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Abstract

A numerical study of a transiently (uniformly/non-uniformly) heated cylindrical

reactor was performed using a computationally inexpensive one-step model capa-

ble of capturing the experimentally observed transition behavior from slow to fast

reaction. The methodology used to find the kinetic parameters of the simplified

model was described in detail. A parametric study using a control volume (0-D)

thermal ignition model provided transition maps due to changes in heating rate,

initial pressure and composition. Two-dimensional reactive Navier-Stokes equations

were used to examine the fluid mechanics and chemical reaction leading to slow or

fast consumption of the mixture. During uniform heating, a dynamic buoyancy flow

is induced in which the mixture rises along the walls and turns at the centerline

creating two well defined vortical structures. Once significant chemical heat release

is generated, the flow reverses. During non-uniform heating, the flow field is com-

posed of two large vortices in the center of the vessel, and two sets of smaller vortices

trapped at the top and bottom of the reactor. Depending on the heating rate, and

irrespective of the mode of heating, the mixture undergoes either slow oxidation or

ignition whereby a flame that propagates from the top of the vessel consumes the

mixture.
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safety, simplified chemical kinetics model

1. Introduction

Thermal ignition of flammable gaseous mixtures from a hot surface is a ma-

jor concern for a wide range of industrial activities including commercial aviation,

nuclear power plants and industrial chemical processes [1, 2, 3]. Typical ignition

sources include concentrated hot surfaces (glow plugs) [2, 3, 4, 5], moving hot par-

ticles [6, 7, 8, 9] and extended hot surfaces (heated vessels) [1, 10]. Minimizing

the risk of accidental combustion events through updated safety regulations and im-

proved engineering design calls for a deep understanding of this ignition phenomena.

When a combustible mixture reacts in a closed volume a thermal explosion can

take place if the rate of heat production by chemistry exceeds the rate of heat

loss through the vessel’s walls. The thermal ignition theory of Semenov [11] and

Frank-Kamenetskii [12] considered two limiting cases, respectively: (1) very effi-

cient, instantaneous mixing so that the mixture is assumed to be spatially uniform

-unsteady thermal theory; (2) no mixing/motion, allowing for temperature gradi-

ents to develop inside the reactor, hence the transport of heat occurs by conduction

only -steady thermal theory. Both, Semenov and Frank-Kamenettski, found critical

conditions as functions of their non-dimensional numbers. These critical values have

been calculated numerically neglecting the consumption of reactants for various ge-

ometries [12].

Intermediate cases, those where the temperature gradients become sufficiently

large, result in motion of the gas inside the reactor due to buoyancy. Free or natural

convection can influence the progress of the chemical reaction resulting in complete

suppression of the thermal runaway, or in longer ignition delay times [13]. Previous

studies of the effects of natural convection on thermal explosion have considered re-

actors where the temperature of the wall is held constant, and systems that neglect

reactant consumption [14, 15, 16, 17, 18]. More recent work includes an asymptotic

analysis performed by Boddington et al. [19, 20] in which consumption of reactant
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and external heat transfer is considered in the purely diffusive limit. They found

that external heat transfer has a more significant effect in spherical reactors than in

infinite cylinders or parallel plates. Liu et al. [14, 21] described the explosive limits

as a function of ratios of the time scales of the physical processes at play in the

system, namely diffusion of heat and species, natural convection, and chemical heat

release. This framework resulted in a new regime diagram in which the transition to

explosion is explained in terms of non-dimensional groups that have clear physical

meaning. Campbell [22], extended this work to include external heat transfer. Igle-

sias et al. [23] investigated thermal explosions in spherical vessels at large Rayleigh

numbers with similar simplifying assumptions. They varied the Damköhler and

Rayleigh numbers to discriminate between different explosion regimes under isother-

mal wall conditions. To date, no previous work has been concerned with analyzing

in detail, from a fluid mechanical perspective, the full sequence of events leading to

a thermal explosion in a cylindrical vessel when its walls are heated at a prescribed

rate.

We consider the configuration used by Boettcher et al. [1] who studied the au-

toignition of n-hexane/air mixtures. A vessel containing the reactive mixture was

heated externally at a finite rate. Using this setup, it was experimentally demon-

strated that a flammable mixture subjected to a range of heating rates is consumed

in two different ways. If the heating rate is low, a slow reaction occurs; if the heat-

ing rate is high, an ignition event takes place. The slow reaction is characterized by

a slow consumption of the reactants at essentially constant temperature and pres-

sure, while the ignition event is associated with a thermal runaway and a significant

pressure increase. The mixture was observed to transition to ignition with increas-

ing heating rate, pressure, and equivalence ratio (0.7 ≤ φ ≤ 1.4). This behavior

was also investigated computationally using a control volume zero-dimensional (0-

D) model that extended the classical theory of Semenov by using a time dependent

wall temperature and a detailed reaction mechanism for describing the chemistry [1].

Analyses of the chemical reaction pathways and energy balance showed that the com-

petition between the chemical energy release rate and heat losses rate when close to
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the auto-ignition temperature can induce a composition change, so that an initially

flammable mixture is turned into a non-flammable mixture. However, the large num-

ber of chemical species and reactions involved during low-temperature oxidation of

hydrocarbon fuels results in very lengthy simulation times (even in 0-D) and makes

it impractical to carry out comprehensive parametric studies to investigate complex

industrial configurations using multidimensional numerical simulations.

The present paper is divided in two main parts: (i) the development of a compu-

tationally inexpensive one-step chemical model giving the range of kinetic parame-

ters required to capture the transition behavior from slow to fast reaction, together

with a parametric study using a control volume 0-D model to provide transition

maps due to changes in heating rate, initial pressure and composition; (ii) two-

dimensional (2-D) simulations of the experiments carried out by Boettcher et al. [1]

using the one-step model developed in (i). Rather than simply finding the boundary

between explosive and non-explosive behavior as a function of initial pressure and

composition like in previous analytical, experimental and numerical work (a com-

plete list can be found in [14]), we use 2-D computations to investigate in detail

the flow field and the competition that develops inside the reactor between diffusive

and convective losses, and the chemical heat release as the mixture is uniformly and

non-uniformly heated. To the authors’ knowledge, no studies are available in the

literature where the full evolution is considered from early stages of heating, ignition

and flame propagation to full consumption of the mixture for reactors whose walls

are heated at a prescribed rate like in the present study.

2. Control volume zero-dimensional (0-D) model

The thermal ignition process is described using a thermodynamic and chemical

kinetic model. The thermodynamic model is given by the conservation of energy for

a stationary constant volume and constant mass, m, system. The system exchanges

energy with its surroundings through heat transfer at the wall, Qw, which can be

into or out of the system depending on the relative temperatures of the gas and the
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wall.

∆U = Qr +Qw (1)

where ∆U is the change in internal energy of the system. Assuming that the gas

obeys the ideal gas equation and has constant specific heat, yields

mcv
dT

dt
= Q̇r + Q̇w , (2)

where the energy release rate due to chemical reactions, Q̇r, is in competition with

the energy transfer rate at the wall, Q̇w. In Eqn. 2, cv is the specific heat at constant

volume, and T is the gas temperature. The heat transfer with the wall is expanded

from the original Semenov theory to include the initial temperature of the wall, T 0
w,

and the rate at which it is heated, α [1, 11].

Q̇w = Sh̄
(
T 0
w + α t− T

)
, (3)

where S is the surface area and h̄ is the heat transfer coefficient. The energy release

rate is found by assuming that the reaction progresses in one irreversible step from

reactant to product (R → P ). The rate at which this reaction progresses depends

on the temperature, T , and the molar concentration of reactant , [R] [24].

d[P ]

dt
= −d[R]

dt
= ω̇ = k(T )[R]n (4)

In Eq. 4, ω̇ is the molar production rate per unit volume, k is the reaction rate, and

n is the effective reaction order. Using the approach from [25], we express the molar

concentration using the ideal gas law, pV = nRuT ,

[i] =
ni

V
=

pi
RuT

=
Xip

RuT
=
Xi

Wi

ρ , (5)

where n, p, ρ, X, W are the number of moles, partial pressure, density, mole fraction,

and molecular weight, respectively. The variables without the subscript “i” represent

mixture properties. Otherwise, they represent the properties of either the reactant

or the product.

The reaction is expressed as a function of a reaction progress variable, λ, which is

equivalent to the mass fraction of the products, YP .

λ = YP = XP
WP

W
(6)
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Expressing Eqn. 4 in terms of mass fractions using Eqns. 5 and 6 yields

dYP
dt

=
W 2

P

Wρ
k(T )

(
XR

WR

ρ

)n

. (7)

The rate of progress of the chemical reaction is governed by an Arrhenius rate

law [24],

k(T ) = A exp

(
− Ea

RuT

)
, (8)

where A is the pre-exponential, Ea is the activation energy and Ru is the universal

gas constant.

Substituting Eqn. 8 into Eqn. 7 and rearranging, the evolution of YP becomes

dYP
dt

=

(
A
W 2

P

W

Xn
R

W n
R

)
ρn−1 exp

(
− Ea

RuT

)
. (9)

Restating the equation in terms of progress variable, λ, and introducing the con-

sumption term, (1− λ), yields

dλ

dt
= Z(1− λ)ρn−1 exp

(
− Ea

RuT

)
(10)

where the terms in parenthesis in Eqn. 9 are assigned to the pre-exponential factor

Z [25].

Finally, the energy release rate in Eqn. 2 is the product of the energy stored in

the chemical mixture, Qc, and the rate at which this energy is released, dλ/dt,

Q̇r = Qc
dλ

dt
= mqc

dλ

dt
= mqcZ(1− λ)ρn−1 exp

(
− Ea

RuT

)
, (11)

where qc is the chemical energy content per unit mass of reactant R.

The complete coupled equations describing this thermal ignition model are

dT

dt
=
qc
cv
Z(1− λ)ρn−1 exp

(
− Ea

RuT

)
+

Sh̄

mcv

(
T 0
w + α t− T

)
, (12)

dλ

dt
= Z(1− λ)ρn−1 exp

(
− Ea

RuT

)
. (13)

3. Calculation of model parameters

In the current thermal ignition model a number of parameters are fixed by the

physical system used in the experimental study [1], such as the surface area and

6



volume (see Table 1). Other parameters, such as the activation energy and chemical

energy content depend on the type of mixture used, and are determined with the

use of a detailed chemical model and the available experimental data.

Table 1: One-step model parameters.

Parameter Value Units Description

V 4.27 ×10−4 m3 volume

S 3.36 ×10−2 m2 surface area

h̄ 10 W m−2 K−1 heat transfer coefficient

cv 980 J kg−1 K−1 specific heat at constant volume

Ru 8.314 J mol−1 K−1 universal gas constant

Ea 1.48 ×105 J mol−1 activation energy

qc 2.461 ×106 J kg−1 chemical energy content1

3.1. Heat transfer

The average heat transfer coefficient, h̄, was determined by performing an inert

two-dimensional simulation of the buoyancy flow induced by the heating of the reac-

tor’s wall (see section 5 for details) to confirm typical values for natural convection

of gases (2 – 25 K/m2K) given in heat transfer textbooks [26]. Using the standard

definition, h̄ = q′′/(Tw(t) − T ), where q′′ is the wall heat flux, and the difference

(Tw(t) − T ) is the time dependent thermal gradient, with Tw(t) = T 0
w + αt. The

average heat transfer coefficient was found to be 10 W/m2 K

3.2. Thermo-chemical parameters

In order to include realistic thermodynamic and chemical parameters in the one-

step reaction model, 0-D calculations were carried out using a detailed reaction

mechanism, namely the updated Ramirez et al. model [27, 28]. It includes 531

chemical species and 2,628 reactions. A detailed validation of the model of Ramirez

1for a slightly lean (Φ = 0.9) n-hexane mixture at po = 101.3 kPa.
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was performed in our previous study on the effect of heating rate on n-hexane

oxidation, see [1].

3.2.1. Energy content

The specific energy of the mixture, qc, is calculated from the detailed mechanism

assuming an adiabatic system where all of the stored chemical energy is used to heat

the product species until chemical equilibrium is reached. The energy content of the

system can then be extracted by cooling the system back to its initial temperature

and computing the difference in internal energy. Calculations were performed using

Cantera [29] for φ = 0.4 − 3, To = 298 K, and po = 20.3 − 202.6 kPa as shown in

Fig. 1. Only minor changes were observed relative to previous calculations [30].
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Figure 1: Control volume (0-D) model – evolution of energy content per unit of mass as a function

of equivalence ratio. Conditions: To = 298 K and po = 20.3 - 202.6 kPa.

3.2.2. Activation energy

Ignition delay-time calculations were performed assuming a constant volume re-

actor to obtain the activation energy, Ea, as a function of pressure and equiva-

lence ratio. The ignition delay-time was defined as the time to maximum pressure-

gradient. Computations were carried out over a period of 2000 s for φ = 0.4 − 3,

po = 20.3− 202.6 kPa, and To = 500− 1100 K. Previous work [2, 30] shows how the

activation energy is calculated by fitting the low temperature ignition delay time

and calculating the slope of this curve. The changes in activation energy with initial

pressure and equivalence ratio were negligible yielding an approximately constant

value of Ea = 148, 000 J/mol.
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3.2.3. Pre-exponential Factor

The pre-exponential factor, Z, is calibrated so that the one-step model repro-

duces the transition from slow reaction to ignition observed in the 0-D thermal ig-

nition model using detailed chemistry [30]. For a stoichiometric mixture at 101 kPa

the transition occurred when the heating rate was increased from 10.75 K/min to

10.80 K/min. This transition behavior is shown for the one-step model in Fig. 2.

Figure 2 (Left) shows the very slight temperature increase above the heating rate

for the slow reaction case as well as the large temperature increase for the ignition

case. Similarly, the reaction progress variable shows a steep increase at the point

of ignition in Fig. 2 (Right). The pre-exponential factors are individually fitted for

two different effective reaction orders, n = 1, and n = 2, and determined to be

Z = 8.75× 1010 and Z = 7.25× 1010, respectively.

0 200 400 600 800 1000 1200 1400
Time (s)

400

600

800

1000

1200

1400

1600

T
em

pe
ra

tu
re

 (
K

)

 α  = 10.75 K/min
 α  = 10.80 K/min

1020 1040 1060 1080
480

490

500

510

520

530

0 200 400 600 800 1000 1200 1400
Time (s)

0

0.2

0.4

0.6

0.8

1

R
ea

ct
io

n 
Pr

og
re

ss
 -

  λ
 

 α  = 10.75 K/min
 α  = 10.80 K/min

1035 1050 1065
0.3

0.4

0.5

0.6

0.7

Figure 2: Control volume (0-D) model simulation results for n = 1, po = 101 kPa, and φ =

1.0 showing the temperature evolution (Left) and progress variable evolution (Right) for a slow

reaction and an ignition case with a small heating rate increase of 0.05 K/min.

4. Parametric study in 0-D - constant volume reactor

With the established one-step model, the behavior of the gas mixture can be in-

vestigated as a function of the initial pressure, initial composition, heating rate, and

reaction order. Solutions to the thermal ignition model were obtained for a pressure
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range of po = 20.3−202.6 kPa with the equivalence ratio varying from φ = 0.5−2.3.

The heating rate was varied from α = 1 K/min to 30 K/min to investigate the

transition behavior. An ignition case is distinguished from a slow reaction case by

the temperature overshoot, ∆T , above that prescribed by the heating rate. The

transition is marked by a threshold temperature overshoot of 50 K. Figure 3 (Left)

shows the combined transition map for a unity reaction order (n = 1). Each line

represents the transition curve above which the mixture ignites and below which the

mixture undergoes a slow reaction. Each curve shows a minimum required heating

rate near stoichiometric composition consistent with the energy content reaching

a maximum (see Fig. 1). As the pressure is increased, the ignition regime widens

away from near-stoichiometric mixtures monotonically; at a fixed equivalence ratio

the heating rate required for ignition decreases with increasing pressure.

For a unity reaction order, the energy balance, Eqn. 12, readily shows the direct

influence of the energy content, heating rate, and initial pressure (through changing

the mass). Increasing the energy content increases the energy release; increasing the

heating rate decreases the heat loss; and increasing the initial pressure increases the

mass while not affecting the surface area and heat transfer coefficient hence decreas-

ing the heat loss. All of these trends are seen in Fig. 3 (Left).

When the effective reaction order is changed to n = 2, the pressure also affects

the energy release rate and the reaction progress. The results given in Fig. 3 (Right)

show that same monotonic trend is still observed, but the individual transition curves

are shifted. Changing the effective reaction order from 1 to 2 shifts the transition

curve below atmospheric pressures to higher heating rates. At elevated pressures,

this trend is reversed and an increase in effective reaction order from 1 to 2 decreases

the required heating rate. The dashed lines in Fig. 3 (n = 1) make this trend visible.

The atmospheric pressure curve is unaffected by the change in reaction order as is

the pivot about which the curves shift.

10



0.5 1 1.5 2
Equivalence Ratio - Φ

5

10

15

20

25

30

35

40

H
ea

tin
g 

R
at

e 
(K

/m
in

)

60.8 kPa
81.1 kPa
101.3 kPa
121.6 kPa
141.9 kPa
162.1 kPa
182.4 kPa
202.6 kPa

0.5 1 1.5 2
Equivalence Ratio - Φ

5

10

15

20

25

30

35

40

H
ea

tin
g 

R
at

e 
(K

/m
in

)

60.8 kPa
81.1 kPa
101.3 kPa
121.6 kPa
141.9 kPa
162.1 kPa
182.4 kPa
202.6 kPa
60.8 kPa (n=1)
202.6 kPa (n=1)

Figure 3: Control volume (0-D) model simulation results – plots of the transition curves for reaction

order n = 1 (Left) and n = 2 (Right). Ignition occurs for initial conditions above the transition

curve and a slow reaction occurs below.

The thermal ignition model just described succeeded at capturing the transition

from slow to fast reaction by assuming that the mixture inside the vessel is perfectly

mixed hence neglecting spatial temperature gradients in the reactor. Evidently,

these gradients are unavoidably present in reality and are responsible for inducing

a buoyant flow inside the vessel that could delay or suppress ignition. The next

sections examine the fluid mechanics and chemical reaction leading to slow and fast

consumption of the mixture through 2-D simulations.

5. Multidimensional Simulations: physical model, numerical approach

and model parameters

The flow and ignition inside the cylindrical vessel is governed by the variable den-

sity, reactive Navier-Stokes equations with temperature dependent transport prop-

erties:
∂ρ

∂t
+∇ · (ρu) = 0, (14)

∂(ρu)

∂t
+∇ · (ρuu) = −∇p+∇ · τ + ρg, (15)

∂(ρhs)

∂t
+∇ · (ρuhs) = ∇ · (κ/cp∇hs) + qc Ω̇R, (16)

with p = ρR̄T, τ = µ[∇u + (∇u)T ]− 2

3
µ(∇ · u)I. (17)

The Sutherland Law [31], the Eucken Relation [32] and the JANAF polynomials [33]

are used to account for the functional temperature dependence of mixture viscosity
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(µ), thermal conductivity (κ) and specific heat (cp) respectively. The chemistry is

modeled using an irreversible one-step scheme (R → P ) as described in section 3.

Using subscript R for reactants, species mass conservation can be written as:

∂(ρYR)

∂t
+∇·(ρuYR) = ∇·(ρDR∇YR)− Ω̇R with Ω̇R = ρYRZ exp (−Ea/RuT ) (18)

where ρ is density, u is the velocity vector, p is pressure, hs is the mixture sensible

enthalpy, g is the gravitational acceleration, qc is the stored chemical energy, I is

the identity matrix, YR is the mass fraction of reactants, Z is the pre-exponential

factor, Ea is the activation energy, and Ru and R̄ are the universal and specific gas

constants, respectively. The Lewis number is assumed to be unity which results in

κ/cp = ρDR. The thermal diffusivity of reactants is used to model its mass diffusiv-

ity.

The equations above are integrated in two dimensions using the Open source

Field Operation And Manipulation (OpenFOAM) toolbox [34]. The spatial and

temporal discretization details along with the iterative techniques used to solve the

linear systems that result from discretizing the governing equations can be found in

[8]. The OpenFOAM framework has been used successfully for a variety of studies

including direct numerical simulation of turbulent premixed flames [38, 39], chemi-

cal kinetic studies of turbulent non-premixed jet flames [40], laminar coflow flames

[41, 42], flows with surface reactions [43], fuel spray mixing [44, 45] and thermal

ignition [4, 5, 6, 7, 8, 9].

The geometry simulated corresponds to a vertical cross section of the cylindrical

reactor used in [2] (5 cm in diameter and 22 cm in length). Figures 4 and 5 show a

schematic of the experimental setup and the computational mesh -full O-grid with

square center piece to avoid singularities and small angles at high resolutions. There

are approximately 10,000 points in the computational domain, compressed near the

wall of the reactor, with a minimum cell size of 60µm normal to the wall to allow

for enough resolution to resolve the thermal and hydrodynamic boundary layers.
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Figure 4: Schematic of experimental setup used in [2] (top view), and corresponding vertical cross

sections for simulation of uniform and non-uniform heating.

Figure 5: Computational domain for cylindrical reactor - O-grid with square centerpiece and cell

compression near walls.

Initial conditions are po = 101 kPa, To = T 0
w = 300 K, uo = ( 0 , 0 ) m/s, and

Y 0
R = 1. No-slip condition and a prescribed temperature ramp on the vessel’s wall

given by Tw(t) = T 0
w + αt where α is the heating rate, are specified as boundary

conditions for velocity and temperature respectively. There is no flux of species at

the wall. Hence, the effects of any surface reactions have been ignored. The chemical

kinetics parameters used for modeling a slightly lean (Φ = 0.9) n-hexane-air mixture

are qc = 2.461× 106 J/kg (see Fig. 1), Ea = 148, 000 J/mol, and Z = 8.75× 1010 s−1.
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6. Theoretical considerations: flow regime and time scales

Before showing the 2-D simulation results is instructive to mention a few words

about the flow regime in which our proposed computations lie. More specifically,

testing if simple estimates based on scalings of the governing equations provide some

insight. In contrast with previous work [14, 21, 22] where the onset of buoyancy

was due to the temperature differences created inside the vessel as a result of heat

deposition by the chemistry, here, the buoyant motion is initially induced by the

heating rate imposed on the vessel’s wall. Assuming that up to ignition density

variations (i.e. temperature differences, ∆T ) in the vessel are small compared to

the wall temperature (∆T/Tw(t) << 1) the Boussinesq approximation applies. A

scaling for velocity due to natural convection can then be found by balancing the

convective and buoyancy terms in the momentum equation 15. Casting the buoyancy

term, ρg, using the aforementioned approximation yields: [(ρ− ρo)/ρo]g where ρo is

a reference density. In the Boussinesq approximation density variations are assumed

to have a fixed part and another that has a linear dependence with temperature,

ρ = ρo(1 − β∆T ), where β = 1/To is the coefficient of thermal expansion for ideal

gases and To is a reference temperature. Using the previous definitions the following

scaling for velocity is obtained:

U ∼ (Lgβ∆T )1/2 (19)

where L is a characteristic length scale (i.e. the vessel’s diameter D in our case). An

appropriate estimate for ∆T (the temperature difference that drives the convective

motion) can be found by using the heating rate imposed on the wall, α, and a

measure for the transit/turn over time (i.e. a convective time scale) of one fluid

parcel to travel from the bottom of the vessel, rise along the wall and descend back

to its starting point: ∆T ∼ KαD/U with K = (2 +π)/2. Replacing this expression

in the scaling found for U yields:

∆T = α2/3

(
D

gβ

)1/3

K2/3 (20)

This expression elucidates the effect of the heating rate and size of the vessel on ∆T ,

and ultimately on the strength of the convective motion induced. A higher heating
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rate and a bigger vessel are conducive to generating larger temperature differences.

On the other hand, a larger gravitational acceleration and coefficient of thermal

expansion have an inverse effect on ∆T .

Based on the results obtained using the thermal model discussed in Section 3,

we can choose a reference temperature To for β, and a heating rate value, α, to

compute the expected temperature difference, ∆T , inside the vessel. Figure 2 (Left)

indicated that To = 500 K is a temperature value close to the temperature range in

which chemical activity becomes important. Similarly, Figure 3 (Left) shows that

for Φ = 0.9 and po = 100 kPa a value of α = 15 K/min lies inside the ignition region

in the transition map shown in this figure. Using these values together with our

geometrical constraint, D = 0.05 m, and g = 9.81 m/s2 we obtain a ∆T = 1.02 K.

For α = 10 K/min, a value of α that lies in the no ignition region of the transition

map shown in Fig. 3 (Left), yields a ∆T = 0.78 K. Temperature differences in the

range of 0.7 K ≤ ∆T ≤ 1.1 K result in flow velocities induced by buoyancy of 0.0316

m/s and 0.0276 m/s for α = 15 K/min and 10 K/min, respectively.

400 500 600 700 800
Temperature (K)

0

2500

5000

7500

10000

12500

R
ay

le
ig

h 
nu

m
be

r 

400 600 800 1000 1200
Temperature (K)

10
-4

10
-2

10
0

10
2

tim
e 

sc
al

es
 -

 τ
 (

s)

no ignition
ignition

τ
rate

τ
diff

τ
chem

τ
conv

AIT (498 K)

τ
acous

Figure 6: Estimated Rayleigh numbers (left), and time scales for heating, convection, diffusion,

and chemistry as a function of temperature (right) for 15 K/min.

Since ∆T is small, we can use Tw(t) to approximate the gas temperature inside

the vessel and compute a temperature dependent Rayleigh number using Ra =

gβ∆TD3/νᾱ. Due to the increase in kinematic viscosity, ν, and thermal diffusivity,

ᾱ, with increasing temperature, Ra decreases. See Fig. 6 (Left). Flow regimes based
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on Ra are divided as follows: for Ra < 500 heat transfer is controlled by conduction;

for 500 < Ra < 106 laminar convection dominates heat transfer; and for Ra > 106

the flow is turbulent [14]. Based on the Ra values shown in Fig. 6 (Left), from initial

stages of heating to ignition laminar convection controls the heat transfer inside the

vessel.

To close the discussion is also instructive to analyze the time scales present in

thermal ignition problems to shed light on the dominant physics:

τrate = (Tw(t)− T 0
w)/α, τconv = D/U, τdiff = D2/ᾱ, τacous = D/

√
γR̄Tw(t)

τchem = 1/Z exp(−Ea/RuTw(t)) (21)

where τrate is the time scale associated with the heating rate, and τconv, τdiff, τacous and

τchem are the convective, diffusive, acoustic and chemical time scales, respectively,

all of them temperature dependent; γ = cp/cv is the ratio of specific heats.

Figure 6 (Right) shows these time scales as a function of temperature for α =

15 K/min. Note that τconv defined here differs from that used to calculate ∆T by a

factor of K, and will cause the blue line shown in this plot to shift upward. τacous

is significantly shorter than the rest of the time scales up to T ∼ 1000 K. However,

if heat is deposited in the gas at a time scale comparable to τacous, by for instance

increasing the current heating rate by four/five orders of magnitude, convective

motion is not induced and pressure waves will be generated in the vessel instead;

the mixture will be ignited homogeneously along the circumference of the vessel,

resulting in particularly interesting pressure wave-flame interactions as the mixture

is consumed from the walls towards the center of the reactor. Clarke et al. [46, 47]

studied the generation of weak and strong shock waves in a confined inert gas due to

rapid heat addition at the boundaries. The average convective, diffusive and acoustic

time scales across the temperature range plotted are τconv = 1.78 s, τdiff = 62.54 s

and τacous = 9.5 × 10−5 s, respectively; τchem is by definition strongly dependent on

temperature as can be seen in Fig. 6 (Right). The balancing scales up to ignition for

the heating rates considered here are the diffusive and chemical time scales: for T <

600 K, τdiff < τchem which means that the rate of heat deposition by the chemistry is
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small compared to the rate at which heat is diffused away; for T > 600 K, τchem < τdiff

the opposite holds; when τchem ∼ τdiff (T ∼ 600 K ) marks the boundary between

ignition and no ignition (dotted line). The autoignition temperature (AIT) reported

for n-hexane (498 K) is also shown as a square symbol for reference. This simple

theoretical analysis provides a good estimate of the temperature at which ignition

takes place, as well as the time to ignition since a direct correlation exists between

the wall temperature, Tw(t), and the gas temperature through α because ∆T is

small.

7. Reference case: no buoyancy

To better understand how buoyancy affects the ignition evolution, a case in which

natural convection is neglected is considered first. The temporal evolution of the

temperature of the gas, the flow structure inside the reactor, and the contributions

of each of the terms in the energy equation to the ignition process are studied.

7.1. Time evolution - ignition event

The temperature maximum in the computational domain and reactor wall tem-

perature are monitored during the course of the numerical integration to accurately

determine the time to ignition (see Fig. 7). The main plot shows the evolution for

the entire process, and the inset a close-up to the ignition event. Significant chemi-

cal activity starts shortly after the wall temperature reaches 500 K. Ignition occurs

after t ∼ 1051.2 s, the mixture is rapidly consumed in a few milliseconds, and the

system relaxes to Tw(t) after 6 s.

7.2. Flow analysis - α = 15K/min

In the absence of natural convection all the important features are confined to the

center of the reactor. All fields are scaled using their maximum value attained during

the entire evolution described. Temperature and product mass fractions peak at this

location. As time evolves, the gradients grow larger evidenced by the circular regions

shrinking in both fields. The magnitude of velocity evolves differently. No motion is

induced in the reactor at early times (up to 1050 s). Once the temperature/density

difference between the walls and the center of the reactor is large enough, flow
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Figure 7: 2-D model simulation results – temperature histories of a uniformly heated cylindrical

reactor for α = 15 K/min neglecting buoyancy.

inside the vessel starts. The gas moves radially outwards. After ignition, a flame

that emanates from the center of the reactor consumes the mixture rapidly (not

shown).

7.3. Evolution of temperature, velocity and product mass fraction along vertical cen-

terline

The evolution of temperature, velocity and product mass fraction along the ver-

tical centerline of the vessel are plotted in Fig. 9. To make the flow features visible

at all times, the temperature and product mass fraction are normalized by the time

dependent wall temperature, T/Tw(t), and product mass fraction at the bottom of

the vessel, Λ = P/P (t)@5cm, respectively. The vertical velocity, Uy, is kept in its

dimensional form. Distance is measured taking the top of the vessel as a reference,

and velocity is taken as positive upwards. The vertical dashed line in the plots is a

visual indicator showing the center of the reactor. As mentioned above, the ignition

zone is confined to the center. The growth of the chemical activity starts at t =

1050 s with values of T/Tw(t) and Λ greater than unity. From then on, the expo-

nential dependence of the reaction rate takes over, and the ignition center grows

rapidly. The vertical velocity exhibits a more dynamic evolution with appreciable
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Figure 8: 2-D model simulation results – temperature (left), velocity magnitude (middle) and

product mass fraction (right) fields – ignition evolution for α = 15 K/min applied to a uniformly

heated cylindrical reactor neglecting buoyancy.

flow induced from the center of the vessel at 1051.23 s. The abrupt acceleration of

the gas from 1051.2344 - 1051.2348 s signals the birth of an ignition center.
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Figure 9: 2-D model simulation results – normalized temperature (T/Tw(t)), vertical velocity (Uy)

and normalized product mass fraction profiles (Λ) along vertical centerline of heated vessel during

ignition evolution for α = 15 K/min applied to a uniformly heated cylindrical reactor neglecting

buoyancy.

7.4. Energy equation analysis

To achieve additional understanding of the physics taking place inside the reac-

tor, the contributions of each of the terms in the energy equation and temperature

are plotted along its vertical centerline (diameter), see Fig. 10 . The solid lines are

the convective and diffusive heat losses, and the chemical source term given respec-

tively by hConvection = −∇ · (ρuhs), hDiffusion = ∇ · (κ/cp∇hs), and hSource = qc Ω̇R.

The dashed line is the sum of the previous terms, and the dashed-dotted line is

the temperature. The plots are taken at the times shown in the two-dimensional

fields to allow for a direct comparison, and show the evolution of the ignition cen-

ter. Gradients are small at early times (t = 1050 s). The source term is mostly

balanced by diffusion across the entire vertical centerline of the vessel. Convection
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is most active closer to the center of the reactor because incipient flow is being

induced by the density differences caused by the heat release. As time progresses

(t = 1051 − 1051.234 s), and heat deposition becomes stronger, the gradients grow

larger and more flow is induced as a result. The convection term is now stronger

than diffusion but their combined magnitude is not large enough to counteract the

effect of the chemistry between 2-3 cm. Ignition of the mixture occurs 0.8 ms later

at t = 1051.2348 s.

Next, cases corresponding to two different locations along the cylinder axis are

considered (see Fig 4). First, uniform heating of walls corresponding to a vertical

cross section taken far away from the optical access ports, and second, non-uniform

heating, which corresponds to taking the vertical cut at the windows location. The

same methodology used for the reference case is applied to the analysis of both cases.

8. Uniform heating

8.1. Time evolution - slow reaction and ignition event

The heating rate was increased at 3 K/min intervals starting from 9 K/min. A

drastic change in the reaction behavior occured when the rate was increased from 12

to 15 K/min. From initially having slow consumption of the mixture at 12 K/min to

an ignition event at 15 K/min. Note that the transition took place at a slightly higher

heating rate than the one predicted by the thermal model described in Section 4,

Fig. 3 (Left). Figure 11 shows the temporal evolution of the maximum temperature

in the computational domain and reactor wall temperature. The insets show in detail

the two behaviors observed which are very similar in nature, as expected, to those

shown in Fig. 2 (Left). In both cases, a weak departure from the temperature ramp

imposed at the wall occurs around 500 K due to the onset of chemical energy release.

For the 12 K/min case, chemical activity starts after 1125 s of heating, reaction

proceeds very slowly to completion over 200 s and returns to Tw(t) after ∼ 400 s.

The maximum temperature difference between the reactor’s wall temperature and

maximum inside of the vessel at the peak of reaction is 33 K and occurs at 1404 s. For

the 15 K/min case, a very different evolution is observed. Chemical activity starts
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Figure 10: 2-D model simulation results – evolution of ignition event for α = 15 K/min applied to

a uniformly heated cylindrical reactor neglecting buoyancy: contributions of each term in energy

equation and temperature along vertical centerline from top of vessel. Top Left: at t = 1050 s -

early times. Top Right: at t = 1051 s - shortly before ignition. Bottom Left: at t = 1051.234 s -

ignition kernel formation. Bottom right: at t = 1051.2348 s - ignition kernel structure.

around 937 s, reaction takes place violently with full consumption of the combustible

mixture over 5 ms, and equalization with Tw(t) after 3 s. The temperature peaks

to ∼ 2300 K during ignition (t ∼ 1114.73 s). Note that the presence of natural

convection expectedly resulted in a delayed ignition event (took 6% longer to ignite),

in line with the observations of Jones [13].

8.2. Flow analysis - α = 15K/min

Figure 12 shows temperature, velocity and product mass fraction fields together

with streamlines and velocity vectors during the initial heating of the reactor for

α = 15 K/min. Until 804 s, the temperature maximum occurs at the wall and the gas

is essentially heated uniformly throughout the vessel. The heating of the wall induces

a buoyancy flow in which the mixture rises along the walls of the reactor and turns
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Figure 11: 2-D model simulation results – temperature histories of a uniformly heated cylindrical

reactor for α = 12 K/min and 15 K/min.

at the top of the vessel creating two well-defined vortical structures. Competition

between the wall’s heating and chemical reaction ensues. The chemical heat release

rate is higher than the wall’s heating rate, diffusive and convective losses combined,

which results in the flow being slowed down and reversed: the gas then rises along

the center of the reactor, turns as it approaches the top wall, and descends along

the side walls (see velocity fields between t = 804 s and t = 1080 s in Fig. 12).

As the heating continues, heat addition by chemical reaction increases and the

flow is accelerated further to 5× 10−2 m/s at t = 1114 s. Note that the heat release

due to chemistry, together with buoyancy, maintain the hottest gas confined to the

top of the reactor (see fields at 1080 and 1114 s). As natural convection is more

intense, the hot zone moves upwards along the vertical axis, closer to the top of

the vessel. Both vortices are also pushed sideways towards the walls. A similar

evolution was briefly described in numerical simulations performed for spherical

vessels with isothermal boundary conditions [14, 21], and allowing for heat transfer

from the reactor’s walls to its surroundings characterized by constant Biot number

[22]. Consistent with the region where the temperature is highest, and with the

flow pattern inside the vessel, the product mass fraction fields show that chemical

activity is stronger at the top of the combustion vessel. These fields also reveal the
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Figure 12: 2-D model simulation results (fast reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields – early times for α = 15 K/min applied to a uniformly heated

cylindrical reactor.

extent of mixing that takes place inside the reactor. Both vortices transport hot,

partially reacted mixture from the top to the bottom.

Closer to ignition, at t = 1114.7 s in Fig. 13, mixing and velocity continue to

increase, but as time progresses (specifically over 35 ms), a region of localized chem-

ical activity and associated temperature increase appears close to the region where

the flow turns. The temperature of the gas in this zone is 243 K higher than that

of the wall (see Fig. 13 at t = 1114.735 s). The main ignition event takes place

shortly after, at t = 1114.7362 s and brings the temperature of the gas to ∼ 1207 K

over 1.2 ms. The expansion of the gas in the vicinity of the ignition kernel causes

the flow to reverse once again, distorting the flow pattern inside the vessel. The
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velocity vectors and streamlines in Fig. 13 at t = 1114.7362 s show this clearly. A

flame kernel forms at t = 1114.7375 s and propagates downwards to the bottom of

the reactor fully consuming the mixture in 2.5 ms (see Fig. 14).
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Figure 13: 2-D model simulation results (fast reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields – shortly before ignition and ignition kernel for α = 15 K/min

applied to a uniformly heated cylindrical reactor.

25



Temperature (K) Velocity (m/s) Product (-)
t

=
11

14
.7

37
5

s

417

489

573

671

786

921

1080

1266

1483

1738

T
(K

)

0.000

0.168

0.336

0.503

0.671

0.839

1.007

1.175

U
(m

/s
)

×101

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

t
=

11
14
.7

38
75

s

417

489

573

671

786

921

1080

1266

1483

1738
T

(K
)

0.000

0.168

0.336

0.503

0.671

0.839

1.007

1.175

U
(m

/s
)

×101

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

Figure 14: 2-D model simulation results (fast reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields – flame kernel formation and flame propagation for α = 15

K/min applied to a uniformly heated cylindrical reactor.

8.3. Flow analysis - α = 12K/min

At early times, the evolution is similar to that described above for 15 K/min.

This can be observed in Fig. 15 for t = 1008 s. At t = 1128 s, flow reversal occurs,

and the temperature maximum now lies inside the reactor. The velocities induced

in this case are significantly lower than those of the previous case (5 times lower)

when comparing similar physical times during the simulation, namely t = 1200 s for

12 K/min and t = 1114 s for 15 K/min. The mixing and extent of chemical activity is

incipient, with imperceptible concentration differences within the reactor (see mass

fraction field at t = 1200 s).

Figure 16 shows that at 12 K/min the mixture undergoes very slow consump-

tion rather than an ignition event. At t = 1344 s differences between the hottest

and coldest region inside the reactor develop evidenced by the closed temperature

contours. Velocity continues to increase between t = 1200 and 1344 s. The peak in

velocity, temperature difference between reactor’s wall and gas, and product mass

fraction difference inside the vessel is reached at 1404 s, with values of 0.039 m/s,

33 K and 8.9 × 10−3 respectively. The flow structure continues to consist of two
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Figure 15: 2-D model simulation results (slow reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields - early times for α = 12 K/min applied to a uniformly heated

cylindrical reactor.

vortices with the hottest gas confined at the top of the vessel. Although reactant

consumption is evident at this heating rate between times 1344 s and 1464 s, the

diffusive time scale is smaller than the chemical heating time scale resulting in no

spatial variations in product mass fraction inside the reactor. The weaker natural

convection also results in essentially no distortion of the vortices for the duration of

the computation. In the bottom half of the reactor, the temperature gradients and

buoyancy forces are small resulting in low flow velocities (see t = 1200 − 1464 s).

Subsequently, the system relaxes returning to its original configuration with the gas

raising along the walls and descending along the vertical centerline of the vessel.

The mixture is now fully consumed (product mass fraction P = 1), see Fig. 16 at
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t = 1740 s.
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Figure 16: 2-D model simulation results (slow reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields - slow consumption for α = 12 K/min applied to a uniformly

heated cylindrical reactor.

8.4. Evolution of temperature, velocity and product mass fraction along vertical cen-

terline

For 15 K/min, Fig. 17, the temperature profiles show that significant vertical

temperature gradients start to develop after 1080 s (values of T/Tw(t) > 1). The
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product mass fraction, Λ, closely follows the temperature profiles showing a slight

departure from unity close to the top of the vessel at 1080 s. Shortly after, the

temperature and product mass fraction rise is confined to 0-1 cm, and finally at

1114.7362 s an ignition kernel forms ∼ 0.5 cm away from the top wall of the reactor.

The velocity profiles show that at early times (up to 804 s) the gas travels down-

wards along the centerline, and reverses between 804-1080 s. Once chemical activity

becomes stronger, the heat release, and associated temperature rise accelerates the

flow as evidenced by the large velocity increase that takes place between 1114.725 -

1114.735 s. During ignition, the gas is further accelerated and pushed outwards (see

velocity profile at t = 1114.7362 s).

For 12 K/min, Fig. 18, the changes are very small along the vertical axis of the

vessel. Departures of at most 6 and 2% in temperature and product mass fraction

with respect to their reference values, respectively. The peak in temperature and

chemical heat release occurs further away from the top of the vessel (∼ 1 cm), and

no significant acceleration is evident in the velocity profiles during reactant con-

sumption. As chemistry decays, the temperature and mass fraction profiles return

to unity, and the gas slowly reverses taking the same configuration it had during the

early stages of heating (see t = 1008 s and 1740 s). Temperature and product mass

fraction remain essentially uniform during the entire process.

8.5. Energy equation analysis

For 15 K/min, Fig. 19 at t = 804 s, the temperature distribution clearly shows the

maxima located at the wall. Note that the temperature difference between the wall

and the center of the vessel is 0.75 K, which compares very well with the estimate

obtained in Section 6. On this ordinate scale (108 W/m3), all the terms remain in

balance. Shortly before ignition (t = 1114.735 s) the competition between convective

and diffusive losses, and chemistry is clear. The increase in temperature is driven

by having a higher heat release rate than the rates at which heat is diffused back

to the wall and convected inside the reactor. The plot at t = 1114.7362 s shows
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Figure 17: 2-D model simulation results (fast reaction) – normalized temperature (T/Tw(t)),

vertical velocity (Uy) and normalized product mass fraction profiles (Λ) along vertical centerline of

heated vessel during ignition evolution for α = 15 K/min applied to a uniformly heated cylindrical

reactor.

that ignition occurs close to but slightly away from the wall. The structure of a

nascent flame can also be observed. Lastly, at t = 1114.7375 s, the reaction wave

that emanates from the ignition center propagates back towards the top wall and

downwards to the bottom consuming the fresh mixture left in the reactor.

For the case with a lower heating rate (12 K/min - see Fig. 20), the energy

contributions along the diameter of the reactor have the same order of magnitude

(104 W/m3) during the entire evolution. The competition among the terms is more

clearly seen at each location along the vessel centerline. At the wall (0 and 5 cm), the

balance is kept by diffusion and chemical heat release; further away from the wall,

diffusion is counteracted by convection and chemistry. Around the center of the

reactor, convection is balanced by diffusion and chemical heat release; in the bottom
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Figure 18: 2-D model simulation results (slow reaction) – normalized temperature (T/Tw(t)),

vertical velocity (Uy) and normalized product mass fraction profiles (Λ) along vertical centerline of

heated vessel during ignition evolution for α = 12 K/min applied to a uniformly heated cylindrical

reactor.

half of the vessel, the convective term decreases to zero and diffusion balances the

chemical source term. At t = 1008 s, ∆T ∼ 0.5 K, which is in line with our previous

scalings. The distribution of the terms remains essentially unchanged except that at

t = 1404 s the peak in heat release is more pronounced at 1 cm. The appearance of

this peak further away from the top wall is a direct consequence of weaker natural

convection. Overall, during the entire consumption process, chemical reaction occurs

uniformly within the vessel. This is in stark contrast with the sequence of events

seen for 15 K/min where localized chemical activity created an ignition center close

to the top wall of the reactor.

31



0 1 2 3 4 5
Vertical centerline from top of vessel (cm)

-100

-50

0

50

100

hT
er

m
s 

x 
10

-8
 (

W
/m

3 ) 
@

 t 
=

 1
11

4.
73

75
s

0 1 2 3 4 5
Vertical centerline from top of vessel (cm)

-0.5

-0.25

0

0.25

0.5

hT
er

m
s 

x 
10

-8
 (

W
/m

3 ) 
@

 t 
=

 1
11

4.
73

5s

0 1 2 3 4 5
Vertical centerline from top of vessel (cm)

-7

-3.5

0

3.5

7

hT
er

m
s 

x 
10

-8
 (

W
/m

3 ) 
@

 t 
=

 1
11

4.
73

62
s

0 1 2 3 4 5
Vertical centerline from top of vessel (cm)

-0.5

-0.25

0

0.25

0.5

hT
er

m
s 

x 
10

-8
 (

W
/m

3 ) 
@

 t 
=

 8
04

s
hConvection
hDiffusion
hSource
Sum

  Cylindrical reactor -  α = 15 K/min

498

499

500

501

502

Temperature

500

600

700

800

900

T
em

pe
ra

tu
re

 (
K

)

500

750

1000

1250

500

1000

1500

2000

T
em

pe
ra

tu
re

 (
K

)

Figure 19: 2-D model simulation results (fast reaction) – evolution of ignition event for α = 15

K/min applied to a uniformly heated cylindrical reactor: contributions of each term in energy

equation and temperature along vertical centerline from top of vessel. Top Left: at t = 804 s -

early times. Top Right: at t = 1114.735 s - shorly before ignition. Bottom Left: at t = 1114.7362

s - ignition/flame kernel formation. Bottom right: at t = 1114.7375 s - early stages of flame

propagation.

9. Non-uniform heating

The initial and boundary conditions remain unchanged for the most part, except

that at both edges of the horizonal centerline of the vessel, a section of 12 mm is

kept at 300 K for the duration of the simulation (see Fig. 4). Although in reality

the windows will not remain at a constant temperature of 300 K throughout the

experiment -which implies infinite heat transfer with its surroundings-, considering

the limiting case of having an isothermal boundary condition enhances the important

features present in the flowfield.
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Figure 20: 2-D model simulation results (slow reaction) – evolution of ignition event for α = 12

K/min applied to a uniformly heated cylindrical reactor: contributions of each term in energy

equation and temperature along vertical centerline from top of vessel. Top Left: at t = 1008 s -

early times. Top Right: at t = 1344 s - initial slow chemical activity. Bottom Left: at t = 1404 s

- peak of slow chemical activity. Bottom right: at t = 1464 s - decay in slow chemical activity.

9.1. Time evolution - slow reaction and ignition event

Both reaction regimes are observed with this configuration, but now the transi-

tion occurs at a higher heating rate, between 25 K/min and 27 K/min. Figure 21

shows the temperature histories obtained, and corresponding close-ups of the slow

oxidation and ignition events. Full consumption of reactants and equalization with

Tw(t) occurs over 90 s and 3 s respectively. The time to ignition for α = 27 K/min is

t ∼ 750 s. The combustion products temperature reaches 1900 K after the ignition

event. This peak temperature is lower than in the homogeneous cases due to the

cooling of the fluid when in contact with the cold windows. For α = 25 K/min,

slow reaction starts around t ∼ 760 s which corresponds to a mixture temperature

of ∼ 616 K. The departure from the temperature ramp imposed at the walls is very
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weak in this case.
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Figure 21: 2-D model simulation results – temperature histories of a non-uniformly heated cylin-

drical reactor for α = 25 K/min and 27 K/min.

9.2. Flow analysis - α = 27K/min

The presence of the cold windows results in a very different flow field inside

the vessel compared to that observed for the uniform heating case. During early

stages of heating (Fig. 22 - t = 540 s), the initial transient is composed of six visible

vortices. Four small vortices close to the top and bottom of the reactor induced

by the heating of the walls in these regions, and two large vortices in the center.

The colder gas next to the windows has the tendency to descend but does not reach

the bottom because of the two vortices created by the heating of the walls. The

gas rises along the centerline and turns before reaching the top of the vessel as it

encounters the two vortices trapped in this region. The temperature field shows

the stratification within the combustion vessel: hot gas at the top and bottom, and

colder fluid close to the windows. The conversion of fuel into combustion products

shows a non-uniform distribution due mostly to the presence of the windows, and

to a lesser degree, to the buoyancy flow induced. Chemical activity is highest at

the top of the reactor and lowest at the center, consistent with the temperature

distribution, where the largest vortices are present and the colder gas mixes within

the vessel (see fields at t = 720 s - Fig. 22)
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Figure 22: 2-D model simulation results (fast reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields – early times for α = 27 K/min applied to a non-uniformly

heated cylindrical reactor.

As the heating continues, the flow structure remains unchanged but chemical

activity becomes stronger and more localized. The gas begins to expand as a result

of heat release and pushes the gas away from this region, causing a slight velocity

decrease (see Fig. 23 t = 752.342 − 752.348 s). Two milliseconds later, at t =

752.350 s, an ignition kernel forms with the temperature peaking at 1447 K. A flame

emanating from the top of the vessel consumes the mixture exactly in the same

fashion as in the uniform heating case. The inherent non-uniformities in the flow field

just described, could lead to differences in species concentrations and temperature

readings of around 35% (see Fig. 23) . It is thus important for experimentalists to be

mindful of these and correct for them. Multi-line laser absortion diagnostics could

35



be employed under this kind of experimental configuration [48].
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Figure 23: 2-D model simulation results (fast reaction) – temperature (left), velocity (middle) and

product mass fraction (right) fields - shortly before ignition and ignition kernel for α = 27 K/min

applied to a non-uniformly heated cylindrical reactor.

9.3. Flow analysis - α = 25K/min

For the slow reaction case, the behavior during early times is the same as for α =

27 K/min. At later times, even though most of the chemical activity is still confined

36



to the top of the vessel, the differences between highest and lowest concentration

of combustion products are at most ∼ 13%. Full depletion of the fuel takes place

with a very weak temperature rise (10 K above the prescribed heating ramp at the

walls), and more or less “uniformly” within the reactor without the presence of

strong localized chemical activity nor a flame. The colder unreacted gas present in

the center is transported and fed to the top of the combustion vessel by the two

largest vortices present in the flow field. In contrast with the 27 K/min case, no

perceptible velocity decrease is observed because of the absence of an ignition kernel

and associated expansion of the gas.

9.4. Energy equation analysis

In the α = 27 K/min case, the behavior is very similar to that described in

section 8 except for the lower temperature present in the center of the vessel where

the cold windows are located. The temperature minimum is 75 K less than the

prescribed ramp at the wall (see Fig 25 at t = 612 s). At t = 752.348 s, a region

of localized chemical activity is present roughly 0.5 cm away from the wall. Two

milliseconds later, at t = 752.350 s, an ignition kernel forms and an incipient flame

propagates towards the top and bottom walls. The double structure present is

evidence of the radial expansion of the reaction front. The final plot in Fig. 25,

t = 752.358 s, shows the flame propagating downwards with the temperature peaking

at 1700 K.

Lastly, the energy equation analysis for α = 25 K/min shows a very different

evolution from that shown for the uniform heating case. A stratified flow structure

is seen: (i) almost quiescent mixture present up to 0.5 cm away from the top wall

(convective losses are negligible), (ii) colder gas that is fed from the center of the

vessel to the top between 1−2 cm, (iii) two large vortical structures in the 2−4.5 cm

region, and (iv) from 4.5− 5 cm, a smaller zone with combustible mixture at “rest”

at the bottom of the vessel. From 1− 4.5 cm the balance is maintained by diffusion

and convection with very small contributions due to chemistry. Close to the walls,

diffusion balances the chemical source term with the temperature peaking to 650 K

at t = 816 s. Finally, at t = 840 s, all fuel is depleted and the temperature maximum

37



Temperature (K) Velocity (m/s) Product (-)
t

=
76

8
s

300

328

360

394

431

472

517

566

620

679

T
(K

)

0.000

0.152

0.305

0.457

0.609

0.761

0.914

1.066

U
(m

/s
)

×10−1

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

t
=

80
4

s

300

328

360

394

431

472

517

566

620

679
T

(K
)

0.000

0.152

0.305

0.457

0.609

0.761

0.914

1.066

U
(m

/s
)

×10−1

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

t
=

84
0

s

300

328

360

394

431

472

517

566

620

679

T
(K

)

0.000

0.152

0.305

0.457

0.609

0.761

0.914

1.066

U
(m

/s
)

×10−1

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

t
=

10
08

s

300

328

360

394

431

472

517

566

620

679

T
(K

)

0.000

0.152

0.305

0.457

0.609

0.761

0.914

1.066

U
(m

/s
)

×10−1

0.00

0.13

0.26

0.40

0.53

0.66

0.79

0.92

P
(-

)

Figure 24: 2-D model simulation results (slow reaction) – temperature (left), velocity (middle)

and product mass fraction (right) fields – slow consumption for α = 25 K/min applied to a non-

uniformly heated cylindrical reactor.

returns to the wall as the mixture continues to be heated.
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Figure 25: 2-D model simulation results (fast reaction) – evolution of ignition event for α = 27

K/min applied to a non-uniformly heated cylindrical reactor: contributions of each term in energy

equation and temperature along vertical centerline from top of vessel. Top Left: at t = 612 s -

early times. Top Right: at t = 752.348 s - shorly before ignition. Bottom Left: at t = 752.35 s -

ignition/flame kernel formation. Bottom right: at t = 752.358 s - early stages of flame propagation.

10. Conclusion

A numerical study of a cylindrical vessel undergoing uniform and non-uniform

heating was performed using simplified kinetics. The methodology used to develop

one-step chemistry capable of describing the experimentally observed transition from

slow to fast reaction regimes was outlined in detail. A parametric study using a

constant volume zero-dimensional model was performed to provide transition maps

due to changes in heating rate, initial pressure and composition. Two-dimensional

simulations focused on the description of the fluid mechanics, and the competition

between convective and diffusive losses, and chemical heat release inside the reactor

as the heating rate was varied in a uniformly and non-uniformly heated reactor. A

time scale analysis based on simple scalings of the governing equations elucidated
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Figure 26: 2-D model simulation results (slow reaction) – evolution of ignition event for α = 25

K/min applied to a non-uniformly heated cylindrical reactor: contributions of each term in energy

equation and temperature along vertical centerline from top of vessel. Top Left: at t = 576 s -

early times. Top Right: at t = 768 s – initial slow chemical activity. Bottom Left: at t = 816 s -

peak of slow chemical activity. Bottom right: at t = 840 s - decay in slow chemical activity.

the competition of the different physical processes as a function of temperature;

for the cases considered here the crossover between the diffusive and chemical time

scales accurately marked the ignition boundary.

To assess the influence of natural convection on the ignition evolution, a buoyancy-

free case was used as a reference. In good agreement with previous observations

(using spherical reactors and isothermal boundary conditions), natural convection

was found to delay ignition. Regarding the ignition location, natural convection

moves the ignition kernel from the center towards the upper half of the reactor,

depending upon the strength of the buoyancy flow induced in the vessel.

During uniform heating, a drastic change in the reaction behavior occurred when the

heating rate was increased from 12 to 15 K/min. From having slow consumption of
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the mixture at 12 K/min to an ignition event at 15 K/min. At early times, the flow

is composed of two main vortical structures for both heating rates. Once significant

heat is generated inside the vessel the flow reverses. This flow reversal that appears

to be a typical feature of these systems had not been described in previous work. It

results from the competition between wall heating and heat release during the early

stages of the process. During non-uniform heating, the transition occurred when

the rate was increased from 25 to 27 K/min. At both heating rates, the flow field is

composed of two large vortices in the center of the vessel, and two sets of smaller

vortices trapped at the top and bottom of the reactor. Uniform and non-uniform

heating cases ignited at comparable times and locations. Our results emphasize

the importance of the flow pattern developed by the interaction between the vessel

containing the reactive mixture, and natural convection in creating zones where the

critical conditions for ignition are met (i.e. top of the vessel). This observation is

not unique to this configuration, ignition time scale or nature of the flow, but has

been discussed in detail recently, in the context of thermal ignition, for different ge-

ometries (e.g. transiently heated concentrated surfaces and moving heated particles)

[4, 5, 6, 7, 8, 9].
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