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Chemical TD: Motivation
« Previous TD Analysis
— considered systems where composition of fluid was
“frozen” — fixed chemical composition
» Chemically Reacting Flow

— but there are numerous situations in propulsion
systems where chemical reactions can occur

* burning (jet engine combustors, augmentors,
rocket combustion chambers, piston engines)

* supersonic compression (supersonic inlets)
* supersonic expansion (rocket nozzles)
« other (fuel cells, monopropellant decomposition)

Equi Crem o 1 Wﬂ
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Basic Problem
Usually Given:

— reactant state (composition, Mreacans ] T Par iz
temp., pressure) Ty, Py Xin

m
— constraints (heat transfer, I 0
residence time,...)

Want to Find: product state (y;,, T, P,)

Approach: (Equilibrium) TD analysis: conservation
eqgns., state eqns. (and enough time to reach equil.)

Issues: how to deal with
1. “chemical energy”
2. specifying equilibrium composition

products
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Apﬁroach Outline

1. Apply mass conservation
— atom balances or balancing stoichiometric reactions
2. Apply energy conservation

— defining chemical “energy” or enthalpy of
formation

3. Apply entropy conservation (2" Law)
— maximize entropy to find equilibrium

Equi Crem 0 3 Wﬂ
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Atom Bélances/Stomhlometrlc Reactions

* If composition can change, we will see the amount
of some species decrease and others increase
« Are there any constraints on this process?
— YES — can’t change the identify of the nuclei (in
absence of nuclear reactions)
« for example, N can not become

0 stoichiometric

) coefficients
« Two ways to express this / / \
— “balancing” stoichiometric 2H,+10,2H,0
reaction LHS RHS
— atom balances 2Ny, =2Myo
2no2 =Nuyo

Equil Chem D -4 Wﬂ
Copyignt ©2014,2017,2018, 2020 by Jorn an. Al igts reserved.
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Chémical Energy

* In nonreacting TD
— we combined all different types of energy into
stagnation enthalpy,
h, =h+u?/2
— but of course, the value of h depends on our choice
of reference state; does h(0K)=0 or h(298K)=0?
 Our goal — for chemically reacting system want to
find way to add chemical energy
h,=h+u?/2+e,..
— but to do so, we need to define a reference “state”
where chemical energy is zero

-l e %-
Chemical Energy Example
 Consider the energies of O, and O 0, <20

 Is energy of O more
e or less than for O,?

2H // chem
H 9/ = 2Echem,o - Echem,Og
*  Which has zero

chemical energy?

 Difference in energy
between species is
function of temp.

>
7 »>

-
-
-
-
-
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Chemical Energy Example
» What happens if we have multiple types of nuclei?
— ways to define zero chemical energy state
« Example: H and O containing species at fixed

temperature
O
H —
ol _H O | H, O
H, o, H,0O
HZO Echem

_Georgia
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Heat of “Reaction”
« What is the energy difference between the products
and reactants if p,T don’t change, e.g.,H, +1/20, <> H,0
Heat of QR or AHR = Echem,HZO _(Echem,Hz +]/2 Echem,oz): H p Hr

Reaction result can t depend on what we call zero energy (reference state)
AHg < 0, exothermic 0
> 0, endothermic H @——
H O H O
O t T — :
R MO | AHe
—2= 0O,
| Heat of reaction is how much heat
I we would have to add to keep T
AHgl ! H.O constant (at fixed p) for specified
Echem |44 2 Echem composition change (reaction)

Equil Chem 08 Wﬂ
Coprigt ©2014,2017,2018, 2020 by JoryM. Seizman, Al rights reserved
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Heéﬁ of Formation

« Heat of reaction if form ONE mole of species i
from the ZERO energy species (the elements) at
fixed temperature T and standard pressure (°)

Ah?

A fT i
— Or on a per mass basis

Ah?

fT i
« Two common choices for elements

— the (neutral) atoms NASA Tables

— the most common form of a single JANNAF

type of nuclei at standard T and p 2? gz(s)Nz
! graphite

Equi Crem 0 Wﬂ
Copyrigt ©2014,2017,2018,2020 by Jery M. Sfaman. Al s reserve
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Heat of Formatlon Example
 Consider again O, and O /20, <0

— A g

n -

7 »  What is enthalpy of
o AN o formation of O,
hy 7 (JANNAF)?

AR * What is enthalpy of
— fassi 0 formation of O?

fok.0 ’_’__‘_—"'/’—‘]7/2 HOZ Aﬁfo-ryo = HO (T)_l/z Hoz (T)
> = i >
1000 T(K)

Equil Chem 7010 Wﬂ
Coprigt ©2014,2017,2018, 2020 by JoryM. Seizman, Al rights reserved
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Heat of Formation Example
« Consider again O, and O 1/20,«+0

— A

h.

* What is the enthalpy
change going from
% mole of O,@298K
to O@ 1000K?

AH =1h,(1000K )-1/2h, (298K

L, o 0,
1000 T(K) enthalpy enthalpy

—o(298K)] +AR?

}I
f 208K ,0 b gmmmmmm = Y o o

OlOOOK)]+Ah,1000KO}+}/‘{[hO (1000K )~ h, (298K )]
L(OK)]+am?, ) »y:{[ho 0K )y, (298K )]}

3

= {ﬁo (1000K )-
={[n, (1000K )—

3'I

General Expression for Enthalpy

» So from the previous path example, we can write in
general

h(T)=(r ~y, ) +aR7, = } AT +AR?

sensible h change  chem. energy T,

ref o

(11.14a)
* Orona per mass basis (11.14b)

i
h(T)=(h —be, ) +ah? = [c,dT+ahp

ref

AF4451
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Example Enthalples of Formation

co -110.53 From NIST-JANNAF
database 41 edition
CO, -393.52 (1999)
CH, -74.87 (e.g., kinetics.nist.gov/janaf)
H 218.00
H,0 241.83 can find newer updates
to data
o 249.17
OH 38.99
» High formation enthalpy species _
High energy
-H O = hard to make (unstable atoms)
» Low formation enthalpy Low ene[r)gl;y (<<10) .,
= very stable at “low”
~ CO,, H,0 Y
o 3550 i g AF4451
Georgla \ ©a %
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Composmon Influence on Temperature

+ So if the products o Q mpr:;d, Torod
have more H, O, H,, T v e
Hy "0z

OZ VS. HZO Yo Yy
— Tprog Will be lower H 0
than if we could -
shift them toward 1 H, 0,
water
H,O
Aho;
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Example: I\/Iethane/Oxygen Combustor

. . Qloss
+ Given: Mep, 1000K, 5 bar
_ mOZ - rﬂprod
Gaseous 298K, 1 bar v

methane and oxygen
entering non-adiabatic combustor at 298 K, 1 bar
(stagnation conditions)

— Mass flowrate ratio of oxygen is 5x that for methane
— Heat loss results in 1000 K product temperature

* Find:
— Heat loss rate per unit mass flow rate, 0,/

* Assume:

%z_

Examplé I\/Iethane/Oxygen Combustor

Qloss /m =
) S_olr:g;g n Mo, 1000K, 5 bar
rﬁin = mexn =m mOz - mprod

298K, 1 bar
— energy cons. (PICO) Yi

— need to know composition of reactants and products
. reactants o _5_, o, 25
rﬁCHA 1 r-]CHA 1

Equil Chem 7016 Wﬂ
Coprigt ©2014,2017,2018, 2020 by JoryM. Seizman, Al rights reserved
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Example: I\/Iethane/Oxygen Combustor

N - Qloss /m = f)
Solution Mep, 1000K, 5 bar
— products? Moy o
CH,+250, > H,0+_CO,+??298K, 1bar Yi

CH, +2.50, — 2H,0 +1CO, +0.50,

o =135 A0 = 2/35
i ”: 273.5 Xco,p =1/35
o Zo,, =0.5/35
T —— AF451
I ;
("leTg(':th;“IM 6 E'mﬂ =
Example: M ethane/Oxygen Combustor
o QOSS /m =
Solution My, = 1000K, 5 bar
m m rod
298K,Ol2 bar - :(i

thOOK_h298K Ahf 298K
(kJ/mol) (kJ/mol)

CH, 38.179 -74.87
0, 22.703
Q vE MW For just 10 kg’s, H,0 26.000 -241.83
=% =7.35—|0r —— wouldneedto have ~ CO, 33.307 i
m kg kg/s 74 MW of cooling

from janaf.nist.gov, with T,;=298K

Equil Chem 7018 Wﬂ
Coprigt ©2014,2017,2018, 2020 by JoryM. Seizman, Al rights reserved
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Example I\/Iethane/Oxygen Combustor

° Qloss /m =1
Alternate solution e, 1000K. 5 bar
mOz rﬂprod
298K, 1 bar = Y,

298 K 1000 K Cpavg

H,O 33.590 41.268 37.43

5 3 Co, 37129 54308  45.72
_Xloss

=7.36— 0, 29.376 34870 3213
m kg .
< 1% difference

from janaf.nist.gov

|
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Simplified Eqn for Aircraft Combustor

« Want simplified expression we can use for engine
cycle modeling

air
 Consider an adiabatic m, Q rod
combustor To3

fuel mfuel
— mass conservation M, +mg, =m,, fuel
- energy conserv. malr h03 + n.’]fuelhfuel - mprod h04
— group chem. vs. sensible terms h(T )=Ahi\T +Ah°

fT i
(m Ah? +mfue,Ah° mprodAh° L L S
f e Foros /7., Fuel Heating Value

Tfuel
Ah -m Ah energy release per
prod prod fuel fuel mass fuel at Tref
~44MJ/kg for jet fuel

10
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Simplified Egn for Aircraft Combustor

air
. SO ma ‘ m rod
n‘.'fuelAh T3

. el fuel I mfue|
mprod Ah prod —-m fuel Ah . fuel

fuel

* If we assume hsens,i(Tref):O’ TfueI~Tref
n"]fuelAhR :(ma + rhfuel )h04 - mah03

Fuel-Air Ratio chem. term (fAhg) looks
f=my,/m, A =(+ f)hys =Ny, ke heat addition (Qn)

— assume cpg, products and air have same c, T,~0

fAR, =@+ )T, -T, =T, oot TANe/Cp fong £ = —Toe —Toz
c, 1+ f Ahg /e, ~T,,
(11.15a) (11.15b)

11



