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Problem 1

In hydrogen combustion at sufficiently high pressures that HO: is no longer considered unreactive,
competition between the reactions

H+0;=0H+0 R
H+O:+ M=HO; + M (R2)

which govern the second explosion limit, 2k; = k; o[M], continue to play a significant role in terms of
characteristic timescales.

Notably, it has been observed that an “extended second limit” governed by R1 and R2 along with
H+HO; =H,+ 0> (R5)
H+HO,=0H+OH (R6)

demarcates regions of slow and rapid ignition.

Under the assumption of O, OH, and HO» as quasi-steady state species and all reactions proceeding
predominantly in the forward direction, find an expression for the second explosion limit, 2k; = 7, in
terms of ks, ks, ks, and [M].
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(Figure adapted from Chaos et al. 2010)
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Problem 2

Starting from the non-dimensionalized governing equations
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derive the jump relations across a reaction sheet relating values and fluxes of ¥; , 171-# and T. Explain each
step and declare all necessary assumptions during the derivation from the equations above. Your jump
relations should work for a non-equidiffusive system (pDp # pDy # 1/¢y), i.e. do not assume the system
is equidiffusive.

Problem 3

Consider a steady-state, one-dimensional chamber flame with a constant convective mass flux, f= pu. from
a porous wall at x = 0 to a porous wall at x = {. The porous wall at x = 0 maintains a constant temperature,
Ts, constant fuel mass fraction, Yg., and zero mass fractions of oxidizer and products. The porous wall at
x = [ maintains a constant temperature, T;, constant oxidizer mass fraction, ¥, and zero mass fractions of
fuel and products. You can use the non-dimensionalized governing equations from Problem 2 above in your
solution and apply the reaction sheet assumption. Assuming constant thermal conductivity, constant
specific heats, and constant diffusivities, find the functions describing ¥ (%) and ¥, (%) in terms of Xy and
the functions describing T(%) in terms of X and 'f'f , and then plot them for a non-equidiffusive system
where pDp > pDg > A/c,. Additionally, describe all necessary steps (but do not implement them) for
solving for the flame location, X, and flame temperature, Tf.

Problem 4

At high temperatures, formation of the harmful pollutant NO is kinetically limited and its rate of formation
is often well approximated by the following expression;

d[NO
PO 2k 10}l

where [] indicates the molar concentrations of each species and k, ;1s the rate constant for O + N> — NO +
0. Estimate time it takes for NO to reach 1 part per million (i.e. a mole fraction, Xno, of 10%) in post-
combustion gases at 2000 K and 1000 kPa from combustion of CHa/air of equivalence ratio 0.8. You can
use the major-minor species model and assume that O and O, are in equilibrium. The rate constant k; ris

[ r -’
8.5 x 10° cm® mol™! 57! at 2000 K and the equilibrium constant, K = (H Xf" _v") (;— " for 0, =20
0

with Po= 100 kPa is 4.47 x 107 at 2000 K. For reference, the universal gas constant is 8.314 J mol! s,
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Problem 1

Using the major-minor species model, caleulate the adiabatic flame temperature and mole fractions of major
products for a CHu/air mixture of equivalence ratio 1.5 at a constant pressure of | atm and 298 K, The
equilibrium constant, K, for CO + H20 = COs + Ha is 1.443 at 1000 K. 0.3887 at 1500 K, and 0.22 at 2000

K. Use the table below for any other relevant quantities as necessary.

CH,
0>

N;
CO
CO,
H-

H:0 (g)

Enthalpy of
Jormation

kcal/imol
-17.8
0.0

0.0
-26.4

-94.0
0.0
-57.8

Heat
capacity
cal/mol-K
17.2
8.3

7.8
7.9

13.0
7.2
9.9

dicuneter

A
3.75
3.46

3.62
3.65

3.76
292
261

Lennard-Jones parameters
well depth

K
141.0
107.4

97.5
98.1

244.0
38.0
572.4
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Problem 2

Consider the Lindemann mechanistn for the following association reaction:

klﬂ
A+B=C"

ki
CHME ceMm

Derive an expression for the association rate constant, k, defined as

d[c]

4 — kpa)[B]

as a function of ¢y in terms of k,, ks, and &, using the steady state assumption for C*, Also derive
expressions for the association rate constant, £, in the two limiting cases for pressure — 0 and pressure —
oo,
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Problem 3

A steady-state flame is situated inside of chamber with constant cross-sectional area and constant pressure.
Two porous walls at x = 0 and x = { maintain constant concentrations and temperatures of Yr = Yr,, Yo =
0. Yp=0andT=T,atx=0and Yr=0, Yo = Yo., Yp=0,and T = T; at x = |, where Y; is the mass fraction
of the i" species and T is the temperature, Assuming no convection and assuming that the length of the
chamber is much larger than the length of the reaction zone, calculate the location of the flame in terms of
the chamber length, 7, mass diffusivities of the fuel and oxidizer, Dr and Do, and the boundary conditions.
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‘Problem 4

A one-dimensional, adiabatic, laminar flat flame is stabilized just after the exit of a tube flowing premixed
CH, and air at an equivalence ratio of 0.75 at a velocity of 30 ci/s. The unburned gases are at 300 K and
the system is at atmospheric pressure. Using any necessary quantities from the table below, estimate the
velocity of the burned gases.

Enthalpy of Heat Lennard-Jones parameters
Sformation capacity dianzerer well depth
kecal/mol cal/mol-K A K

CHy -17.8 17.2 3.75 141.0

071 0.0 8.3 3.46 107.4

N: 0.0 7.8 3.62 975

co -26.4 7.9 3.65 98.1

CO: 94.0 13.0 3.76 244.0

H: 0.0 7.2 292 38.0

H0 (g) -57.8 9.9 2.61 572.4
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