S

Set all units to English

| Step: Enter temperature or Pressure [y lm?nfkg—vl vg 0127 ’m':‘,"kg—vl |
Q1 20000 c ] uf  850.46 lk_l,,"kg—vl ug  2584.20 kl/kg v
QP 155 MPa ~ W 85206 |km(g—v| hg 279200 kl/kg v
e g 23305 WkgK | o 64302 KikgK

Step2: Evaluate Properties
Optien 1. Enter Quality (must be between zero and one)
| Option 2. Enter Known Property (value must be between saturated liquid and saturated vapor values)

O x  0.000619

O v 00012350 lm':‘.."kg—v|
' Ou 85154 Wikg |

O h 85346 Wikg

Os 233 WikgK |

Update

k
p; = 1.55 MPa; h; = 853.46—§; x3 = 0.00062

wn

ETR, LLC. Proprietary and Confidential. All rights reserved.
4% AutoTherm 4 7



02: Evaluating Properties — Ideal Gases and Ideal Gas Processes

1® |deal Gas Properties and Processes = O *
Select Fluid Air v| Critical Point Properties
T 13250
Molar Mass, M 28.97 kg/kmol - Pc 3770 MPa -

Gas Constant, R 0.287 KifkgK ve  0.0883 mikmol
Initial State Final State  [Fiy spate v|
Enter Two Properties Enter Two Properties

T C o~ T2 C o~

P1 kPa - P2 kPa -
O, o |kgim3 02  lkgim3 v
O mifkg w2 mifkg

Update Update

Cpl kikg K Cp2 kikg K

Cvl kikgK Cv2 kikgK

k1 k2

u2-ul kl/kg w
h2-h1 kl/kg v
52-51 Kikg kK

This automated tool provides several functionalities for Ideal Gas calculations:

Top Panel: This panel allows the user to select an ideal gas from the library and provides the molecular weight, gas
constant (in any unit), and critical point data for the selected gas. This selection is also used for all other calculations
on this form.

Middle-Left Panel: This panel's upper section lets the user determine ideal gas properties by inputting values for
two other properties, using the ideal gas law. (Pv = RT).
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Example: A frictionless piston-cylinder is initially filled with air at 25 °C and 101.57 kPa (State 1). Heat is then
added to the device until its volume doubles (State 2). Determine the amount of heat transfer per unit mass of air
for this process.

The moving

1. We use the Ideal Gas Properties tool, enter the given pressure and boumdary
temperature, and click Update on the left panel to obtain other
thermodynamic properties for State-1. | I|

2. Since the process 1-2 is constant pressure (note: frictionless piston-cylinder), -

select the isobaric process on the right panel process selector. |
3. Since the problem states that the volume is doubled from State-1 to State-2, :
enterv, = 2 X vy = 2 X 0.842 = 1.684 m3/kg. |
4. Click Update in the right panel to get the properties for the final state and :
property changes for the process 1-2. The completed form is shown below:

o |deal Gas Properties and Processes - O X
Select Fluid | Air - Critical Point Properties
Te 13250 K |
Molar Mass, M 28.97 kg{kmol W Pe 3.770 MPa -
Gas Constant, R 0.287 |k-|.f'|<9-"< v ve  0.0883 m3/kmol
Initial State Final State | |gobaric Process v |
Enter Two Properties Enter one Property
T 25 |c v T2 32282 C \-|
P1 101.57 KPs | P2 101.570 kPa
O 1.1870 kg/m3 | Opz 0598 kg/m3 |
O vl 842 mi/kg - [« RV 1.684 m3/kg V|
Update [ Update
Cpl 1005 Ki/kgK | Cp2 1030 K/kgK |
cvi 0718 ki/kg.K | Cv2 0763 K/kgK |
kT 1.400 k2 1376
uZ-ul 220.54 CIE

h2-h1 lkikg

s2-s1  0.71 KikgK v

The amount of heat transfer per unit mass of air for this process can now be found for this constant-pressure
process:
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03: Steady-Flow Engineering Devices

Example — Turbine [3]: The mass flow rate into a steam turbine is 10,000 lbm/h, and the heat transfer from the

turbine is 30,000 Btu/h. The following data are known for the steam entering and leaving the turbine. Determine
the turbine's power output in horsepower.

Inlet
o “\ Cantral
Inlet Exit il
Pressure 300 psia 15 psia e l'l _
Temperature J00F L — ==
Quality 100% ~ ' W
S~ I
Velocity 200 ft/s 600 ft/s e /
Elevation above referencq16 ft 101t = ~~_[_~
30,000 Btu/h
Exit

e Open the “15t Law — Steady Devices” tool from the Thermodynamics/Control Volume Analysis menu.
e Change units to the English System and enter inlet and exit properties as provided.

e Enter the mass flow rate in lbm/h, heat loss in Btu/h, and change the unit for Wout to Hp.
e C(Click Update to solve the problem.

o 1st Law - Steady Devices

= a *
) n Units —
Select Device |aJ Turbine w () SiSystem €@ English System
Select Fluid |H20 v
Inlet Properties
; &
@ P 30000 |psi -~ Owl 2.4 ft3/lbm _
on mw [ Dx s
h1 1368.55 Al fth2 o i
O Btu/lbn | [J E%)!: Ns
@V 20000 Ttfs w -
8 16.00 rﬁ w 1 TPl, T V1.2,
) l.ﬂz,rz.wz.zz
a) Turbine b) Compressor
Outlet Properties
@ P2 1500 |ps|—v|-"G v2 2638 ft3/lbm | Gout
0 2 10 re
072 212.90 P @ - ! P,
Oh2 115070 [Buten ~| O A2 ftr2 Ty | m | T
@Vv2 60000 ‘/ﬁ:u"g »
Bz 1000 o
Flowinfo & mdot  10000.00 omm < *
) Vdot1 6.22 ftafs
() Vdot2 72.28 ftifs o
o
e () Wout  819.26 Hp S - o
/ 141, %3 2: 12, X2
30000 4~ Btuh -~
8 Qout e) Throttling Valve f) Duct
Btufs
[Delta H]| [Delta KE | [Delta_PE|
-605.11 1775 -0.02143
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Note: The work output (power) is 819.26 HP. The change in potential energy is negligible, and the change in kinetic
energy is “small” compared to the change in enthalpy.
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Example — Exit Area of a Steam Nozzle [2]: Steam enters a converging—diverging nozzle operating at steady state
with p1 =40 bar, T1 = 400 °C, and a velocity of 10 m/s. The steam flows through the nozzle with negligible heat
transfer and no significant change in potential energy. At the exit, p2 = 15 bar, and the velocity is 665 m/s. The mass
flow rate is 2 kg/s. Determine the nozzle exit area in in2.

=2 kafs

(1]

i

| py=15bar
[ [ Vi =605 mis

P =40bar | I -
T =400°C : =
Vy=10mis =

Control volume
] boundary

e Open the “15t Law — Steady Devices” tool from the Thermodynamics/Control Volume Analysis menu.
e Change Device to Nozzle.

e Enter the inlet and exit pressures in bars, inlet and exit temperatures, velocities, and mass flow rate.
e Change the requested unit for the exit area to in? and click Update to solve the problem.

o st Law - Steady Devices - a X
i Units ra
Select Device |c) Nozzle w © 5iSystem () English System
Select Fluid |H20 ~
Inlet Properties .
@ 1 4000 bar r‘/} vl 007383 [miskg u|
B 1 40000 ¢ ~F Onx T
O M 321450  [Kkg ~| O A1 polgss |mr2 ~
ﬂ v1 10.00 -~ mis
@771 0.000600 m v i 1
) 1P2,T2.V2,22 P]_,Tl.'-"']_,zl
a) Turbine b) Compressor
Qutlet Properties
B8 P2 1500 bar ‘/‘D v2 016351 Im%fkg VJ "jont
O 12 28042 ¢ | O=
[ h2 2993,44 |k.|r'kg «| O A2 076222 in*2
BV 66500 ‘/:fs -
@22 0000E00 m u|
Flow Info @ mdot 200 redl ’—kg,-"s "l
[ vdot1 0.14686 mifs
[ vdot2 m3/s vl
Device \
Py Ty xy Py, T x5
0.000 kW w
8 Qout | e) Throttling Valve 1) Duct
W v
[Delta H| |Delta KE|  [Delta_PE]
[ 2n wn oo

All properties for the inlet and exit are calculated. The exit area is calculated to be 0.762 in?.
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Example — Calculating Compressor Power [2]: Air enters a compressor operating at steady state at a pressure of 1
bar, a temperature of 290 K, and a velocity of 6 m/s through an inlet with an area of 0.1 m2. At the exit, the
pressure is 7 bars, the temperature is 450 K, and the velocity is 2 m/s. Heat transfer from the compressor to its
surroundings occurs at a rate of 180 kJ/min. Employing the ideal gas model, calculate the power input to the

compressor, in kKW.

37

P =1 bar
T =200K
Viy=6m's
Ay =0.1m’

|

" 0., =-180 kl/min

e Open the “15t Law — Steady Devices” tool from the Thermodynamics/Control Volume Analysis menu.

e Change Device to Compressor and choose Air as fluid.

e Enter the inlet and exit pressures in bars, inlet and exit temperatures, velocities, inlet area, and enter 180
kJ/min for the heat loss. Uncheck the mass flow rate checkbox to calculate it from the inlet information.

o  Click Update to solve the problem.

o 1st Law - Steady Devices

Select Device |bJ Compressor ~
\
¢| SelectFluid [Air v
i Inlet Properties
(| |[@P1 100000 [bar v & w1 083230 [mikg
\ @ 11 290.00 Ko
O hl 291.33 |wkg v| @ A1 o1 |m"‘2 -
awu 6.00 mis ~
t @21 0.000E00 mo o
Outlet Properties
82 700 —Ibar D2 018450  |mikg
L} | ‘/
87245000 Ko
O h2 15734 (Btu/lbon | () A2 006550 |m*2 ~|
B 20 "/ws -
@ 22 0.000E00 mo o
F i
Fowinfo  —" ot 0.72089 ko/s -
{ O vdot1  0.60000 mifs
O Vdot2 0.13300 mifs
Device .-—_
O win  K123.86 kW V‘/
B Qout 180 k/min -~
W
[Delta H] [Deita KE] [Delta_PE|
12087 001153 0.000E00

L

- (] X
Units )
O SISystem (O English System
Py Ty, W, zl PaTa Va2, ’
m Qout §
Win T
Ns
our
s
T pr ToViZy !
P Ty V2. 2,
a) Turbme b) Compressor
Q"ﬂlﬂf

'Pl . o 1 PZ

i LT,

V2

Zy

¢) Nozzle
{ = f — 4

Py.Ty.xy Py, Ty, %5 I
1
e) Throttling Valve f) Duct |

e J

The compressor work is estimated at about 124 kW.
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Example — Air Flow in a Diffuser [1]: Air at 10 °C and 80 kPa enters the diffuser of a jet engine with a velocity of 200
m/s. The inlet area of the diffuser is 0.4 m2, and the air exit velocity is very small compared to the inlet velocity.
Determine a) the mass flow rate of the air, and b) the temperature of the air leaving the diffuser in K.

Open the “1°t Law — Steady Devices” tool from the Thermodynamics/Control
Volume Analysis menu.

e Change Device to Diffuser and choose Air as fluid.

e Enter 10 ° and 80 kPa for the inlet temperature, 200 m/s for the inlet
velocity, and 0.1 m2 for the inlet area.

e Change the requested unit for the exit temperature to degrees K.

e Uncheck the mass flow rate checkbox to indicate that it needs to be
solved for.

e  Click Update to solve the problem.
o® 15t Law - Steady Devices - [m] X
] - Units
Select Device | d) Diffuser v O 35l System () English System
Select Fluid | Air W
Inlet Properties PLT V24
§1 1
[ RN Wa.~| ([ 102 mikg - 1’” E’m
@ T o000 c - == -
O h1 28437 kifkg ~| E A1 04 mh2 s % N
@V 20000 s - T Woue 'z
@21 0.000E00 mo v m " T
|Pavaz: Alies
= a) Turbine b) Compressor
Qutlet Properties
O] 2 ’m 0O w2 |m3;kg Ny dons
12 w e
S : I \k Py / Py
O h2 3p937 Wikg | () A2 D.0ODEDD  |m~2 u| P = P, Ty T T,
::1 _im L, T, v, —* —
@ Vv2  0.000E00 W v 1 . Z, & Z
@22 0.000E00 moo = Qout -
c) Nozzle d) Diffuser
Flow Info g/’ .
mdot [ 78.7¢ kgfs .
\— Qoul‘
[ vdot1 80.00 mifs
() Veot2 |m3fs | — ﬁ
Device ’ ‘
Py, Ty, xq Pg.Tz.rz
0.000 KW
8 Qout . | I ) Throttling Valve
[w |
| Detta H | | Delta_KE | | Delta_PE |
1575.11 -1575.11 0.000E00 Update

e Mass flow rate is 78.8 kg/s. Itis calculated by applying the mass conservation at the inlet.
e The exit temperature is approximately 303 K.

ETR, LLC. Proprietary and Confidential. All rights reserved.
4% AutoTherm 4 7



Example — Expansion of Refrigerant-134a [1]: Saturated liquid refrigerant-134a enters the capillary tube of a refrigerator
at 0.8 MPa and is throttled to 0.12 MPa. Determine the quality of the refrigerant at the exit and the temperature drop for this

process.

e Open the “15t Law — Steady Devices” tool from the
Thermodynamics/Control Volume Analysis menu.

e Change Device to Throttling Valve and choose R134A as fluid.

e Enter the “0” for the inlet quality, 0.8 MPa for the inlet
pressure, and 0.12 MPa for the exit pressure.

o Keep the mass flow rate unchanged at “1” to solve the
problem on a per mass basis.

Throttling
valve

1, = 88.80 kl/kg
uy = 94.80 kl/kg P,u, = 6.68 ki/kg
P,v, = 0.68 kl/kg ‘

(hy, = 95.48 kJ/kg)

hy = 95.48 kJ/kg)

e  Click Update to solve the problem.
I - - — — — — — 3 P Y —_ e T AT | — L e F il - — n o
1 o® 1st Law Steady Devices — O bl
) ; Units

Select Device |e] Throttling Valve W [« 1 System O English System

Select Fluid |R134a v

Inlet Properties Py Ty, Vy, 2,4

@ Pl 020000 |MPa |4 ()1 8457604 mifkg - l'“ Qout

0T 313 C | @x oo A
O h1 9548 Kikg ~| OJ Al 0000600 |m*2 ~

Outlet Properties

B 72 01200 ﬁﬂpa a0 v2 005567 |mikg ~ Goue

le Tz‘ VzJ ZZK

mh Tpl' T Vi, 2y
b) Compressor

.m -] O xz —
D = pl L = .Pz
(O h2 o542 ki/kg ~| (O A2 0.000£00 P, 7, i -
T3 w-Trr —— |,
Vj, _: Vz z]. 2o zﬂ‘
Z, W\
out
Flow Infe ¢) Nozzle d) Diffuser
W 8 mdot  1.00000 kgfs -
[ Vdat1 8.457E-04 mifs
O o2
Device
Py, Ty, %y Py, Ty x5
e) Throttling Valve f) Duct
W
| Delta_H | | Delta_KE | |Delta_PE |
oo oo oaves

The exit quality is 34%, and the exit temperature is -22.32 °C. This represents —22.34 — 31.31 = —53.63 °C

temperature drop during this throttling process.
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04: Heat Engines and Refrigerators

1® 2nd Law Devices

= (m] X

Device Type

a) Heat Engine v [

Please Enter two Values

QH Wh |

aL Wh o |

Wnet | |kW A

Efficiency
-lemperature re:
aTy
a) Heat Engine b) Refrigerator ¢) Heat Pump
Update

This tool provides an environment for 2nd-law calculations of heat engines and refrigerators.

e Select the device type (heat engine/refrigerator/heat pump). The form's appearance changes based on the

selection (e.g., “Efficiency” changes to “C.0.P.” for the refrigerator).

e Enter values for two fields and press Update to calculate the other two fields.
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Example — Fuel Consumption Rate of a Car [1]: A car engine with a power output of 65 hp has a thermal efficiency of 24

percent. Determine the fuel consumption rate of this car. Assume the fuel has a heating value of 19,000 Btu/lbm (19000 Btu
is released per pound of fuel).

Me
e Open the “2" Law Devices” tool from the 2" Law Concepts and e
Entropy Analysis menu. / '
e Keep Device as Heat Engine. SCombuiton

chamber

e Enter the “65” for Wnet and change its unit to HP.
e Enter 0.24 for its Thermal Efficiency.
e Change the requested unit for the heat rate field to Btu/h.

e  Click Update to solve the problem. .
Wietou = 65 hp
engine
(idealized)
Atmosphere
1® 2nd Law Devices — (m] X
Device Type
‘a) Heat Engine

High-temperature reservol

Please Enter two Values

QH 689117.43

0

QL 523729.24

Wnet 65

Required

) netin :'
Desired g
input
I <
- Cold refrigerated
space at T

a) Heat Engine b) Refrigerator ¢) Heat Pump

Efficiency .24

Update ]

The rate of heat addition (QH) is 689,117 Btu/h. This energy must be supplied by the fuel. Therefore, the fuel
consumption rate is:

689,117 Btu/h
Mivel = 19 000 Btu/lbm

= 36.3 Ibm/h
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Example — Household Refrigerator [1]: A household refrigerator with a COP of 1.2 removes heat from the refrigerated

space at a rate of 60 kJ/min. Determine a) the electrical power consumption of this refrigerator in kW, b) the rate of heat
transfer to the kitchen air.

e Open the “2" Law Devices” tool from the 2" Law Concepts and Entropy
Analysis menu.

e Change Device to a Refrigerator.

e Enter the “60” for kJ/min for heat rate from cold space (QL).
e Enter 1.2 for its COP.

e Change the requested unit for the heat rate field to Btu/h.

e  Click Update to solve the problem.
0, = 60 kJ/min
| =
=
,; |
Refrigerator
s® 2nd Law Devices = O X

Device Type

’b) Refrigerator

Please Enter two Values

QH < 110.00 ) Desired

S output

I QL 60 '
I |

Wnet @

~— Required i
input
COPr 1.2 o
|
a) Heat Engine b) Refrigerator ¢) Heat Pump
[ Update ]

e The electrical power (Wnet) needed is 0.833 kW.
e The rate of heat transfer to the kitchen (QH) is 110 kJ/min.
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Example — Heating of a House using a Heat Pump [1]: A heat pump is used to maintain a house at 20 °C. On a day when
the outdoor air temperature drops to -2 °C, the house is estimated to lose heat at a rate of 80,000 kJ/h. If the heat pump
under these conditions has a COP of 2.5, determine a) the power consumed by the heat pump, and b) the rate at which heat

is absorbed from the cold outside air.

Analysis menu.
Change Device to a Heat Pump.

Enter 2.5 for its COP.
Click Update to solve the problem.

Open the “2" Law Devices” tool from the 2" Law Concepts and Entropy

Enter the “80,000” for kJ/h for heat rate to warm space (QH).

' Outdoor air
at-2°C

Device Type

) Heat Pump

Please Enter two Values

QH 80000 / W/ |
a lkih |
Wnet w |
COPhp 25 r

Update

‘High-temperature reservo

Required
input

Qu

Desired
output

a) Heat Engine

b) Refrigerator

Desired
output

Required
input

¢) Heat Pump

The power consumed by the heat pump is 8.9 kW.
The rate of heat absorption from the cold outside air is 48,000 kJ/min

Note that 48,000 kJ/min of the 80,000 kJ/min delivered to the house is extracted from the cold outside air, which is
a freely available energy source. We are, in fact, paying for the remaining 32,000 kJ/min. If an electric resistance
heater is used, the unit must supply the full 80,000 kJ/min.

4% AutoTherm
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05: Gas Power Cycles: Reciprocating Engines

1® Otto/Diesel Cycle

2

Input r Units o
© Otto Cycle () Diesel Cycle © SISystem () English System
3
L)\‘ P1 KPa
Fuel Injector
T1 C ~
bl
Compression Ration Air
@ o Air-fuel
mixture Fuel spray
O gin klikg w
ORE C ~
Results : b) Cl Engine
gout kikg -~ a) Sl Engine
Met Work kifkg ~
MEP kPa w~
Thermal Efficiency %
Properties |kPa v‘ |C V| ||f_|;‘|;g V|
Mo | P T u
> L 1 i
DC BDC v
2 .
Otto Cycle Diesel Cycle
3
4 6 L —
Total Quantities m kg -
- 3
Vi m*3 Updat
° e

‘Q‘AutoTherm
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Example — Otto Cycle Calculations — using variable specific heat [1]: For an ideal Otto cycle with a compression ratio
of 8 and at the beginning of the compression process, air is at 100 kPa and 17 °C, and heat input is 800 kl/kg, determine a)
temperature and pressure for every point, b) net work output per unit mass, and
thermal efficiency.

TA
Note: This AutoTherm tool uses the Variable Specific method, which utilizes
air tables.

Open the “Otto/Diesel Cycle” tool from the Thermodynamic/Gas Cycles
menu.
1. Keep default selections for S/ units and Otto Cycle options.

2. Enter “100” kPa and “17” °C for State-1 pressure and temperature.

3. Enter “8” for the compression ratio.

4. Enter “800” ki/kg for qin.

5. Change all output units of temperature to degrees K, to be >
consistent with the textbook.

6. Click Update to solve the problem.

ETR, LLC. Proprietary and Confidential. All rights reserved.
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o® Otto/Diesel Cycle

Input

© Otto Cycle () Diesel Cycle
CZ)\ P1 100 kPa
T 17 C v

Compression Ration 8

Units ™
© Sl System () English System

e

O gin 800.00 lkiikg v
O T3 1575.37 K v) ]
A
Results
qout Kikg
Net Work Wikg
MEP P2
Thermal Efficiency %

Air=fuel

mixiune

a) Sl Engine

TDC BDC v

Fuel injector

Fuel spray

b) Cl Engine

Properties ||.;pa V| |K v|‘[l:l,"kg "
Mo | P T u
3 H 100.00 290.15 207.02
2 1799.58 | 652.69 475.33
3 4343.61 1575.37 |1275.33
4 274.22 795.65 588.78
5

I'II)".' Fll'l'li' v
Otto Cycle Diesel Cycle
Total Quantities o kg —
b Wt ==

e Temperature and pressure at every point are shown in the grid box.

e All other result quantities are shown in the encircled text boxes.

Example — Diesel Cycle Calculations — using variable specific heat [1]: An ideal Diesel cycle with a compression ratio

of 18 and cutoff ratio of 2 at the beginning of the compression process, air is at 14.7 psia and 80 °F, and 117 in3. Utilizing
cold-air-standard, determine a) the temperature and pressure at the end of each process, b) the net work output and
efficiency, c) the mean effective pressure.

Open the “Otto/Diesel Cycle” tool from the Thermodynamic/Gas Cycles

menu.

1. Change Units to the English System and select Diesel Cycle options.
2. Enter “14.7” psia and “80” °F for State-1 pressure and

temperature.

3. Enter “18” for the compression ratio.

4% AutoTherm
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4. Enter “2” for the cutoff ratio.
5. Enable the Total Quantities calculations by clicking “ON” V1 and entering 117 in3 for the initial volume.
6. Click Update to solve the problem.

'® Otto/Diesel Cycle /G)\ - O X

Input e Units e
() Otto Cycle © Diesel Cycle () Sl System © English System
(2)\ P1 147 psi w
Fuel injector

T1 &0

. . Air
Cc-rPnr.g\ssmn Ration 18
A R

(o] cma

) gin 458.87 Btu/lbm -
[ORE! 2772.09

Air=fuel
Fuel spray

mixture

L

—
et gout 183.40 \ |m| a) Sl Engine
NetWork | 265.47 |Btu/lom |
MEP 111,69 s v
Thermal Efficiency %

Properties ‘psi v| |F V| |Btuj|hm v|

Mo | P T u : ‘ :
4 14.70 20.00 91.92 " 1 ) )
™mC BDC v ™mC BOC v

2 792.27 1156.21 289.21 .
Otto Cycle Diesel Cycle
3 79227 2772.09 B637.54 @2
4 43.49 1136.92 285.38 }E'B —
| Quantities
m  0.00498 Ibm -
L ] a
e Weot 1.22 Btu paate

e The total work output is 1.3 Btu's.
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06: Gas Power Cycles: Brayton Cycle
This tool provides an environment to analyze the Brayton cycle —the ideal cycle for gas-turbine engines.

o® Brayton Cycle )E) = O X

Input Units »
© Sl System () English Systern

Comp. Inlet Temp. C o
N P P |

Comp. Inlet Pressure

@—I-Turbine Inlet Pressure |MPa U

3
5
1]
¢

<

Py o
R [c ] Q) = O

_.. -
) Gin W~ ! [
Compressor Efficiency 100 ar e,
Turbine Efficiency 100 5 : Turbine 2 %
Results
Comp. Power ||‘1""lII -
Turbine Power |IMI' o [
— tr'lll
Net Power W
Qout CU Ta
Thermal Efficiency @

Back Work Ratic

Properties ‘kF‘a v| |C w |Ic_lf|cg w

T h

-y

© mdot 1.0 kgis

& Update

"0 v

This automated tool can be accessed from the “Brayton Cycle” tool from the Thermodynamic/Gas Cycles menu.

1. Choose the unit system.

2. By default, calculations are performed assuming 1 unit of mass (per mass basis), but here the mass
flow rate or the volumetric flow rate at state-1 may be entered.

3. Enter the compressor inlet (state-1) conditions (pressure and temperature).

4. Enter the turbine inlet pressure. If the pressure ratio is given, this is p1 times the pressure ratio.
Caution: the default unit here is MPa; make sure to select the correct unit.

5. Enter either T3 (the turbine inlet temperature) or Qin (heat added in process 2-3).

ETR, LLC. Proprietary and Confidential. All rights reserved.
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6. If analyzing a non-ideal Brayton cycle, enter the isentropic efficiencies.

Example — Brayton Cycle Gas Turbine [2]: Air enters the compressor of an ideal air-standard Brayton cycle at 100 kPa,
300 K, with a volumetric flow rate of 5 m3 /s. The compressor pressure ratio is 10. The turbine inlet temperature is 1400 K.
Determine (a) the thermal efficiency of the cycle, (b) the back work ratio, (c) the net power developed, in kW.

Open the “Brayton Cycle” tool from the Thermodynamic/Gas Cycles
menu.
1. Change flow selection to Vdot1 and enter “5” m3/s.
2. Enter “100” kPa and “300” K for State-1 pressure and
temperature.
3. Enter 1000 (10x100) for p2, change unit to kPa.

4. Enter 1400 K for T3.
5. Leave the other field set to its default value and click
Update.
*¥ Brayton Cycle - O *
Input Units

O SiSystem () English System

N Comp. Inlet Temp. 300 K x

Comp. Inlet Pressure 100 kPa w

FTurbine Inlet Pressure 1000 kPa w

P, | 1400 K v

O Qn 543253 T

1.9

Compressor Efficiency 100 a
Turbine Efficiency 100
R Comp. Power  1624.56 KW
Turbine Power  4103.81 KW
Met Power 2475.25 kW w
Qout 2933.28 klfs

Thermal Efficiency  43.64

Back Work Ratio 39.59

Properties |kpa vi|c v kg -

Me | P T h
¥ 100.00 26.85 300.19

2 100000 |301.01 579.94 -

3 100000 112685 |1515.42
4 100.00 514.80 808.74

O mdot  3.81 kg/s e

» 0 Vdot1 5 mifs

The thermal efficiency is 45.6%, the back work ratio is 39.6%, and the net power is roughly 2480 kW.
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07: Gas Power Cycles: Turbojet Engine

This tool is used to perform thermodynamic analysis of turbojet engines. The tool is accessed from the top menu:
Thermodynamic/Gas Cycles/Tool: Turbojet Engine.

7\

Qe o @

® Jet Propulsion = [m] X
Input Output Units
- — - © 5l System () English System 4-@
Local Ambient Conditions Properties kPa - |C v|
P1 kP w
| 2 Mo | Pressure Temperature
= EE
Use Altitude Tool 2
3
Inlet Flow Information 1
Vaircraft ] | |mf’s v| 5
.
© mdot [kg/s | 6
O m |m w | .
=
Diffuser Compressor Combustion -
Compressor Information ifuse Chamber Turbine Nozzle
| o Pressure Ratio Results TA
Compressor Efficiency 100 o Compressor Power |I-cW " |
Cumbustion Chamber Turbine Power |kw v|
O T4 S ,
| 5 Engine Thrust |kN v|
O ain w v ——— _——
Press.Drop  0.00 KPa » Nozzle Exit Velocity mis
i kW w
AuxiliaryPower Requirement el
™ Waux 0.0 KW - Propulsive Efficiency o
Turbine Nozzle Fuel Information
> TurbineEfficiency 100 % Fuel Heating Value 42700.0 Kifkg
Mozzle Efficiency 100 ag
h— Fuel Mass Fl t kg ~
uel Mass Flowrate Update

The user must follow the following steps:

Provide the local pressure and temperature (state-1). Alternatively, the “Use Altitude Tool” button can
be clicked to open the tool, where the pressure can be specified, and temperature and pressure are

Enter the aircraft velocity and provide the flow rate by either specifying the mass flow rate or the

Enter the compressor pressure ratio and its isentropic efficiency (if non-ideal).

Enter either T4 (the turbine inlet temperature) or Qin (heat added in the combustion chamber).
Enter the value for the auxiliary power needed to be provided by the turbine.

For non-ideal cases, enter the isentropic efficiencies for the turbine and nozzle.

1. Choose the unit system.
2.

automatically applied.
3.

engine inlet diameter.
4,
5.
6.
7.
8. Click Update.

The pressure and temperature values at all state points are presented in the grid box, along with all
relevant results.

4% AutoTherm

ETR, LLC. Proprietary and Confidential. All rights reserved.



Example — Jet Propulsion Cycle [1]: A turbojet is flying with a velocity of 595 miles per hour, at an altitude of 20,000 ft.
The pressure ratio across the compressor is 13, and the temperature at the turbine inlet is 2400 R. Assuming ideal operation
for all components, and an airflow through the compressor at a rate of 110 lbm/s, and the fuel jet heating value of 42,700
kJ/kg, determine a) the velocity of exhaust gases, b) the propulsive power and the propulsive efficiency, and c) the rate of
fuel consumption.

Open the “Turbojet Engine” tool from the Thermodynamic/Gas Cycles menu.

1. Change the unit system to English.

2. Click the “Use Altitude Tool” button and enter 20,000 ft for the altitude in the “Atmospheric Conditions at
Altitude” tool. Then, click the "Update" button. The tool will automatically close, and the atmospheric
pressure and temperature in your selected units will be displayed.

Enter “595” mile/h for the aircraft speed and “110” lbm/s for the mass flow rate of air.

Enter “13” for the pressure ratio.

Enter “2400” for T4 (turbine inlet temperature) and change its unit to “R”.

Change the temperature unit to “R” for the state points spreadsheet, and the power unit to kW for the
propulsive power unit.

7. Leave the other field set to its default value and click Update.

o vk w

o8 Jet Propulsion = a X
Input Qutput Units .
Local Ambient Conditions Properties psi |R VL ) Sl System © English System «—{1)
P1 675 i ~
psi Mo | Pressure Temperat\re
(2){1 -12.32 |F v| » 675 44735
Use Altitude Tool 2 |1074 51086 A ||| 7 D A
3 [139.57 1053.03 N
Inlet Flow Information 1 139.57 2400.00
@<:: Vaircraft 595 |m|lefh v| s <710 1020.00 \
Mk
O mdot 110 [lomys | 5 |67 1106.23 \
Op 188 |ft v] . \
oD O OO O)
i ¥ Ompressor embustion rhi
Compressor Information iifuse P Turbine Nozzle
@__, Pressure Ratio 13 Resolts A
Compressor Efficiency 100 o Compressor Power 14534,90 |Btufs v|
Cumbustion Chamber Turbine Power 14534,90 |Btufs ~ |
@__. O T4 2400 R~ .
e Engine Thrust  8299.91 C
in 3993094 Btu/s
O Qin
Press.Drop  0.00 |p5i v| Nozzle Exit Velocity 3300.32 |ft,.f5 v| Y
i 9820.27 kW w
AuziliaryPower Requirement AT |—
Waux 0.0 |Btu.-"5 - | Propulsive Efficiency  23.31 ag
Turbine Nozzle Fuel Information »
Turbine Efficiency 100 % Fuel Heating Value 42700.0 Btu/lbn - '
Mozzle Efficiency 100 o
Fuel Mass FI te 0.93519 Ib

e The velocity of exhaust is 3300 ft/s
e The propulsive power is 9,820 kW
e The propulsive efficiency is 23.3%
e The rate of fuel consumption is 0.93519 Ilbm/s
e All other results, in addition to the pressure and temperature throughout the engine, are presented.
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Example 2 - Jet Propulsion Cycle [1]: Repeat the previous problem using a compressor efficiency of 80%, a
turbine efficiency of 85%, and a nozzle efficiency of 90%.

In the completed form above, make the following modifications:

P wnNPR

o® Jet Propulsion

Change the compressor efficiency to 80%.
Change the turbine efficiency to 85%.
Change the nozzle efficiency to 90%.
Click Update to get the updated results.

Units

() Sl System © English System

Input OQutput
Local Ambient Conditions Properties psi v |R V|
B ©-7 psl - Mo | Pressure Temperature
T -1232 |F v| 3 6.75 44735
Use Altitude Tool 2 |1074 510.86
3 138.57 1184.04
Inlet Flow Inf: i
nlet Flow Infarmation 1 139.57 2400.00
Vaircraft 393 mile/h ~ 5 3463 1208.55
© mdet 110 |“%=mf's V| 6 |675 124617
O b1 1.98 ft v .
Compressor Information
Pressure Ratio 13 Results
G}--p Compressor Efficiency 80 9 Compressor Power 1816862 |Btu,-’s v|
Cumbustion Chamber Turbine Power 18168.62 Btu/s
)T |R v| E Th 6353.54 f
ngine Thrust . I ~
) Qin 36297.22 Btufs —_—
Press.Drop  0.00 psi " Mozzle Exit Velocity 2731.02 ftfs
Propulsive Power kW w

AuxiliaryPower Requirement

Waux 0.0

Turbine _Mozzle

—»| Turbine Efficiency 85

| Mozzle Efficiency 90

Propulsive Efficiency

7517.36

19.63

Fuel Information

Fuel Heating Value 42700.0

Combustion
Chamber

Diffuser Compressor Turbine Nozzle

Fuel Mass Flowrate 0.85009

Updated reduced values for the exhaust velocity, the propulsive power, and the propulsive efficiency are:
2731 ft/s, 7517 kW, and 16.63%, respectively.

4% AutoTherm
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08: Vapor Cycles: Rankine Cycle

This tool is used to perform thermodynamic analysis of the Rankine cycle. The tool is accessed from the top menu:
Thermodynamic/Vapor Cycles/Tool: Rankine Cycle.

O A

1® Rankine Cycle

Units

© 51 System () English System

Input
— mdot 1.0 kg/s
+ Condenser Pressure kPa w
Boiler Pressure MPa -~
O T3 C v
\‘O Qin W~
Pump Efficiency 100
Turbine Efficiency 100
Results
Pump Power kW~
Turbine Power lﬁ
Met Power lﬁ
Cout KW
Thermal Efficiency ag,

Properties

|kPa v\ |c v| |wkg y

T

h

Mo | P
b

“'.I:urh_nq:t

Ta

-y

Update

The user must follow the following steps:

1. Choose the unit system.

2. Enter the mass flow rate if performing a total analysis; otherwise, keep the default to perform analysis

per unit mass of the vapor.

3. Enter the Condenser (or compressor inlet) pressure, Piow, and the boiler pressure (or turbine inlet)
pressure, Pui. Note: the default unit is changed to MPa.
4. Enter either the temperature into the turbine (T3) or the rate of heat transfer in the boiler (Qin).

v

6. Click Update.

4% AutoTherm

For non-ideal cases, enter the isentropic efficiencies of the pump and turbine.

ETR, LLC. Proprietary and Confidential. All rights reserved.



The pressure and temperature values at all state points are presented in the grid box, along with all

relevant results.

Example — Rankine Power Cycle [1]: Consider a steam power plant operating on a Rankine cycle shown below.
Steam enters the turbine at 3 MPa and 350 °C and is condensed in the condenser at 75 kPa. Assuming isentropic
efficiencies of 87% for the pump and 85% for the turbine, determine the thermal efficiency and the net work for

this cycle.

Open the “Rankine Cycle” tool from the Thermodynamic/Vapor Cycles
menu.

1. Enter 75 kPa for P1.
Enter 3 MPa for the turbine inlet pressure, T3.
Enter 350 °C for the high temperature, T3.
Enter 87% and 85% for the pump and turbine efficiencies.
Click Update to solve.

vk wnN

The thermal efficiency is 22%, and the net work is 602.6 kJ per kg of
steam (note that kW for a 1 kg/s mass flow rate is equivalent to kl/kg).

‘Q‘ AutoTherm
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1® Rankine Cycle

OO

®

&AutoTherm

Units
© sisystem () English System

Input
mdot 1.0 kgfs
Condenser Pressure 73 ’kPa—vl
» Boiler Pressure 3 MPa -
» 0 T3 330 C vl
) Qin 272817 kW wr
Purnp Efficiency &7 a
’Turhine Efficiency a5
Results
Pump Power 343 kKW~
Turbine Power 606.11 kW ~
Met Power 602.63 kW
Qout 2125.55 W
Thermal Efficiency  22.09 ag

Properties |I:Pa v| |C v| |I:Jfkg V|
Mo | P T h
» H?S.{Iﬂ 91.76 3444
2 |300000 |92.59 387.93
3 3000.00 | 350.00 3116.10
4 75.00 91.76 2509.99
®

Winrb,out
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09: Refrigeration Cycles: Vapor-Compression Cycle

Input Units
© SiSystem () English System .—@
@._—. mdot 1.0 |kg/s -
| Compressor
; © Inlet Saturated () Inlet Superheated
®<+ Inlet Temperature ‘C
T\‘ Inlet Pressure |kPa
@_T_. Exit Pressure MPa
@—i—b Efficiency 100 % T “
' - l Saturated 2/
{Expansion Valve ]
@_‘l © Inlet Saturated () Inlet Subcooled
J Inlet Tempersture C
Comp Power kW
QaH KW
at kw
Quality at State 4 %
COPr COPhp
ks | [C kifkg
| No |P T h

A

Update

The sequence of operations is:

No vk

Choose the unit system.

Enter the mass flow rate if performing a total analysis; otherwise, keep the default to perform analysis
per unit mass of the vapor.

Choose the condition for the compressor inlet. The "inlet saturated" condition represents an ideal
system, while the "inlet superheated" condition signifies a practical cycle.

Enter the compressor inlet temperature (for the second option above) and the inlet pressure.

Enter the compressor exit pressure.

Provide the isentropic efficiency for non-ideal cycles.

Choose the state of refrigerant entering the expansion valve. For an ideal cycle, leave the default

(Inlet Saturated); otherwise, for real cycles, the inlet may be subcooled, and the liquid refrigerant
temperature must be specified.
Click Update.
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Example — Analyzing an Actual Vapor-Compression Refrigeration Cycle [2]: Refrigerant 134a is the working fluid
in an actual vapor-compression refrigeration cycle, entering the compressor as saturated vapor at 2 bar with a
mass flow rate of 0.08 kg/s. The compressor’s exit pressure is 9 bar. The refrigerant is then cooled in the
condenser to 30 °C, entering the expansion valve as subcooled liquid. Assuming 80% efficiency for the
compressor, determine (a) the compressor power, in kW, (b) the refrigeration capacity, in tons, (c) the coefficient

of performance.
Open the “Vapor-Compression Refrigeration” tool from the . py = Zbar
Thermodynamic/Refrigeration Cycles menu. . pr=9bar
1. Enter 0.08 kg/s for the refrigerant mass flow rate. 2 _:
2. Enter 2 bar for the compressor inlet pressure. ]
3. Enter 9 bar for the compressor exit pressure. / ,r
4. Change the efficiency of the isentropic to 80%. s0cf— i -
5. Change the expansion valve inlet option to Inlet /‘\ T
Subcooled, and enter 30 °C for inlet temperature. P1=2bar /r \“4 1
6. Change the unit for Q. (refrigeration capacity) to ton.
7. Click Update to solve. 5
o® Vapor-Compression Refrigeration Cycle = |
e : L e © SiSystem () English System
mdot 0.08 kg/s v |
Compressor
© Inlet Saturated () Inlet Superheated
Inlet Temperature lc_~1
Inlet Pressure 2 [bar “T/
Bt Pressure 9 lbar |
N . . I'a
G{_’ . = N Saturated >/
Expansion Valve Uiquid e
() Inlet Saturated @ Inlet Subcooled
Inlet Temperature 30 € v A
(5) ‘ Wt
L Comp Power  3.13 (kW
QH 91226 |I)/miin
aL 343 ‘f‘°" v] Saturated Vapor
Quality at State 4  26.77 5% "
COPr 3.86 COPhp 4.86
P v| [c o] [orkg |
No | P T h
» 200.00 -10.09 244,50 I

2 900.00 -273.15  [283.63

|2 |0MM 2an nn 0252

Compressor power is 3.13 kW, the COP is 3.86, and the refrigeration capacity is 3.43 tons.
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10: Psychrometry

1® Pzychrometry @\ = O et

Units = _
O Sl System () English System

Environment Pressure 101.325 kPa

Dry Bulb Temperature 25 | C v

[ © Relative Humidity, ¢ |
@*“‘ () Wet Bulb Temp |I:—v|
Ll (O Humidity Ratio, w
Dew Point Temperature |C w |
Mixture Enthalpy |k.lfkg w |
Spec. Volume - Dry Air |m3fkg w |
Spec. Volume - Vapor |r1'|3.-"kg w |
Partial Press. - Dry Air kPa “w
Partial Press. - Vapor kPa w
Update

The sequence of operations is:

1. Choose the unit system.

2. Enter the environmental pressure and temperature (dry bulb temperature).

3. Enter the relative humidity, or wet bulb temperature, or the humidity ratio (also known as specific
humidity).

4. Click Update to solve.

All other psychrometric properties will be calculated.

ETR, LLC. Proprietary and Confidential. All rights reserved.
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Example — The Specific and Relative Humidity of Air [1]: The dry- and wet-bulb temperatures of atmospheric air at
1 atm pressure are measured with a sling psychrometer and are determined to be 25 °C and 15 °C, respectively.
Determine a) the specific humidity, b) the relative humidity, and c) the enthalpy of the air.

Open the “Heat Transfer” /Heat Conduction/Steady-State 1D/Tools: Heat Sink Analysis.
1. Enter “1” for the environmental pressure and change its unit to atm. Leave the dry-bulb temperature at
the default value of 25 °C.
2. Enter 15 °C for the wet-bulb temperature.
3. Click Update to solve.

¥ Poychrometry = O >
Units = .
" © 5 System (_) English System
1
Environment Pressure 1 atm v|
Dry Bulb Temperature 75 C v |
() Relative Humidity, & 32.68 %

@_*O Wet Bulb Temp 15 C

i) Humidity Ratio, o 0.00642

Dew Point Temperature 7.40 C |
Mixture Enthalpy 4148 Wkg |
Spec. Volume - Dry Air  0.85323 m
Spec. Volume - Vapor  132.85 W‘
Partial Press. - Dry Air  100.29 kPa -
Partial Press. - Vapor 1.04 kPa ~

l Update ]

a) The specific humidity (or humidity ratio) is 0.00642
b) The relative humidity is 32.68 %
c) The mixture enthalpy is 41.48 kJ/kg.

ETR, LLC. Proprietary and Confidential. All rights reserved.
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Example 2 — Use of Psychrometry [1]: Consider a room that contains air at 1 atm, 35 °C, and 40% relative humidity.
Determine a) the specific humidity, b) the enthalpy, c) the wet-bulb temperature, d) the dew point, and e) the
specific volume of the air.

Open the “Psychrometry” tool from the Thermodynamic/Gas-Vapor Mixtures and A/C menu.
1. Enter 1 for the environmental pressure and change its unit to atm.
2. Enter 25 °C for the dry-bulb temperature.
3. Enter 40% for the relative humidity.
4. Click Update to solve.

s® Psychrometry - (] X

Units

© SiSystem (O English System @

Environment Pressure 1 [atm \,‘
Dry Bulb Temperature 35 IC v "
@—o O Relative Humidity, & 40 %

() Wet Bulb Temp

O Humidity Ratio, w

]
<

(=)

Dew Point Temperature @ G f
Mixture Enthalp kikg  ~
Spec. Volume - D m3/k9 o ‘
Spec. Volume - Vapor  63.16 m3/kg v
Partial Press. - Dry Air ~ 99.07 kP2 |
Partial Press. - Vapor  2.25 kPa v l

Update

The results for cases a) through e) are shown in the completed form above.
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11: Analyzing Air-Conditioning Processes

This toolset provides an environment for analysis of various air-conditioning processes. The user selects an A/C
process type to start the analysis. Based on this selection, the user interface is modified to accommodate data
entry. The interface for the “Simple Heating/Cooling” selection is shown below.

) Air-Conditioning Processes p

Select Case ‘a) Simple Heating/Cooling v

S~

@\ o

© SiSystem (O English System

Inlet/Exit 3
P1 101325  |kPa |
! I
@ Tdb1 FE C v| O et MomA” i
‘— * b ﬁ : QI——
| 4 |
() Twb1 c  ~| O Ty, To iy = A Qcv :
ch o e 9
h1 kJ/k S val m3/k G e — 2 1
_____ 9 v mikg | i
P2 101.325 ‘@G)?, a) Simple Heating/Cooling ¢) Cooling with Dehumidification
@ Tdb2 c v| O ¢2 % 1,,-,', 1""‘”
() Twb2 ‘C V-’ O w2 Humidification
- - 1 - 1
h2 ‘U/kg v ’ va2 ‘m3/kg v| s : ‘
—— MoistAir | .. ,
(Cool) 2 >
1 e I
FlowInfo @ m da 1,00 "kg/s—; B 23 ——
) B v —_——
—_— 2 1
O Vdot1 {m3/s v]
O) Vdot2 '—m3 /s N b) Heating with Humidification d) Evaporative Cooling
() Qov |k)/min |
Update

To enter an input value:

e Turn ON the variable’s checkbox. This will enable editing of its textbox.

e Enter a value for the variable.

To solve for a variable:

e Uncheck the checkbox, which will disable text editing for the associated textbox.

4% AutoTherm
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Example 1 — Heating Moist Air in a Duct [2]: Moist air enters a duct at 108C, 80% relative humidity, and a
volumetric flow rate of 150 m3 /min. The mixture is heated as it flows through the duct, exiting at 30 °C. No
moisture is added or removed, and the mixture pressure remains approximately constant at 1 bar. For steady-state

operation, determine (a) the rate of heat transfer, in kJ/min, and

(b) the relative humidity at the exit. Changes in kinetic and
potential energy can be ignored.

Open the “AC Processes” tool from the Thermodynamic/Gas-
Vapor Mixtures and A/C menu.
1. Enter 10 °C for the inlet temperature.

2. Check the checkbox On and enter 80% for inlet relative

humidity.
3. Enter 30 °C for the inlet temperature.

m

min ﬂ_,

(AN} = 150

1 Boundary 2

4. Select the Vdot1 option and enter the value of 150 m3/min

5. Click Update to solve.

s® Air-Conditioning Processes

© Sl System

Moist Air
- -

Tl' Wy @

a) Simple Heating/Cooling

My

|

Heating Humidification

Moist Air
—

Ty, @y T, w,

b) Heating with Humidification

(O English System

¢) Cooling with Dehumidification

d) Evaporative Cooling

Select Case la) Simple Heating/Cooling v l
" g
Inlet/Exit |—/LT)
P1 101325 |kPa v|
@ Tab1 10 c | d@on g
() Twb1 7.3 |§ v] O @1 0.00609
At 2530 [id/kg {’ val 20987  [m3/kg
@\ P2 101325 _|kpa V'\
Td!b‘ 30 o ] D¢z«
() Twb2 1673 lc | Dw2 000609
h2 4571 }u/kg V_J va2 86708 ]7m3/kgr v|
Flow Info O m.da 300 |kg/s v}
Vdot1 150.00 m3/min v[
O g 257/ mas ]
(JQev 376386 k/min |

a) The heat transfer rate into the control volume is calculated to be 3764 KJ/min.

b) The exit relative humidity is 23.1 %.
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Example 2 — Cooling and Dehumidification of Air [2]: Air enters a window air conditioner at 1 atm, 30 °C, and 80%

relative humidity at 350 CFM, and it leaves as saturated air at 14 °C. The condensate is also removed at 14 °C. Determine

a) the rate of moisture removed from the air, and
b) the rate of heat transfer.

Open the “AC Processes” tool from the Thermodynamic/Gas-Vapor Mixtures and

A/C menu.
1. Select Option 3: ¢) Cooling with Dehumidification
2. Enter 30 °C for the inlet temperature.
3. Check the checkbox On and enter 80% for inlet relative humidity.
4. Enter 14 °C for the inlet temperature.
5. Check the checkbox On and enter 100% for exit relative humidity.
6. Select the Vdotl option and enter the value of 350 cfm.
7. Change the unit for Vdot2 to cfm.
8. Change the unit for mass flow rate of water to kg/min.
9. Click Update to solve.

1® Air-Conditioning Processes = O
Select Caseé™al c) Cooling with Dehumidification v‘ © Sl System () English System
Inlet/Exit I — 3
Pl 101325  [kPa |
@ g o
~ - v [ i
Tdb1™ 30 Ic vl &% % Moist Air : i
| .A L ﬁ Q |
O Twb1  13.97 ic v| Owl 002158 Ty @, @ Ty, wy = @, gt 4 .: cv |
= Qcy foe b S e e J
hi 8530 )kj/kg v| val 88846 ;m3/kg Vl —ee———— #
fanl e AR ) e
(5)
P2 101.325 ‘kPa v /‘I) a) Simple Heating/Cooling
= -~ v
of T 14 c | @¢ 0 % l,;,w
O Twb2 000000 (€ ~| (Jw2 001004 Heating Humidification
h2 39.45 kg | va282648 Im3/kg v|
FlowInfo (5 m da 013502 ikg/s \,A’
— e — S —
Vdot1,, 350.00 ofm
O Vdot2 325,58 [cfm—v} 5 b) Heating with Humidification d) Evaporative Cooling
O m__w |kg/min v+— 0
O Tw=T2 [J Qev @ [kJ/min v|
O Tw c vl Update

a) 0.129 kg/min of moisture is removed from the air.
b) The heat transfer rate into the control volume is calculated to be 519 KJ/min.
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12: Combustion: Energy Analysis of Reacting Mixtures

AutoTherm’s Reacting Systems automated tool provides an ideal environment for performing the extremely
tedious and error-prone thermodynamic combustion calculations. This tool allows the user to select a fuel (or a
mixture of fuels) and automatically determines the stoichiometric coefficient, calculates the combustion heat
transfer, adiabatic flame temperature, or work (per mole of fuel or total).

'® Reacting Systems - Energy }) @ = O bt

Fuel ~ / Oxidizer / Hp Hg
© Single Fuel () Fuel Mixture © Air Mixture ) B L A
() 02, N2 Separate Qev=Wew = Z ”':(h? = M'}c - Z Hl':h? = M'}i

CEH1E 0 Initialize e 3 A

Cama Reaction ™ —— -

|| % Thecretical Air Calculate Coefficients

C2H4
{C2HB
1Cme (3 —>{select Fuel | + 02 + 376 N2) — co2 + HO + N2 + 02 + co
§C3H8 A/F_mole F Equivalence Ratio

CAL10 & A/F_mass q

C5H12

CEH18

CaH18(1)

CeHE Mole Basis hal Kikmol Mass Basis @

CH3OH Reactants Enthalpy ]

JCH3QH([M) —

jc2Hs0oH Fuel Molar Mass Products Enthalpy kifkmol (J mdot kg/s
JC2H30HI)

1coz Oxidizer Temp 298 K~ () Qev.bar K/kmol Ocv )/ min V|
Co e .

MH3

03 B Prod Temp //aﬂ Wov bar  0.000 Kikmol - Wcv  0.000 KW v|
N2 "\\

H2 W’
Update

1. Choose the oxidizer mixture: a) standard air, b) separate oxygen and nitrogen amounts can be pure oxygen).

2. Fuel mixture: defaults to a single fuel. Can use a mixture — this option allows entering the number of
components. Upon clicking the Initialize button, the Reaction panel will modify to allow fuel selection.

3. Select a fuel (for each constituent if needed) from the list provided in the fuel combobox.

4. You can enter the coefficients manually, or alternatively, check the % Theoretical Air checkbox and enter the
percent theoretical air value to automatically calculate the coefficients. Clicking the Calculate Coefficient
button will fill in the text boxes for the coefficients, air-fuel mixture values, and the average fuel molar mass.

5. For heat transfer calculations, check the Qcv_bar box and enter a value for heat transfer; for product
temperature calculations, check the Qcv_bar box and enter a value for heat transfer. Note: 1) Enter zero
value for Qv var to calculate the adiabatic flame temperature. 2) For exothermic combustions, the heat
transfer must have a negative sign.

6. Optional: For total energy calculations, check on the “mdot” checkbox and enter a value for the fuel mass
flow rate. As before, you can enter a value for Qcv and solve for the power generated (Wcv), or enter a value
for the Wcv and solve for Qcv. For these calculations, the product temperature must be provided.
Alternatively, values for Qcv and Wcv may be provided to solve for the product temperature. The “Prod
Temp” checkbox must be unchecked to activate Solve for this option.
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Example — Burning Natural Gas with Excess Air [2]: A natural gas has the following molar analysis: CH4, 80.62%;
C2H6, 5.41%; C3H8, 1.87%; C4H10, 1.60%; N2, 10.50%. The gas is burned with 145% theoretical air. Determine a)
the air—fuel ratio on a molar basis, and b), assuming products of combustion leaving at 1000 K, the rate of heat

transfer per mole of fuel.

Open the “Reacting Systems” tool from the Thermodynamic/Chemical Reactions menu.

1.

Change the fuel option to Fuel Mixture, enter 5 for the number of constituents, and click Initialize. The

reaction panel will expand to accommodate five fuel lines.

For each fuel line, select the constituent from the list and enter its percentage in the percentage textbox.
Check ON the theoretical air check box, enter 145, and click on Calculate Coefficients. The coefficients for
air and combustion products are calculated and entered into the respective text boxes. Also shown are the
air-fuel ratio, the equivalence coefficient, and the effective fuel molar mass.

Enter 1000 K for the product temperature.
Click Update for energy analysis.

1® Reacting Systems - Energy = O X
Fuel e A A,
() Single Fuel Fuel Modure © Air Mature L : A
. ) 02, N2 Separate Q=W = anl:h:;' + ﬂ.]r:l‘_ —Z n(he + ah :]I
Initialize F H
Reaction )
a ﬁ:fl':;:rehcal Air 145 Calculate Coefficients
%
B0.62 |CH4 <+ 290 (02 + 376 N2) — 103 CO2 4 193 H20 4 MM05 N2 + 090 02 + W0 CO
54 |C2HE A/F_muole Equivalence Ratio
187 |C3HE 0.65900
160 | C4HI0 .
05 N2 -
Mole Basis Reactants Enthalpy -62883.63 Kkmol - Mass Basis
Fuel Molar Mass 19.23 Products Enthalpy  -529924.21  |k/kmol - ] mdot kg/s
Cradizer Temp 258 K [T Qev_bar Kl kmal Qcv klfmin «
B Prod Temp _mc:- K B Wov bar  0.000 Weov  0.000 W
= b
Units =/

© SiSystem () English System ‘ Update

Note: The negative sign for Qcv_bar = 461038.56 kJ/kmol indicates that heat is transferred out of the

system, as expected for an exothermic reaction.
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Example 2 — Adiabatic Flame Temperature: Propane (C3H8) at 25 °C, 1 atm, enters a furnace operating at steady
state and burns completely with 100% theoretical air entering in a separate stream at 25 °C, 1 atm. Determine a)
the heat transfer from the surroundings to the furnace, in kJ per kmol of fuel, when the combustion products exit
at 1000 K, b) the adiabatic flame temperature for this reaction, and c) the adiabatic flame temperature when 25
% excess air is used.

Open the “Reacting Systems” tool from the Thermodynamic/Chemical Reactions menu.

1. Select propane, C3HS, from the fuel selection combobox.

2. Check ON the theoretical air check box, enter 100, and click on Calculate Coefficients. The coefficients for
air and combustion products are calculated and entered into the respective text boxes. The air-fuel ratio,
equivalence coefficient, and effective fuel molar mass are also shown.

3. Enter 1000 K for the product temperature.

4. Click Update to solve.

(L]
Fuel _ Onxidizer g i
© Single Fuel () Fuel Mixture O Air Mixture o A s L ,
) 02, N2 Separate Q=W = Z:i{{h}' + ahl‘ - Z ";{'F‘F + MF}I
Initialize - v R
¥
Reaction : : \h‘
B % Theoretical Air 100 Caleulate Coefficients

@)—.-CSHS #5500 (02 4 376 N2 —s 300 CO2 4 400 H20 4 1880 N2 4 000 02 + 000 CO

AJF_mole ASF_mass Equivalence Ratio
23.80 15.57 1.00000
Mole Basis Reactants Enthalpy -103850.00 |k)/kmol - Mass Basis
Fuel Molar Mass 44.09 Products Enthalpy - 1.540£06 klfkmol - () mdet kofs -

Chadizer Temp 298 K ; ) Qov_bar k) kmal v kl/min

@ Prod Temp 1000 K - @ Wov bar 0000 Wev 0,000 KW |

vnies (&) '
O 5l System i) English System

Part a): The rate of heat transfer is 1.436x10° kJ/kmol from the furnace to the surroundings.
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b) The adiabatic flame temperature for this reaction:

1. Uncheck the Products Temperature checkbox.
2. Check ON the Qcv_bar check box and enter 0 for its value.
3. Click Update to solve for the temperature of the products (the adiabatic flame temperature).

o Reacting Systems - Energy - a x
Fuel Owidizrer s Hy
© Single Fuel () Fuel Modure O Air Miture r L T L +
O 02 N2 Separate Q=W =Zn,{ﬁ; +4h), —Zn,(ﬁ}'+¢.ﬁ}i
Inttialize P K
Reaction
B % Theoretical Air 100 Calculate Coefficients
C3H8 v| 4500 (02 + 376 N2) — 300 CO2 4+ 400 H20 4 1880 N2 4 000 02 + 000 CO
A/F_mole AJF_mass Equivalence Ratio
23.80 15.57 1.00000
e Reactants Enthalpy -103830.00 Wikmeol | Mass Basis
e s Products Enthalpy 10385405 |K/kmol | (O mdot kafs  ~
Oxidizer Temp 298 K | @Qober 0 ki/kmol | o W/min |
("] Prod Temp I{ ~ B Wov 0.000 Kikmol | Wov 0,000 W
‘Jf ib}
1 JUnits =~
O Sl System () English System [ Update J

The adiabatic flame temperature is calculated to be 2394.4 K.
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c) The adiabatic flame temperature for this reaction with 25% excess air:

1. Change the Theoretical Air value to 125% (25% excess air).
2. Click Calculate Coefficients to get the updated coefficients.
3. Click Update to solve for the temperature of the products (the adiabatic flame temperature).

#® Reacting Systems - Energy - O X
Fuel Oxidizer Hp He
© SingleFuel () Fuel Miture O Air Mixture p " i g A .
O 02, N2 Separate QoW = z n,(h;’ + Ah)' - Z n,(hf - Ah)i
Initialize @ P R
b N
Z @x
Reaction
B % Theoretical Air 125 | Calculate Coefficients
C3H8 v| +625 (02 + 376 N2) — 300 CO2 4 400 H20 4+ 2350 N2 4+ 125 02 + 000 CO
A/F_mole A/F_mass Equivalence Ratio
29.75 1947 0.80000
O S Reactants Enthalpy 10385000 |ki/kmol | | |MassBasis
Fuel Molar Mass 44.09 Products Enthalpy -10385293  |Ki/kmol | () mdot kg/s
Oxidizer Temp 298 K v| @awba 0 W/kmol | Qev k/min |
() Prod Temp ( 2066.78 K v| @ Woba 0000 W/kmol | Wov  0.000 w
1c)
Units omil
© SiSystem (O English System [ Update }1—@

The adiabatic flame temperature is reduced to 066.78 K.
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Example 3 — Analyzing an Internal Combustion Engine Fueled with Liquid Octane [2]: Liquid octane enters an
internal combustion engine operating at steady state with a mass flow rate of 0.004 lb/s and is mixed with the
theoretical amount of air. The fuel and air enter the engine at 77 °F and 1 atm. The mixture burns completely,
and combustion products leave the engine at 1140 °F. The engine produces 50 horsepower. Determine the rate

of heat transfer from the engine, in Btu/s.

Open the “Reacting Systems” tool from the Thermodynamic/Chemical Reactions menu.
1. Select liquid octane, C8H18(l), from the fuel selection combobox.
2. Check ON the theoretical air check box, enter 100, and click on Calculate Coefficients. The coefficients for
air and combustion products are calculated and entered into the respective text boxes. The air-fuel ratio,
equivalence coefficient, and effective fuel molar mass are also shown.

3. Change the unit to the English system
4. Enter 1140 °F for the product temperature.
5. Check the ON the mdot checkbox and enter the value of 0.004 Ibm/s
6. Enter the output power of 50 Hp
7. Click Update to solve.
o® Reacting Systems - Energy = O x
Fuel - Oxidizer HP HR
© Single Fuel () Fuel Midure O Air Mixture A L
A A — po By - (o P
O 02, N2 Separate Q=W = Zn,é.{hJr + ﬂ.h}e Zué{hJr + ﬂ.h}[
Initialize P R
— \‘
Reacti
on B i Theoretical Air 100 Calculate Coefficients
G)—>|CEH1E-{|] v + 1250 (02 + 376 N2) — 800 CO2 4+ 900 H20 4+ 4700 N2 4+ 000 Q2 4+ 000 CO
AJF_mole A/F_mass Equivalence Ratio
59.50 15.03 1.00000
Mole Basis Reactants Enthalpy -107342.97 | Btu/lbmo - Mass Basis
Fuel Molar Mass 114.22 Products Enthalpy -1.751606 | Btu/lbmo B mdot 0.004 Ibm/s |
Onidizer Temp 77 F <] Ooaobar 6345011 [Busibmo - 0 Qov @ Btuss |
Wemp 1140 Foo Wev bar  1.009606  |Btu/lbmo - 8 wWo 50 Hp |
w/ I, F ™
r b
Units 4) @ (a)
() Sl System QE\ngl_ii'iSj,rstem l Update P—@
&)

The rate of heat transfer from the engine is 2222 Btu/s.
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   h 2 = 1049 . 7   k J / k g ;


    v 2 = 0 . 001235     m 3 / k g ;


  ∆ h =  h 2 −  h 1 = 2820 . 85 − 1049 . 7 = − 1771 . 15   k J / k g


    m 3 / k g


    m 3 / k g


  3 = 0 . 001235     m 3 / k g


    p 3 = 1 . 55   M P a ;    h 3 = 853 . 46   k J  k g ;     x 3 = 0 . 00062


  P v = R T


    v 2 = 2 ×   v 1 = 2 × 0 . 842 = 1 . 684     m 3 / k g


  q =  h 2 −  h 1 = 306 . 2   k J / k g


  − 22 . 34 − 31 . 31 = − 53 . 63


      m .  F u e l =   689 , 117   B t u / h  19 , 000   B t u / l b m = 36 . 3   l b m / h

