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Examples for Today

1. Adiabatic Flame Temperature
2. Throttling, Joule-Thomson effect
3. Chemical Equilibrium



Example 1: Adiabatic Flame Temperature

- What's the adiabatic temperature T, of lean burning when the
equivalence ratio ¢ changes (¢ <1)

CH, +§(O2 +3.76N,) = CO, +2H20+[§—2j02 +7'7§2N2

Tp=298 K
P, =1 bar

CH, =)
2

5(02 +3.76N, )

CO, +2H20+[%—2]02 +%N2




Equations

Assume: Only forward reaction occurs; constant pressure

CH, +§(O2 +3.76N, )= CO, +2H20+(%—2j02 +7'7f2N2

Adiabatic condition:

H 1,,F

reactnats ( 0° O)

=H T,P

products ( a’ O)



Before writing code — Set the Units right!

Options = Unit Systems: Set the unit system.
Recommended — T in Kelvin, Specific properties per unit mole

Preferences L ¥ l&J
Unit System Specific Properties Y
« Sl " Mass (kg) Load
" English t* Molar (kmol)
Store
Temperature Units Pressure Units
" Celsius " Pa & bar
* Kelvin " kPa ¢ MPa
\/ .......... —
Energy Units Trig Functions ) | |sssssooo -
J ¢ Degrees % Cancel
* kJ " Radians
% Unit System /,Stop Crit / Integration /, Dptions /, Display /, E quations / Printer / Plots /, [£]#]l




Property Functions

Function Information

| -S|

" Math and string functions

¢~ EES library routines

O pti ons 9 F un ct i on I nfo rm ati on ((i :Iheltn.lrophy::ica; i:o:’e:lies (" External routines
- Thermophysical properties ¢ Mechanical Design
" Component Library
- ldeal gases/Real gas N e
- Then Paste |  Realfluids " AiH20 ¢ Brines
+ Ideal gases  NASA " Incompressible
? Function Infol ? Fluid Info |
Cp [W7kgK] ~ |CBH14 ~
Cv [J7kgK] ~ |C8H18
Density [kg/m3] _| |CH30H
Dipole [debye] p@cHs |
ek_LJ [K ~ |COo
' : co2 =
Enthalpy_formation [J/kg] H2 i
Enthalpy_fusion [J7kg] H20
Entropy [J/kg-K] He
FluidType$ T |N2 V2
~Independent Properties 1
ITempelalure K] LI

Ex: |h=Enthalpy(CH4.T=T)

Ck Paste




Equations

CH, +%(02 +3.76N, )= CO, +2H,0+ %—2 0, +7'—52N2

¢ EES Academic Professional: C:\Users\Xiaoyu\Dropbox (MIT)\2.60\slides\EES\TO4T-adiabatic.ees - [Equations Window]
F&§ File Edit Search Options Calculate Tables Plots Windows Help Examples
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"1) enthalpy of reactants”

T_0=298

h_R = ENTHALPY(CH4,T=T_o) + 2/phi * ENTHALPY(O2,T=T_o) + 2/phi*3.76 * ENTHALPY(N2,T=T_o0)

"2) enthalpy of products”

h_P =1*ENTHALPY(CO2,T=T_a) + 2 * ENTHALPY(H20O,T=T_a) + (2/phi-2) * ENTHALPY(O2,T=T_a) + 2/phi*3.76 *
ENTHALPY(N2,T=T_a)

"3) energy balance"

h_R=h_P|

Why pressure isn’t required?
ENTHALPY per unit mole in above formulation.



|deal gas vs Real fluids

Differences:

- Number of parameters required

- Name of fluid
- Reference values

Function Information

V|-

Function Information

V| -S|

" Math and string functions " EES library routines

 Thermophysical properties (" External routines
" Heat Transfer & Fluid Flow

" Mechanical Design

" Component Library

" User-Defined

" Real fluids
¢ ldeal gases

" AirH20
" NASA

(" Brines

" Incompressible

? Function Info | ? Fluid Info

Cp [W7kgK] ~ |CBH14
Cv [J7kgK] ~ |C8H18
Density [kg/m3] _| |CH30H
Dipole [debye] ": ‘
ek_LJ [K ~ |Co
D q Cco2

Enthalpy_formation [J/kg] H2
Enthalpy_fusion [J/kg] H20
Entropy [J/7kg-K] He
FluidType$ T  |N2
~Independent Properties

|Tempelatule K] LI

Ex: |h=Enthalpy(CH4.T=T) [

¢~ Math and string functions
¢ Thermophysical properties
" Heat Transfer & Fluid Flow
(" Mechanical Design

" Component Library

" EES library routines

" External routines

" User-Defined
’ ¢ Real fluids ¢ AirtH20 " Brines
" Ideal gases ( NASA " Incompressible
? Function Info | ?  Fluid Info
AcentricFactor » |Krypton -
CompressibilityF actor — |MD4M
Conductivity [W/m-K] = |MDM
Cp [kd/kmol-K] IIEI_‘ |
Cv [kJ/Zkmol-K] Methanol =
Density [kmol/m3] MM
Dipole [debye] m-Xylene
ek_LJ [K n-Butane
i n-Decane

Enthalpy_fusion [kJZkmol] ~ |n-Dodecane %
Independent Properties

ITempeIalule K] LI lPlessure [bar] LI

Ex: |h=Enlhalpy[Melhane,T=T,P=P]




Parametric Table and Plot

- Tables =» New Parametric Table

Plot1 |

2400
2200
2000

X,1800 |

Ta

1600 |

1400

k...l....l....l....l....l....

1200 L - ' - -
0.2 0.4 0.6 0.8 1 1.2

o T,
T [K]

04 1280.587

0.5 1481.373

0.6 1669.587

0.7 1846.895

0.8 2014.582

0.9 2173.665

1 2324 .966




Throwback to the notes

Plot1 |
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Example 2 — Joule-Thomson Inversion

Isenthalpic expansion across a throttle valve can lead to an increase or
decrease in temperature depending on conditions before throttling.

This effect is captured in terms of the Joule-Thomson coefficient defined
below.

T = (0—T> . (o — 1)
H

(credits: Wikipedia. a is the coefficient of thermal expansion)
https://en.wikipedia.org/wiki/Joule%E2%80%93Thomson effect

1"


https://en.wikipedia.org/wiki/Joule%E2%80%93Thomson_effect

The Joule-Thomson Inversion Curve

Reduced temperature, Tp

5
P
4 ©  Kihara potential for \O\A
argon (ref. 10) &
©  Argon (refs. 24 and 25 \
3| o Xenon (ref. 45) 0 N9
& Nitrogen (ref, 18) o
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Gunn's inversion curve
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Figure courtesy of NASA.
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Reduced pressure, Pp

Figure 1. - Generalized reduced inversion curve for several corre-
sponding states fluids as determined by Gunn, Chueh, Prausnitz

(ref. 10).
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Application to refrigeration and liquefaction:
Linde-Hampson Cycle

Figure from lecture 3, 2.60 Spring 2020
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EES for Joule-Thomson Inversion

P1 = 135.6 [bar]
T1 =505 [K]
n2$ = 'Nitrogen'

P2 =1 [bar]

H1 = enthalpy(n2$,T=T1,P=P1)
T2 = temperature(n2$,h=H1,P=P2)

14

P1
T1
n2$
¢
H1
12

= 1356 [bar]
= 505 [K]
= 'Nitrogen’

= 1 [bar]

= h(n2$,T=T1 ,P=P1)
= T{n2$ ,h=H1,P=P2)

&g [-]=]E




Joule-Thomson Inversion of Nitrogen

e [-]a)EE
= o T Plot1 Plot2 |
Table 1 Table?2 | o0
L X
<= 1 2 L
2 T T2 [ | \
, i 2| el
Run 1 200 140 6 I o [
[ 2] &
Run 2 2556 2212 500
Run 3 3111 289 5 [
Run 4 366.7 3528 = 4oo}
Run 5 4222 4138 =
Run 6 4778 4732 300
Run 7 533.3 5318 I
Run 8 588.9 589 6 200
Run 9 644 .4 647 [ ]
Run 10 700 704 1001 s - : ; . )
100 200 300 400 500 600 700

i i
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Example 3: Water Dissociation at 3000 K

- 1 mole of water dissociated at 3000 K, 1 atm

H,O=(-a)H,0+aH, +%02

- The conditions for equilibrium is:
Z/uidni =0
N

Hy, - Ny, +:Uo2 Ay = Hyo- Nyo

16



Equations

E File Edit Search Options
&) BERY VVERMD B

"Determine the equilibrium concentrations of different species for the dissociation of

water H20 <===> H2 + 1/2 02 at 3000 K."

Calculate Tables Plots Windows Help Examples

B9 B B [ E

"At 3000K, EES has already subtracted data at the reference state:"

T =3000
P=1015 € *

Conditions

h_H20 = ENTHALPY(H20,T=T)
h_H2 = ENTHALPY(H2,T=T)
h_0O2 = ENTHALPY(O2,T=T)

s_H20 = ENTROPY(H20,T=T,P=P*X_H20)
s_H2 = ENTROPY(H2,T=T,P=P*X_H2)
s_02 = ENTROPY(O2,T=T,P=P*X_02)

g_H20=h_H20-T*s_H20
g H2=h H2-T*s H2
g 02=h_02-T*s_02

X, o =0.7963
X, =0.1358
X,, =0.0679

Properties
O Entropies using Partial pressure

0=n_H2*g_H2+n_02*g_02-(1-n_H20)*g_H20 <€

Equilibrium

1-n_H20 =n_H2 <
1-n_H20=2"n_02

» Mass balance

X_H20 = n_H20/(n_H2 + n_02 + n_H20)
X_H2 = (n_H2)/(n_H2 +n_02 +n_H20)
X_02 = (n_02)((n_H2 + n_02 + n_H20)

17
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Example 3: Code

T=3000 [K]
P =101.5 [kPa]

h_H20 = enthalpy(H20, T=T)
h_H2 = enthalpy(H2, T=T)
h_0O2 = enthalpy(02, T=T)

s H20 = entropy(H20, T=T, P=P*X_H20)
s H2 = entropy(H2, T=T, P=P*X_H2)
s 02 = entropy(02, T=T, P=P*X_02)

g_H20 = h_H20 - T*s_H20
g H2=h H2-T*s_H2
g 02=h_02-T*s_02

0=n_H2*g_H2 + n_02*g_02 - (1-n_H20)*g_H20

1-n_H20 =n_H2
1-n_H20 =2*n_02

X _H20 =n_H20/(n_H2+n_0O2+n_H20)
X H2 =n_H2/(n_H2+n_0O2+n_H20)
X 02 =n_02/(n_H2+n_02+n_H20) 18



Another approach — Equilibrium Constant

1. Definition of equilibrium
constant in terms of change
in Gibbs Free energy.

A sample reaction

Definition of equilibrium
constant in terms of partial
pressures of reactants and
products

AG;, (T)
K, (T)=exp| — BT (1)

aA(g) + bB(g) = cC(g) +dD(g)  (2)

o (PA)a (PB)b (3)

19



Calculating Kp

- Standard Gibbs free energy of the reaction at T
- Evaluated the stoichiometric reaction
- Standard G at T and P,

H,0=H,+0.50,

AG:, (T)=v, -5 (T)+v, g0 (T)=vy o &hr.o(T)

20



Equations

F@ File Edit Search Options Calculate Tables Plots Windows Help Examples

=H & ggm@zjwﬂ’/ o [g] A BEE

"Determine the equilibrium concentrations of different species for the dissociation of a=0.1457

water H20 <===> H2 + 1/2 02 at 3000 K"
"At 3000K, EES has already subtracted data at the reference state:"

T=3000
P=1015
R=8.314

h_H20 = ENTHALPY(H20,T=T)
h_H2 = ENTHALPY(H2,T=T)
h_02 = ENTHALPY(O2,T=T) * Properties

s H20_0 = ENTROPY(H20.T=T P=P) O Entropies using standard pressure

s_H2_0=ENTROPY(H2,T=T,P=P)
s_02_0=ENTROPY(O2,T=T,P=P) —

G_p=1"h_H2+0.5"h_02-T*(1"s_H2_0+0.5" 5_02_0)

G_r= 1*(h_H20-T*S_H2V « Standard Gibbs Free Energy
DELTA G= G_p-G_r

K_P = exptDelta_G/IRIT) €— . _Equilibrium constant _
a/(1+0.5™a)*(0.5"a/(1+0.5a))*0.5/((1-a)/(1+0.5™a)) = K_P H 20 =H 2 + 0502

2 H,0= (1-a)H,0+aH, +%02



Example 3: Code (Approach II)

T=3000 [K]
P = 101.5 [kPa]
R =8.314

h_H20 = enthalpy(H20, T=T)
h_H2 = enthalpy(H2, T=T)
h_O2 = enthalpy(02, T=T)

s_H20_0 = entropy(H20, T=T, P=P)
s_H2_0 = entropy(H2, T=T, P=P)
s_02_0 = entropy(02, T=T, P=P)

G _p=h_H2+0.5*h _02-T*s H2 0+ 0.5*s_02_0)
G r=h H20-T*s H20 0

Delta G=G p-G r
K_P = exp(-Delta_G/R/T)

al(1+0.5*a)*(0.5*a/(1+0.5*a))"0.5/((1-a)/(1+0,5%a)) = K_P



Example 4: Methane reforming

- What's the equilibrium products of a methane reformer?
- Natural gas contains 4 — 6% N, when it is sold to the pipeline

CH,+0.05N,+H,0="7"

P =1 bar
T=950-1350 K

CH4 + 0.05 N,

H,O

23



CHEM_EQUIL libraries

- CHEM_EQUIL calculates the equilibrium composition for an ideal gas
mixture containing elements C, H, O, N, and A (A = Argon).

- INPUTS:

- P: pressure [kPa]

- T: temperature [K] (600 K < T <5000 K)

- AQ: ratio of molecules of the inert species to atomic oxygen
- CO: ratio of atomic carbon to atomic oxygen

- HO: ratio of atomic hydrogen to atomic oxygen

- NO: ratio of atomic nitrogen to atomic oxygen

Note: AO can be set to zero. However, the minimum value for any of the other ratios is
1E-5.

- Call function:

- CALL
CHEM_EQUIL(P,T,AO,CO,HO,NO:x_H2,x O2,x H20,x CO,x_CO2,x OH,x__
H,x_O,x N2,x N,x NO,x NO2,x CH4,x _A)

24



Equations

CH,+0.05N,+ H,0 =7

@ File Edit Search Options Calculate Tables Plots Windows Help Examples

CUELRRAY DERDvYEAME BERYER BREEEFE NEEE&Z| 2|48

P=101.3 [kPa] <  Pressure

A\O=0 "ratio of inerts to oxygen atoms"

C\O=1/1 "ratio of carbon to oyxgen atoms" .
H\O=6/1 "ratio of hydrogen to oyxgen atoms" « Atom ratios
N\O=0.05/1 "ratio of nitrogen to oyxgen atoms"

CALL CHEM_EQUIL(P, T, A\QO,C\O H\O,N\O:x_H2x 02 x H20x_COx CO2x_OHx Hx Ox_N2x Nx NOx NO2x CH4x A)
"CHEM_EQUIL returns the equilibirum mole fractions for the above 14 species."

<

e Call function

**You need to have CHEM_EQUIL library installed ¢available on EES website).



Example 4 - Code

P = 101.3 [kPa]
{T = 950}

AO =0

CO =1/1
HO = 6/1
NO = 0.05/1

Call
chem_equil(P,T,AO,CO,HO,NO:x H2,x O2,x H20,x CO,x CO2,x OH
X _H,x_O,x N2,x N,x NO,x NO2,x CH4,x A)

26



Parametric Table and Plot

- Tables = New Parametric Table
- Plot = New Plot Windows =2 X-Y Plot

:i?s File Edit Search Options Calculate Tables Plots Windows Help Examples

"1 24 LT3

4 6 [ (= EEE

Table 1 |
< 2 ¥|= 4 g g bl
,,?9 T j XCH4 v‘ Xco j Xco2 j XH2 j XH20 T
(K]
Run 1 950 01005 01673 003248 06317  0.06803
Run 2 1000  0.05945 02024 001788 06787 004157
Run 3 1050  0.03414 02236 0.009305 07081  0.02484
Run 4 1100  0.01975 02353 0.004813 07252 001494
Run 5 1150  0.01171 02416  0.002551 0735 0.009157
Runé | 1200  0.00717 0245 0.001399 07406 0.005771
Run 7 1250  0.004542 02469 0.0007997 0744 0.003742
Run 8 1300  0.002972 0.248 0.0004745 0746  0.002497
"Run9 | 1350  0.002003 02487  0.0002922 07473 | 0001711

27
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Xi
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Plot of data from the previous slide. Steam reforming of
Methane with N, impurity.
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Throwback to the notes
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_ Figure from Lecture 6, 2.60 Spring
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Examples for Today

1. Adiabatic Flame Temperature
2. Throttling, Joule-Thomson effect
3. Chemical Equilibrium
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Summary

1. Thermodynamics property libraries
- ldeal gas and Real fluids

2. Thermodynamic equilibrium
- Gibbs free energy
- Equilibrium constant
- Equilibrium Libraries
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