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Abstract

Hydrogen-fuelled spark-ignition engines offer a promising pathway toward low-carbon power
generation; however, the high reactivity of hydrogen—air mixtures increases susceptibility to
auto-ignition and knock, posing challenges for stable engine operation. Rapid and reliable
prediction of ignition limits under practical operating conditions remains essential for engine

design and control.

In this study, a zero-dimensional single-zone thermochemical model incorporating a reduced
17-step hydrogen oxidation mechanism is developed to investigate auto-ignition behaviour
under engine-relevant conditions. The model solves coupled conservation equations for mass,
energy, and species evolution, enabling prediction of in-cylinder thermodynamic histories and
radical dynamics during compression. Auto-ignition onset is identified using a temperature-

rate based criterion, providing a direct indicator of thermochemical runaway.

Parametric analysis reveals that auto-ignition is not observed below a compression ratio of
approximately 17, while lower engine speeds promote ignition due to increased residence time
near top dead centre. A minimum knock propensity is identified near an equivalence ratio of
approximately 1.6, reflecting the competing effects of mixture reactivity and thermal dilution.
The results further highlight the dominant role of high-temperature chain-branching reactions

in governing hydrogen ignition behaviour.

The study demonstrates that reduced kinetic modelling within a simplified homogeneous
framework can provide a computationally efficient and transparent tool for predicting hydrogen
auto-ignition limits. The proposed approach offers practical value for rapid parametric

assessment and preliminary design of hydrogen-fuelled spark-ignition engines.
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1. Introduction

Accurate prediction of combustion behaviour in reciprocating internal combustion
engines requires the coupled treatment of fluid motion, heat transfer, and chemical reaction
kinetics [12, 28]. In spark-ignition engines, this challenge becomes particularly critical when
analysing end-gas auto-ignition, a phenomenon governed predominantly by chemical kinetic
processes evolving over very short temporal scales. Although turbulence, flame propagation,
and transport processes influence overall combustion development, the onset of auto-ignition
is primarily controlled by the oxidation chemistry occurring in the unburned mixture ahead of

the propagating flame front.

Hydrogen, as a clean-burning fuel, requires detailed understanding of its ignition

behaviour especially under practical engine conditions to ensure safe and efficient utilisation.

Hydrogen represents a distinctive fuel for applications involving internal combustion
as a result of its exceptionally quick reaction kinetics, as well as short ignition delay times
under elevated pressure and temperature conditions [3, 5, 6, 8, 10, 20, 28]. Its low molecular
weight, high diffusivity, wide flammability limits, and rapid chain-branching reactions lead to
ignition characteristics that differ fundamentally from conventional hydrocarbon fuels. These
properties increase the susceptibility of hydrogen—air mixtures to auto-ignition during high
compression ratios or low engine speeds. With increasing interest in hydrogen-fuelled engines
as part of global decarbonisation efforts, reliable prediction of ignition behaviour has become

essential for improving efficiency while preventing abnormal combustion.

Chemical kinetic modelling is widely recognised as a physically grounded approach for
predicting ignition delay, heat release behaviour, and species evolution during combustion.

However, detailed chemical kinetic mechanisms typically involve dozens of reacting species
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and hundreds of elementary reactions, making their direct coupling with multidimensional
engine simulations computationally demanding. Consequently, combustion modelling
frequently involves a compromise between chemical fidelity and physical complexity, where
either simplified chemistry is used in realistic flow simulations or detailed chemistry is retained

within reduced physical descriptions [7, 19].

In the present study, this modelling trade-off is addressed by preserving chemically
resolved reaction kinetics while simplifying the thermodynamic representation of the
combustion chamber. The engine charge is modelled as a homogeneous single zone, enabling
isolation of the chemical processes responsible for end-gas auto-ignition without additional
uncertainties introduced by spatial gradients or turbulence modelling. This approach is
particularly suitable for studying ignition phenomena dominated by local chemical timescales

rather than flame propagation effects.

A further objective of this work is to demonstrate that reduced kinetic modelling of
hydrogen auto-ignition can be implemented within a transparent and accessible computational
framework. By formulating the governing conservation equations together with the reduced
reaction mechanism within a spreadsheet-based environment, the model provides numerical
transparency and reproducibility while remaining computationally efficient for parametric
investigations. The resulting framework aims to bridge the gap between detailed combustion

kinetics and practical engineering analysis of hydrogen-fuelled spark-ignition engines.

However, existing approaches often require either detailed chemical mechanisms with
high computational cost or simplified models lacking chemical resolution. This study addresses
this gap by developing a reduced kinetic modelling framework that preserves the essential
chain-branching chemistry of hydrogen oxidation while enabling computationally efficient

prediction of auto-ignition behaviour under engine-relevant conditions
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2. Modelling Framework and Methodology

2.1 Model Overview and Assumptions

Hydrogen auto-ignition in a spark-ignition engine is investigated using a zero-
dimensional, single-zone thermochemical model representing the combustion chamber as a
homogeneous control volume. At any instant of crank angle, thermodynamic properties
including temperature, pressure, and species concentrations are assumed spatially uniform.
This formulation enables direct examination of the chemical kinetic processes governing
ignition while deliberately reducing uncertainties associated with multidimensional flow and

turbulence modelling.

Although the single-zone assumption neglects spatial gradients in velocity,
temperature, and composition, it remains well suited for analysing chemically controlled
ignition phenomena in which ignition onset is dominated by local thermochemical states
rather than flame propagation dynamics. Similar homogeneous reactor formulations have
been widely employed in knock prediction and ignition studies due to their transparency,

robustness, and computational efficiency [2, 6, 7, 8, 9, 11, 13, 14, 19, 23, 24, 26, 27].

The working mixture is treated as a perfect gas under premixed conditions. Spark
initiation is intentionally excluded so that ignition behaviour arises solely from spontaneous
chemical reactions. Heat transfer between the gas and cylinder walls is incorporated through
a lumped heat-loss formulation, while mass exchange with the surroundings is neglected,

resulting in a closed thermodynamic system.

2.2 Chemical Kinetic Mechanism
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Hydrogen oxidation chemistry is described using a reduced 17-step elementary
reaction mechanism originally proposed by Rafael and Sher [18]. The mechanism includes
the principal species governing hydrogen ignition chemistry, namely H», O», H>O, H, O, OH,

HO», and H>0: [1, 5, 10].

The selected mechanism retains the dominant radical production and chain-branching
pathways responsible for thermal runaway during hydrogen oxidation while avoiding the
computational expense associated with detailed mechanisms containing hundreds of
reactions. Previous investigations have shown that hydrogen ignition delay and knock
behaviour are strongly influenced by these radical pathways, supporting the suitability of

reduced mechanisms for auto-ignition analysis when appropriately validated [5, 19].

Adopting a reduced mechanism allows emphasis to remain on kinetic sensitivity and
ignition behaviour rather than numerical stiffness associated with large reaction systems,

consistent with the objectives of the present study.

2.3 Thermochemical and Physical Property Modelling

Reliable prediction of ignition behaviour requires accurate thermochemical properties.
Thermodynamic data for all species is obtained from values consistent with the Active
Thermochemical Tables (ATcT) framework, which provides internally consistent enthalpy,

entropy, and specific heat data across wide temperature ranges [21].

Species specific heats are treated as temperature dependent, and mixture properties
are evaluated using instantaneous species compositions. The temperature in the cylinder is
obtained from the equation of state for ideal gas using both predicted pressure and mixture

composition.
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Heat transfer between the working gas and cylinder walls is represented using a
lumped heat-loss term included in the energy conservation equation. While simplified, this
formulation captures the dominant thermal losses influencing ignition timing and provides a

stable representation suitable for parametric analysis.

2.4 Engine Geometry and Operating Conditions

The thermodynamic model is based on the geometric characteristics of the single-
cylinder Ricardo E6 spark-ignition variable-compression engine. The geometric parameters

arc:

In-Cylinder bore: 76.2 mm

In-Cylinder Stroke: 111.0 mm

Con rod length: 241.3 mm

Some parametric simulations are performed to evaluate the influence of operating

conditions on hydrogen auto-ignition behaviour. The investigated parameters include:

Compression ratio (rc)

Engine speed (N)

Air-fuel equivalence ratio (¢)

Unless otherwise specified, simulations are conducted under premixed conditions

without spark initiation to ensure that ignition is governed purely by chemical kinetics.

2.5 Governing Equations

The temporal evolution of the in-cylinder thermodynamic state is determined from

conservation relations applied to a closed control volume.
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The energy conservation equation is expressed as:

d_P:V—1{(thr_thl)_ 14 d_V}
a6~ v (\ds do ) y—1P4e

where p is the pressure, 0 is the instantaneous crank position, v is the specific heat ratio, V is

the cylinder volume, Qn: represents chemical heat release, Qn denotes heat loss.

The mass conservation equation is written as:
m(0 + A8) = M,,.n;(6 + AB)
where m is the mass, Mn, is the mixture molar mass, n; is the mole number for each species.

The ideal gas equation of state is given by:
p(6 + AB).V(6 + AB) = n(6 + AB).R,.T(6 + AB)

where p is the pressure, 0 is the instantaneous crank position, V is the cylinder volume, n is

the number of moles, R, is the universal gas constant, T is the temperature.

Species conservation equations are solved by accounting for each chemical species in
the kinetic mechanism. This is by enabling tracking of radical generation and consumption
during the engine cycle based on time resolution. The mixture is assumed to obey ideal-gas

behaviour throughout the simulation.
2.6 Auto-Ignition Criterion

Auto-ignition onset is identified using a temperature-rate criterion adapted from

classical knock prediction approaches [7]. Ignition is detected when the rate of temperature
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rise increases rapidly relative to instantaneous temperature, indicating transition to

thermochemical runaway [3, 4, 6, 17, 22].

A temperature-based indicator is adopted instead of pressure-based metrics because
temperature responds directly to the exponential sensitivity of hydrogen oxidation kinetics.
Computations are terminated once the ignition criterion is satisfied, representing the onset of

uncontrolled ignition.

2.7 Numerical and Computational Implementation

The governing conservation equations and reaction kinetics are implemented within a
spreadsheet-based computational framework using crank-angle-resolved time integration.
Small crank-angle increments are employed to ensure numerical stability and adequate

resolution of fast chemical timescales associated with hydrogen oxidation.

Separate computational modules are used for mixture preparation, reaction-rate
evaluation, thermodynamic property calculation, heat-transfer modelling, and cycle
integration. Automated routines are employed for parametric simulations and post-
processing. The transparent implementation enables direct inspection of intermediate

variables, facilitating verification and reproducibility of the modelling procedure.

Despite its simplified structure, the framework captures the essential thermochemical

processes governing hydrogen auto-ignition under engine-relevant operating conditions.

10
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3. Results and Discussions

3.1 Thermodynamic Evolution Under Motoring, Normal Combustion and Auto-Ignition

Conditions

Predicted Temperature Histories
950

850
750
650

Py 550

450
B 350

250
-200 -150 -100 -50 0 50 100 150

Temperature (K)

0 - Instantaneous Crank Position (Radians)

—— Motoring Normal Combustion Knock

Fig.1: Predicted Temperature Histories

The predicted in-cylinder temperature histories under motoring, stoichiometric
combustion, and knock-inducing conditions are compared in Fig. 1. Distinct thermodynamic
behaviours are observed, illustrating the transition from purely mechanical compression to

chemically driven thermal runaway.

Under motoring conditions (¢ = 0, rc = 14, N = 1000 rpm), temperature evolution is
governed solely by compression work and follows near-polytropic behaviour. The absence of
chemical heat release confirms that the model correctly isolates thermodynamic compression

effects and provides a consistent baseline for evaluating chemically induced temperature rise.

For stoichiometric hydrogen-air conditions (¢ = 1, rc = 14), a rapid temperature increase
occurs near Top Dead Centre (TDC), resulting from exothermic chain-branching reactions
characteristic of hydrogen oxidation. The dominant high-temperature branching pathway, H +

02— OH + O, is widely recognised as the principal accelerator of ignition in hydrogen systems

11
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[12, 15]. The sharp thermal escalation predicted near TDC agrees with experimentally observed

reductions in ignition delay at elevated compressed temperatures [5], indicating that the

reduced kinetic mechanism captures the essential ignition physics.

prior to

When the compression ratio, r, is increased to 17 (¢ = 1, N = 1000 rpm), ignition occurs

TDC. The resulting steep temperature gradient reflects thermochemical runaway driven

by exponential radical pool amplification. This behaviour highlights the strong temperature

sensitivity of hydrogen ignition, arising from the Arrhenius dependence of chain-branching

reactions [15, 25]. The predicted advance of ignition timing demonstrates the transition from

controlled combustion to knock-like auto-ignition conditions.

3.2 Auto-Ignition Detection and Thermal Runaway Behaviour

-200

Auto-Ignition Indicator
1200

1000

-150 -100 -50 0 50 100 150

O - Instantaneous Crank Position (Radians)

Pressure Temperature

Fig. 2: Auto-Ignition Indicator

Temperature evolution provides a clearer indicator of ignition onset than pressure, as

illustrated in Fig. 2. While pressure responds to both volumetric compression and chemical

heat release, temperature directly reflects reaction-rate acceleration associated with radical

growth.

12
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Hydrogen fuel reactivity and ignition is characterised by rapid escalation of dT/dO,
corresponding to exponential increases in radical concentration driven by branching kinetics
[12, 16]. The temperature-rate criterion adopted in this study identifies ignition when the rate
of temperature rise increases sharply relative to instantaneous temperature, signalling transition

to thermochemical runaway.

This approach aligns with kinetic interpretations of ignition delay, where ignition is
fundamentally governed by temperature sensitivity of reaction rates rather than macroscopic
pressure changes [5]. The results demonstrate that temperature-based detection provides a

physically meaningful indicator of knock onset for fast-reacting fuels such as hydrogen.

3.3 Parametric Influence on Auto-Ignitions

Parametric simulations based on the Ricardo E6 engine geometry were conducted to
evaluate the influence of compression ratio, engine speed, and equivalence ratio on hydrogen
fuel reactivity and ignition behaviour . The results highlight the competing roles of

thermodynamic state and chemical timescales in determining knock propensity.

3.3.1 Effect of Compression Ratio

Compression Ratio Effect
25

20
15

10

16 17 18 19 20 21 22 23 24

Compression Ratio

Auto-Ignition Crank Position (Radians)

Fig. 3: Compression Ratio Effect

13
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In Fig. 3, auto-ignition was predicted for compression ratios between 17 and 22 (¢ =1,
N = 1000 rpm). Increasing compression ratio elevates end-gas temperature and pressure,
thereby reducing ignition delay through accelerated chain-branching reactions. The
exponential reduction in ignition delay with temperature agrees with shock-tube and rapid-

compression-machine measurements for hydrogen—air mixtures [5, 16].

The strong sensitivity observed reflects the dominance of the H + O, — OH + O
reaction, which governs radical amplification at high temperatures [15]. These results confirm
that compression ratio primarily influences ignition through thermochemical state rather than

flow effects within the single-zone framework.

3.3.2  Elffect of Engine Speed

Hydrogen fuel reactivity and ignition was observed within a speed range of 700 — 850
rpm (rc = 14, ¢ = 1), as shown in Fig. 4. Lower engine speeds increase residence time near peak
compression, allowing sufficient accumulation of reactive radicals prior to expansion. This
behaviour illustrates the fundamental competition between chemical reaction timescales and

mechanical expansion timescales, a central concept in engine knock analysis [11].

Engine Speed Effect
25
20
15

10

600 650 700 750 800 850 900 950 1000 1050 1100
Engine Speed (RPM)

Auto-Ignition Crank Position (Radians)
wv

Fig. 4: Engine Speed Effect

14



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

At higher speeds, reduced residence time limits radical growth before significant heat
release occurs, thereby suppressing auto-ignition. The results demonstrate that ignition
behaviour depends not only on thermodynamic conditions but also on the temporal coupling

between chemistry and piston motion.

3.3.3  Effect of Equivalence Ratio

Equivalence Ratio Effect

c 110
9
K3 90
o
= —
&2 70
S8

e
8 & 50
B~
&
- 30
i)
=]
< 10

1 1.5 2 2.5 3

Air/Fuel Equivalence Ratio

Fig. 5: Equivalence Ratio Effect

As shown in Fig. 5, auto-ignition occurred for equivalence ratios between 1.6 and 2.5
(rc = 14, N = 1000 rpm). Rich mixtures increase H-atom availability and accelerate branching
reactions, leading to increased knock propensity. The strong dependence of ignition delay on

mixture strength has been widely reported in hydrogen oxidation studies [5, 12].

Unlike heavier hydrocarbons, hydrogen ignition chemistry is dominated by high-
temperature branching reactions rather than complex low-temperature oxidation pathways.
This explains the monotonic increase in knock tendency with increasing equivalence ratio

under the present operating conditions [25].

3.4 Species Evolution and Radical Pool Development

Predicted species histories provide mechanistic insight into ignition development.

15
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Fig. 6: Major Species Concentration

Major species (H2, O2, N2, H2O) displayed in Fig. 6, evolve consistently with expected
combustion behaviour, with rapid water formation occurring near TDC and coinciding with

peak heat release. Nitrogen remains chemically inert and primarily acts as a thermal diluent.

In Fig. 7, minor radicals (H, O, OH) exhibit rapid growth immediately prior to ignition,
confirming the dominance of chain-branching chemistry. The buildup and subsequent
consumption of HO, and H»O> indicate their function as intermediate radical reservoirs within
hydrogen oxidation pathways [15]. At elevated temperatures, decomposition of, H>O»

contributes to rapid radical multiplication, accelerating ignition [12].

Minor Species Coggentration
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Fig. 7: Minor Species Concentration
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The observed radical pool amplification agrees with established hydrogen kinetic
models and confirms that auto-ignition in the present configuration is governed primarily by
high-temperature branching reactions rather than low-temperature peroxy chemistry typical of

heavier hydrocarbon fuels.

4. Conclusions

A zero-dimensional kinetic framework for analysing hydrogen fuel reactivity and
ignition behaviour in a homogeneous spark-ignition engine has been developed using a reduced
elementary reaction mechanism coupled with thermodynamic coynservation equations. The
combined solution of the energy equation, species conservation relations, and ideal-gas
equation of state enabled prediction of in-cylinder thermodynamic evolution together with

radical species dynamics governing ignition behaviour.

The results demonstrate that hydrogen auto-ignition under engine conditions is
predominantly controlled by high-temperature chain-branching chemistry. Increasing
compression ratio substantially reduces ignition delay by elevating end-gas temperature and
accelerating radical amplification through the H + O2 — OH + O reaction pathway. Engine
speed was shown to influence ignition through time-scale competition between chemical
kinetics and mechanical expansion, with lower speeds promoting knock due to increased
residence time near peak compression. Increasing equivalence ratio enhances knock propensity

by increasing reactive radical availability and strengthening branching kinetics.

The temperature-rate based ignition criterion adopted in this study provides a physically
consistent indicator of thermal runaway, capturing ignition onset more directly than pressure-
based metrics. Analysis of species evolution further confirms that ignition is governed by rapid
growth of H, O, and OH radicals, while HO> and H>O; act as intermediate reservoir species

preceding high-temperature decomposition and rapid heat release.
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Beyond reproducing expected ignition trends, the present study demonstrates that
chemically resolved analysis of hydrogen auto-ignition can be achieved within a
computationally efficient homogeneous framework. The results emphasise the dominant role
of chain-branching kinetics and chemical-mechanical time-scale interaction in hydrogen
knock behaviour and provide a transparent modelling approach suitable for rapid parametric

evaluation of hydrogen-fuelled spark-ignition engines.
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Appendix A: Hydrogen Reaction Mechanism

The hydrogen oxidation mechanism and thermochemical data employed in this study consists

of 17 elementary reactions originally proposed by Rafael and Sher [18].

1. 17-Step Reaction Mechanism for Oxidation of Hydrogen

Reaction REACTIONS FOR THE OXIDATION OF HYDROGEN
Count
REACTANTS PRODUCTS

j

1 H + O: = (0 + o + H

2 H: + o = H + OH

3 H.O | + (0 = OH + OH

4 HO | + H = H: + OH

5 H + | OH + N2 = | HO | + N2

6 (0 + H + N2 = OH + N2

7 (o) + (o) + N2 = (07} + N2

8 H + H + N2 = H: + N2

9 H + (07) + N2 = | HO2 | + N2

10 HO, | + (0 = OH + (07)

11 HO: | + H = OH + OH

12 HO, | + H = H: + 02

13 HO. | + | OH = |HO| + (07

14 H202 | + H = | HO2 | + H:

15 H202.| + | OH = |HO0| + | HO:

16 H202 | + (07 = | HOz2 | + | HO;
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472

473

474

17 HO2 | + N: = OH + OH + N2
2. Thermochemical Data
ID | FORMULA | MOLAR HEAT OF SPECIFIC HEAT COEFFICIENTS
MASS FORMATION
[(cp/R) =a1 T2+ a; +asT"? + a;,T'+ asT3?

kg/kmol kJ/kmol a1 az as aa as
1 H 1.00 217998.00 0.0 2.50 0.0 0.0 0.0
2 (o) 16.00 249229.00 0.00564 1.8832 24.27 -421.30 3410.0
3 OH 17.00 37490.00 -0.03985 11.833 -406.83 7445.0 -45909.0
4 0O, 32.00 0.0 0.04790 -0.112 195.42 -4426.1 32538.0
5 H2 2.00 0.0 -0.00872 8.937 -327.13 6834.8 -47770.0
6 H20 18.00 -241834.00 -0.09067 22.605 -826.53 13970.1 -82114.0
7 HO, 33.00 12260.00 -0.0000576 0.016348 | -0.41045 4.4815 -13.830
8 H20: 34.00 -135457.00 0.00004146 | 0.0040718 | 0.39353 -14.465 125.95
9 N> 28.00 0.0 -0.05932 12.531 -352.30 5279.10 -27358.0

3. Species Identification in Reaction Mechanism

| Identification of SPECIES taking part in EACH and EVERY REACTION of the MECHANISM

FORWARD REVERSE
Reaction "TNgMBER NUMBER
COUNT of IDENTIFICATION of those of IDENTIFICATION of those
J Species SPECIES Species SPECIES
Involved Involved

1 2 1 2 2 3 1
2 2 4 3 2 1 5
3 2 6 3 1 5
4 2 6 1 2 4 5
5 3 1 3 9 2 6 9
6 3 2 1 9 2 3 9
7 2 2 9 2 4 9
8 2 1 9 2 5 9
9 3 1 4 9 2 7 9
10 2 7 2 2 3 4
11 2 7 1 1 3
12 2 7 1 2 5 4
13 2 7 3 2 6 4
14 2 8 1 2 7 5
15 2 8 3 2 6 7
16 2 8 a4 1 7
17 2 8 9 2 3 9
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487

488

4. Computational Species Data

St |Rexcnows| REACTIONS (R) n which THESE SPECIES are involved and the STOICHOMETRC

i oy e COEFFICIENTS (SC ) for THOSE REACTIONS
R|SC|R|SC|R|[SC|R[SC|R[SC|R|SC|R|SC|R|SC|R|SC|[R|SC[R|SC|R |SC

1 H (1A 2 (A4 (1]85(1]6[1]8[2]9(1|11(1]12|1|14]1

2 0 1(2(2|1]3|1[6(1[7]2]|10]1

3 OH 23|24 (1[5 1]6-1(10(-111]-2(13[1{15]|1|17]|-2

4 0, A (1[T7T]1]9]1(10[-1(12]|-1]13(-1(16] 1

5 H, 2 |1(4|14(8|1(12|1(14]-

6 H,0 31| 4]1[5[-1]13]-1]15(+1

7 HO, 9 |10 1 (111121131 (14[-1]15]|-1 [16]-2

8 | HO, 1] 115] 1 [16] 1|17 1

9 N, 5015|6167 (1(7(A]8]1[8[A[9]1]9]|1[17[1]|17]
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489 Appendix B: Governing Equations

490  The energy conversion, heat release and heat loss equations proposed by Annand [1] were
491  used in this study. While the engine design equation proposed by Heywood [12] was

492  employed in this study.

493 1. Conservation Equations
: _ dQpr dQm _ vy _dv 1 . dp
494 Energy Conservation Equation: 10 a0 y-1Pae 771" a8
. . am
495 Mass Conservation Equation: 0 0
496 2. Engine Design
V(6+A0)+V (0
497 Instantaneous Chamber Volume: V = Vyean = %
498 V@)=V, +A4,.x(0)
Vs
499 Clearance Volume: V. =
re—1
500 Instantaneous Piston Position:
S 20 20\% .

501 x(0) = (E) : (1 +5 - 6059) — \/(?) — sin%0 (3.8)

. nB?
502 Piston Surface Area: Ap =
503 3. Heat Release

) — J

504 Qnr = =V Xj_1 AH;(Rs; — Ryj)
506 Rate of Forward Reaction: ~ Ry; = K¢ [1ieq(p. C;)*r
507 Rate of Backward Reaction: Rp,; = Kp; [1i=(p. C;)*VP

508 Forward Reaction Rate Constant: K¢j = Af;T"exp(—Eas/RyT)



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

Backward Reaction Rate Constant: Kp; = Ap;T"exp(—Eap/Ry,T)

Species Concentration: [p. C;]

Rate of Species Formation: [M]; = —

1 /d[M], - .
V( I -V)zaij<Kjl_[[P-Ci] ”)

i=1

d i - Lj - ..
[C]l\z] net = {aijf (Kfj 1_[[,0 Ci]auf) — Qjp (ij 1_[['0 Ci]al}b>}

Rate of Change of Moles per Species:

n n
dn; N -
d_tlnet = Vmean {“iff (Kfj | |[P- Ci]a”f) — Qjp (ij | |[P- Ci]“‘”’)}

i=1 =1
4. Heat Loss
: ak b 4 4
th =A [? (Re) (T - Tw)] + [C(T - TW )]
Dynamic Viscosity: u= ,uCTO'645 (N2 gas only)
Reynolds Number: R, = P8
10u

Specific Heat Coefficient at Constant Pressure:

cp = Ru.{alTl/Z +a,+asT /2 +a, T 1+ a5T'3/2}

.C.
Thermal Conductivity: k = (%)

5. Mass and Species Concentration Histories

Species Concentration: [M;](6 + AB) = %
Mass: m(0 + A8) = M,,.n;(0 + AB)
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