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Reaction Rate Laws

Rate Laws & Reaction Order

A+B+C+..“sDIE+F+..

d[A
® Reaction Rate (RR) = —c[it] = —k[AP[BIP[C]¢ -+ -
a,b,c,--- are reaction orders wrt. A,B,C,--- ,

k is the rate coefficient of the reaction,
the sum of all the exponents is the overall reaction rate.

e |f some species are in excess, [B], [C],--- remains constant,

d[Al
RR = —— = —k[A]?
p (A]
® |f the time behaviour is measured, the reaction order can be
determined.
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Reaction Rate Laws
: _ (Al
® For first-order systems (a = 1): In Al = —k(t—tg)
0

[Alg & [A]; denote the concentration of species A at time ty and t,
respectively.

1 1
® For second-order systems (a = 2): — — — = k(t—
ystems (2 = 2) A, A,
1 1
e For third-order systems (a = 3): — — — =2k(t—
( ) (A2 (A2
Inﬂ? 1st order reaction . 2nd order reaction
1A, 1A,
0
(&)
_1 °
Al
t t
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Reaction Rate Laws

Relation of Forward & Reverse Reactions

A+B+C+.. “ 3 D+E+F+..

d[A]

e Forward reaction rate for production of A, e —ke[AI2[BIP[CIE - - -
e Reverse reaction rate for production of A, % = kp[DIY[E]S[FIT -

e At chemical equilibrium, forward and backward reaction rates are same
and no net reaction can be observed.

= —ke[AIP[BIPICIC - - - = ky[DIY[EIS[F) - -

= Equilibrium constant (based on concentration), K.
_ ke _ [DIIEC[F]F

€7 ky — [Al2[BIP[C]c
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Arrhenius law:

Energy
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Reaction Rate Laws

Temperature Dependence of Rate Coefficients

= pre-exponential factor
activation energy, corresponds to an energy barrier which

has to be overcome during

= activation temperature, T,

Reactants

Products

Reaction coordinate

reaction.
= S/RU
35

log(k)

Chemical Equilibrium

k = A, exp (fiTR”) = A, exp (f%)

H+HO,=20H

CH,0+H=HCO+H,

OH+H,=H,0+H

CH,+H=CH,+H,

H+0,=0H+0

0.5 1 1.5 2 25 3 35

1000/T
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Reaction Rate Laws

Global One-step Reaction

E,/R
RR = A, exp ( a;_ “) [Fuel)?[0,]?

Fuel Ao E, (kcal/mol) a b
CH; 1.3.10° 48.4 —0.3 1.3
CH, 8.3-10° 30 -0.3 13
C,H, 1.1-10" 30 0.1 1.65
C;3Hg 8.6-10" 30 0.1 1.65
C4Hjo 7.4-10" 30 0.15 1.6
CsHy, 6.4-10" 30 0.25 15
CeHi4 5.7-10" 30 0.25 1.5
CHg 5.1-10" 30 0.25 15
CgH,g 4.6-10" 30 0.25 1.5
CoHag 4.2:10" 30 0.25 15
CoHa 3.8-10" 30 0.25 1.5
CH;OH 3.2:10" 30 0.25 1.5
C,HsOH 1.5-10"2 30 0.15 1.6
CeHe 2.0-10" 30 —0.1 1.85
C;Hy 1.6:10"" 30 —0.1 1.85

2 Units of Ag: (mol/em®)! s,
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Reaction Rate Laws

Example: Methane Combustion at 1800 K

CHy +2(Og + 3.76 Ny) —— CO5 + 2H,0 + 7.52 N,

[CHalo

RR = A, exp (—LTR“) [Fuel)?[0,]®
Ap = 1.3 x 10° mol/cm?
E, = 48.4 kcal/mol, R, = 1.987 cal/mol.K
a=—0.3, b=1.3, [0s] = 2[CH,]

d[%’“] =RR =13 x 10%exp (—228
dICHa] — _4245.3[CH,]
Ll exp(—4245.3¢)

1800

) [CHal 703 (2[CHa))*?

Chemical Equilibrium

Reduction to 5%, exp(—4245.3t) = 0.05 — t = 0.71 ms
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Reaction Rate Laws

Time Scales in Chemically Reacting Flow

Chemical time scales

Slow time scales
e.g., NO-formation;
“frozen chemistry”

intermediate
time scales

Fast time scales,
“equilib. chemistry”
(due to steady states,
partial equilibria)
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Physical time scales

time scales of flow,
transport, turbulence

to be equilibrated
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Reaction Rate Laws

Pressure Dependence of Rate Coefficients

RR = A, exp (— Ea;_Ru> [Fuel)?[O2]®

(a+b)
E./R, P/R,
— Ajexp (—/7) Xl [Xo)? </T) o pla+H

® For one-step combustion chemistry model, (a + b) is always positive,
ranging from 1.0 to 1.75.

® \When the pressure of a combustion system is doubled, the reaction
rate can increase threefold for the case a+ b = 1.75.
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Chemical Equilibrium

Criterion for Chemical Equilibrium

° dssys > % — dssys >0 for 5Q =0

§Q — PdV = dU — dU + PdV — TdS < 0

G=H—TS — dG = dH — TdS — SdT

(dG)p 1 = dU + PdV — TdS — (dG)p 1 < 0
G

A
\dG <0 dG>0 7/ }
dG=0 7 |
// }
=
— I
o\ ‘
I Violation of !
I I
| second law |
I I
1 1
100% Equilibrium 100%
. reactants composition _ products
Fixed mass reactions at fixed P & T

Chemical Equilibrium

Equilibrium Constant, K,

Reaction
chamber
T,P
N, moles of A
Ng moles of B
N moles of C
Np moles of D

dNaA A +dNgB —— dNc C +dNp D
® dNp = —€eva, dNg = —€vp
® dN¢c = +eve, dNp =+evp

® ¢ is a proportionality constant.

0 Pi
® Guix=) Nigit=)_ Ni(gfr + RuT1n(5))
R—P R—P
e For fixed T & P, equilibrium condition:

= dGmix =0=3 g_,pdNi(g’r + RuTln(%))
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Chemical Equilibrium
o o o o PI
® vege T+ VDD, T —VaABaT — VB8R T = —RuT Z viln P
RP 0
(Pc/Po)Y¢(Pp/Po)P
= AGY=—R,Tln =—R,Tln(K
4 ! (Pa/Po)¥A(Pg/Po)¥e uT In{Kp)
® Kp =exp [—ffﬂ
Sl — (Pc/Po)YC(Pp/Po)¥D
® Equilibrium constant, Kp = 5775 v (75075
o Kp = e(~AG/RyT) — o~ AH/R,T 3AS°/R,
e For Kp > 0, which favours products, AH° should be negative,
exothermic reaction.
e For gaseous mixture, P; = X;P, and if Av=v¢c+vp—vs— Vg,
YVe vVD Av Ve VD Av
= K= e X {ﬂ} :%[%}
A B A B
X" Xg® | Po NN N+
e N7 is the total number of moles present in the reaction vessel.
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Chemical Equilibrium Chemical Equilibrium

] lllustrative Example: Effects of pressure and inert-addition on equilibrium
lllustrative Example: Dissociation of CO, at 2500 K, 10 atm

1 composition
CO, — CO +10,
T =298K 1 0 0w T T T T 1 atm 5 atm N> addition
T=200K 1-« a« w2 SRS ]
;iv\'w]( | 7% Ao
® AGgsog = lgco +0.5802 — gcozlas00 - 10 — ] nitial Equilibrium Equilibrium Initial Equilibrium
o : - '\-\ 250K Sl et Initial Composttioe 5 =
= Kp = eXp(—AG-,—/Ru T) = 0.0363 % i S 1 mol CO xmol CO composition o Lo e ;Tnzlf)o
o R 2000 K i E— = 10 vl 10 02
[ ] K = —Xcong P 1+0.5-1 é 10 °\° 1 mol 0, zmol CO, By zynl::)ll)COzz 1 mol O, ;7!20‘“0”:
P="x B S — 1 mol O, S 2
co2 0 10k S 2 1 atm 1 atm
w2 \1/2 1500 K 3000 K 3000 K 3.76 mol N, o
29
= 0.036 = (1+o</2)(1+o</2) 100-5 107+ .
' (%) el o x =034 o x=0193 o x = 047
107 107! 10° 10! 10? 10°
x = U. — = V. Pressure (atm) = . = . = .
0.06205 Xco = 0.0602 ° y=0.67 e y =0.5965 ° 0.736
* z=10.66 * 7z =0.807 ® z=0.53
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