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Abstract

Ignition of hydrogen-air, ethylene-air and n-hexane-air mixtures from a horizon-
tally and vertically oriented heated circular cylinder was studied experimentally
in a wide range of equivalence ratio. Initial pressure and temperature were
101.3kPa and 296 K, respectively. The cylinder with outer diameter 10 mm and
heated length 10 mm was designed for high temperature uniformity. Two-color
pyrometry measured the surface temperature; Time-resolved Mach-Zehnder in-
terferometry acquired ignition dynamics, gas temperature fields and heat trans-
fer characteristics. Ignition from the horizontal cylinder occurred at tempera-
tures between 960 K and 1100 K for hydrogen, between 1060 K and 1110 K for
ethylene, and between 1150 K and 1190 K for n-hexane. Vertical cylinder ori-
entation increased ignition thresholds by 50-110 K for ethylene and n-hexane,
whereas only little variation was observed for hydrogen. Infinite-fringe interfer-
ograms visualized the ignition dynamics and identified the most favorable igni-

tion locations, which coincided with locations of lowest wall heat flux (largest
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thermal boundary layer thickness) and long residence time. Gas temperature
fields were obtained by post-processing the interferograms, resolving the tempo-
ral and spatial development of thermal boundary layers and enabling local heat
transfer analysis. The convective pattern around a horizontal cylinder features
distinctly shallow temperature gradients, i.e., low heat flux, at the cylinder top
due to thermal plume formation, which promotes ignition compared to the ver-
tical cylinder. An analytical scaling model for ignition from hot surfaces was
evaluated to determine the sensitivity of ignition threshold to heat transfer vari-
ations, and to reveal the influence of chemical mixture properties. This analysis
predicts a particularly low sensitivity for hydrogen-air mixtures at temperatures
near the extended second explosion limit, and a larger sensitivity of ethylene-air
and n-hexane-air mixtures, which is in accordance with the experiments.

Keywords: hot surface ignition, cylinder, interferometry, heat transfer

1. Introduction

Ignition of reactive gas mixtures from hot surfaces constitutes a hazard in
many industries. Parameters such as surface size, shape, material and heating
rate affect the minimum surface temperature required for ignition, referred to
as the ignition threshold. For a given hot object and heating rate, the ignition
threshold is a function of gas mixture composition, initial thermodynamic state
of the gas and the flow regime, i.e., whether the gas is initially quiescent or
an external flow is present. The present paper focuses on localized hot sur-
faces located in a large volume of reactive mixture, in contrast to ignition from
extended surfaces such as heated vessels. Ignition from localized hot surfaces
which are not catalytic is dominated by the formation of a thermal boundary
layer around the hot object and the competition between energy release and
creation of reactive species from chemical reactions within the boundary layer

and transport processes to the surface.

Literature on hot surface ignition spans several decades and there is a sub-



stantial body of empirical data that primarily focuses on critical temperatures
for ignition and simplified analytical models. Rapidly heated wires with sub-
millimeter diameters represent a classical experiment [IHI6]. Rapid energy de-
position into the wire leads to the separation of time scales for wire heating,
thermal conduction into the gas and chemical reaction, and the temperature
field can be treated as quasi one-dimensional in the limit of fast heating. Ex-
periments on rods with millimeter-diameters [0} [I7HI9] and heated foils [20H22]
extended the range of surface sizes. Ignition from hot particles was investigated
by [23H33]. Two trends emerge from the experimental studies: Larger hot sur-
faces enable lower ignition thresholds, and quiescent initial conditions enable
lower ignition thresholds compared to situations where external flow is present.
The analytical studies have emphasized explaining these trends by balancing

energy generation with heat losses to surfaces to predict ignition temperatures.

The accuracy of ignition experiments depends on the hot surface used and
on the type of diagnostics [20, 21]. The uniformity of surface temperature needs
to be optimized and quantified to reduce uncertainties. The present study ex-
tends previous work that used a commercial glow plug as a hot surface [34H39].
To improve the surface temperature uniformity, a new cylindrical surface was
developed with a unity aspect ratio of the hot surface section. Horizontal and
vertical cylinder orientations were tested to examine the role of heat transfer
variations on ignition thresholds. Heating times from ambient temperature to
ignition temperature longer than 40s allowed natural convection to fully de-
velop, i.e., the flow field adapted quasi-instantaneously to changes in surface
temperature, which distinguishes the present study from rapid heating exper-
iments. Results in terms of ignition thresholds, ignition dynamics and heat
transfer were obtained for hydrogen-air, ethylene-air and n-hexane-air mixtures
in a wide range of equivalence ratio at an initial pressure of 101.3 + 0.1kPa
and initial temperature of 296 + 3 K. An analytical scaling model is applied to
further study the effect of local heat transfer, surface orientation and chemical

mixture properties on ignition thresholds.
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Figure 1: Cross-sectional view of the heated cylinder.

2. Experimental setup

2.1. Combustion vessel

Ignition experiments were performed in a 2.2 L closed prismatic vessel with
internal dimensions 0.114m x 0.114m x 0.165m. The vessel was evacuated to
below 10 Pa and filled with fuel, oxygen and nitrogen using the method of partial
pressures with a 10 Pa accuracy. The gases were mixed by a circulation pump
and left to settle for 3 minutes to ensure quiescent initial conditions. Initial
pressure and temperature before the start of the surface heating were 101.3 £
0.1kPa and 296 + 3 K, respectively. Gaseous fuels, i.e., hydrogen and ethylene,
were supplied from gas cylinders and liquid fuel, i.e., n-hexane, was injected as
a liquid and evaporated. The vessel was equipped with lateral viewing windows

providing optical access for pyrometric and interferometric measurements.

2.2. Heated cylinder

A well-defined experiment on hot surface ignition demands a hot surface with
small spatial variations in temperature. Especially for small surfaces, this poses
a design challenge. Non-uniformity in temperature may affect the development
of natural convection and chemical activity. Likewise, a local measurement of
surface temperature may not represent the actual surface temperature at the

location of ignition.

A stainless steel (316) cylinder heated internally by a Kanthal A-1 FeCrAl

alloy resistance heating wire subjected to electric current was selected as a hot



Figure 2: Combustion vessel with heated cylinder mounted vertically (left) and horizontally
(right).

surface in the present study. The dimensions of the hot surface were D = 10 mm
outer diameter, L = 10 mm length (aspect ratio L/D = 1), and d = 1 mm wall
thickness. Figure [I] presents a cross-sectional view of the device. The material,
stainless steel (316), corresponds to previous work using a commercial glow plug
as a hot surface [34H37) [39]. The stainless steel tube was centered between two
30mm long thermally and electrically insulating quartz glass tubes to create
a continuous geometric contour and to limit axial heat loss. Compacted mag-
nesium oxide powder filled the internal gap between the heating wire and the
stainless steel tube, providing electrical insulation and high thermal conduc-
tivity [40]. Copper rods and attached cabling connected the heating wire to a
constant electrical current source. The cylinder was mounted in the center of
the combustion vessel. Both vertical and horizontal cylinder orientations were

examined, see Fig.

3. Diagnostics

8.1. Two-color pyrometry

The hot surface temperature was measured by two-color pyrometry. Near-
infrared radiation emitted from the stainless steel surface was collected through
a 75 mm focusing lens positioned at a distance of 140 mm and directed towards
two InGaAs detectors (Thorlabs PDA10DT) by a dichroic beam splitter with a

cut-off wavelength of 1800 nm. The focusing lens was made of uncoated N-BK7



with a high transmission between 350 nm and 2.0 um and a design wavelength
of 587.6 nm. Focal shift due to chromatic aberration was compensated by ad-
justing the detector positions. The two detectors were equipped with a dif-
ferent bandpass filter each with central wavelengths 1705 nm and 1940 nm and
FWHM 97nm and 105 nm, respectively. The ratio of bandpass-filtered radia-
tion intensities, I1 /I, correlates with the surface temperature Ts. For narrow
filter bandwidths and assuming gray-body emission from the hot surface, Tg

was determined by the equation

Ly A

where constants A and B were obtained through calibration using a black-body
radiation source (Process Sensors BBS1200). Temperature measurement un-
certainty due to the wavelength-dependence of emissivity for real surfaces was
quantified according to [41]. In addition, uncertainties due to measurement noise
and calibration source uncertainty were taken into account. On average, the un-

certainties amount to 4-5% in temperature and will be represented by error bars.

The pyrometer field-of-view was characterized by collecting radiation from
the black body through apertures of different diameters. Irradiance was as-
sumed constant across the black body, so that a sensitivity profile for each
detector could be obtained. Sensitivity profiles were found to be Gaussian for
the 1705nm and 1940 nm wavelengths with FWHM 1.006 mm and 1.022 mm
and 1/e%-diameters 1.698 mm and 1.726mm, respectively. Due to the chro-
matic shift compensation, the sensitivity profile widths were nearly identical for

both wavelengths.

In a preliminary study, scanning pyrometry was performed to character-
ize the surface temperature uniformity by translating the pyrometer along the
heated cylinder axis using a closed-loop controlled stepper motor. Bi-directional

scans with an axial speed of 12.7mm/s and the assumption of linear heating



during this period enabled the acquisition of surface temperature profiles during
transient surface heating. During the ignition experiments, the pyrometer field-
of-view remained fixed at the center of the stainless steel tube. This location

coincided with the location of maximum surface temperature.

The pyrometer detector voltages were recorded with digital storage oscillo-

scopes (Pico Technology PicoScope and LeCroy Wavesurfer 44 MXs).

8.2. Mach-Zehnder interferometry

Time-resolved Mach-Zehnder interferometry was applied to measure the
refractive-index variations in the gas surrounding the hot surface, observe the
ignition event and infer temperature fields and heat transfer parameters. A
532nm beam from a Spectra-Physics Excelsior-532-200-CDRM laser was ex-
panded to form a planar wavefront and split by a prismatic beam splitter into
the measurement beam and the reference beam. The former passed through the
combustion vessel, and the latter was directed around the vessel. Both beams
were recombined in a second prismatic beam splitter forming an interference
pattern which was recorded by a Phantom V7-11 high-speed camera. Both fi-

nite and infinite-fringe interferograms were obtained.

Variations of gas density p inside the combustion vessel result in variations
of refractive index mn, which is described by the Lorenz-Lorentz equation in the
present work [42],

n2—-1 W

where (Rr) and W are the molar refractivity and the molar mass of the mixture,

respectively.

The molar refractivity of a gas mixture (Ry) is given by the refractivities of
the mixture components Ry, ; and their mole fractions X;, (Rr) = Zi\; R X;.

Refractivities Ry ; of mixture components were taken from [43]. For gases



(n &~ 1), the empirical Gladstone-Dale law, Rgp = W(n — 1)/p, agrees well
with experimental data. Rgp is the Gladstone and Dale molar refractivity,
which is Rgp ~ 3R, /2 for gases. Either relationship can be used in practice to

establish the relationship between n and p [44].

Rays of light with wavelength A propagate through the vessel volume along
the z-axis and accumulate an optical path length difference A¢ due to variations
of refractive index n(z) compared to the refractive index at initial conditions
ng. In the refractionless limit, that is, light propagates along straight lines, the
vessel volume, extending from & to &, is treated as a phase object and the
optical phase difference Ap = A¢ - (27r/A) can be written [42] as

o &2

Ap =~ i [n(2) —no] dz. (3)

Neglecting refraction effects is reasonable during the surface heating period be-
fore a flame is established [44]. The recorded intensity pattern I(z,y) of a

finite-fringe interferogram is interpreted as a modulated function [45],

I(z,y) = a(z,y) +b(x,y) cos Ap (. ), (4)

where a represents background signal and noise and b is the signal amplitude.
The optical phase difference was recovered from finite-fringe interferograms
by two-dimensional Windowed Fourier Transformation and phase unwrapping
[31, [46H48]. Infinite-fringe interferograms can be evaluated directly by deter-
mining the fringe locations characterized by intensity extrema. Each fringe
represents a contour of optical phase difference, adjacent fringes are separated

by an optical phase difference of .

In the case of vertical cylinder orientation, axial symmetry of the refractive-
index fields allowed for inverting Eq. . The numerical method by Pretzler [49]

was adopted to perform the Abel inversion and to recover the two-dimensional



refractive-index fields in the cylinder center plane. From Eq. , the gas den-

sity was computed, and temperature was determined from the ideal gas law.

Heat transfer into the quartz glass support cylinders, see Sec. com-
plicated the interferogram interpretation for the horizontal cylinder orienta-
tion. The temperature and flow fields are expected to be three-dimensional.
Only for an ideally planar situation without any heat transfer into the quartz
glass cylinders we could assume a constant refractive index along the cylinder
axis and determine the refractive-index field directly from n(z,y) = no(z,y) +
Ap(z,y)/ (&2 — &1), where (&, — &) would be the length of the stainless steel
cylinder L. In heat transfer studies such a situation is commonly established by
a large aspect ratio L/D of the cylinder. For our case, L/D = 1, we can still ob-
tain qualitative results: Instead of imposing a geometric path length, we deter-
mined the effective geometric path length Lgeo ¢ ¢ such that the gas temperature
inferred from interferograms at the cylinder surface matched the surface tem-
perature measured simultaneously by pyrometry. Hence, the refractive-index

field was obtained from n(x,y) = no(x,y) + Ap(x,y)/Lgeo,efs-

4. Characteristics of heating process and hot surface

The temporal evolution of surface temperature during heating of the hori-
zontal cylinder is presented in Fig. |3| for stoichiometric fuel-air mixtures. At
surface temperatures below about 700 K, a low signal-to-noise ratio due to low
radiation intensity prevented meaningful surface temperature measurements.
At the individual times of ignition, clear spikes can be seen in the temperature
curves. The pyrometer readings after ignition, showing an unphysical decrease,
were influenced by the presence of the flame and do not represent actual sur-
face temperatures. At the individual times of ignition, heating rates were low,
2-10K s~ !. The pressure and bulk temperature increase inside the vessel from
the beginning of surface heating to the instant shortly before ignition was below

4% in all experiments.
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Figure 3: Temperature of the horizontal cylinder surface as a function of time elapsed since
the beginning of heating measured by pyrometry for stoichiometric fuel/air mixtures.

Such heating rates are sufficiently low for the gas temperature field to adapt
quasi-instantaneously to the evolution of surface temperature. This aspect dif-
ferentiates the present work from rapid heating experiments. Ignition takes
place in close proximity to the surface within the thermal boundary layer. The
characteristic time for the thermal boundary layer to adapt to a change in
surface temperature may be estimated by the relaxation time for thermal con-
duction [50], 7 ~ 834/, where dgg is the thermal boundary layer thickness and
« is thermal diffusivity. For a stoichiometric hydrogen-air mixture, dgg ranges
around 6-8 mm in conduction-dominated regions at a surface temperature Ts =
1000 K, see Sec. Evaluating « at film temperature, Tp = (Ts — Tp)/2, T is
on the order of 0.3-0.5s. For heating rates at the time of ignition of 2-10K s~ !
transient effects of surface heating on the temperature field may be considered

small.
The spatial temperature distribution across the stainless steel tube during

transient heating was measured by means of scanning pyrometry. Figure

presents temperature as a function of axial location y for different times during

10
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Figure 4: Surface temperature profiles along the cylinder during heating in air, measured by
scanning pyrometry. Horizontal dashed lines mark boundaries of the heated stainless steel
cylinder at y = £5mm.

a heating process in air. Coordinates y € [—5mm, 5 mm] refer to the location
relative to the center of the heated stainless steel surface. Outside of this region
radiation from the internal heating wire was transmitted through the quartz
glass support cylinders and registered by the pyrometer. Hence, these temper-
atures do not represent valid surface temperatures. For y € [—4.5mm, 4.5 mm],
we expect valid measurements. The temperature reaches a maximum near the
center, y = Omm, and decreases by less than 3% towards the metal surface
edges. This temperature variation is considered reasonably small given the di-
mensions of the hot surface and is an improvement over previous experiments
using a commercial glow plug with temperature variations of up to 10% across

its 9.3 mm height [39].

5. Experimental results

This section presents the experimental results, which will be interpreted

afterwards in detail in Sec. [6

11



5.1. Ignition thresholds

Temperatures of the hot surface measured by two-color pyrometry at the
time of ignition (ignition thresholds), signified by a discontinuity in the tem-
perature reading (see Fig. [3)), are reported for horizontal and vertical cylinder
orientation. Experimental repeatability tests were conducted only for specific
conditions due to the large number of conditions that were tested. For most
conditions, high repeatability was observed. For example, ignition thresholds
for the horizontal cylinder and stoichiometric hydrogen-air mixture were 1051 K,
1055 K and 1046 K in three experiments at identical nominal conditions. Ex-
cept for one configuration (vertical cylinder, hydrogen-air mixtures), the mea-
surement uncertainty clearly exceeded the variations observed between repeated
tests.

Ignition thresholds for stoichiometric fuel-air mixtures are presented in Fig.
along with auto-ignition temperatures (AIT) from literature [5I] for com-
parison. Error bars include measurement uncertainties and variations between
three repeated tests for each fuel. Overall, the stoichiometric hydrogen-air mix-
ture showed the lowest thresholds, followed by ethylene-air and n-hexane-air.
Hydrogen-air ignition thresholds were nearly independent of cylinder orienta-
tion, and ranged around 1050 K. Thresholds for ethylene-air and n-hexane-air
mixtures showed a dependency on cylinder orientation: For both fuels, thresh-
olds were higher for the vertical orientation than for horizontal. Stoichiometric
ethylene-air mixture ignited at about 1090 K from the horizontal cylinder and
at about 1180 K from the vertical cylinder; stoichiometric n-hexane-air mixture
ignited at about 1180 K from the horizontal cylinder and at about 1270 K from

the vertical cylinder.

All thresholds for ignition from the present hot surface are distinctly higher
than AITs determined in extended hot vessels, which is consistent with previ-
ous data on hot surface size effects [4]. In addition, it is interesting to note
the qualitatively different trends in AIT and hot surface ignition thresholds be-

tween the three fuels. AITs decrease from hydrogen-air towards ethylene-air and

12
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Figure 5: Ignition thresholds of stoichiometric fuel-air mixtures. Initial pressure and temper-
ature 101.3kPa and 296 K, respectively. Auto-ignition temperatures (AIT) from [51].

n-hexane-air, whereas the hot surface ignition thresholds increase. Additional
work is required to understand this effect in detail. In particular, evaluating the
dominant chemical pathways at high and low temperatures representative of
hot surface ignition temperatures and AIT conditions, respectively, might yield

further insight.

Figure [] presents ignition thresholds for the horizontal cylinder orientation
as a function of fuel mole fraction. Red symbols mark ignition events, black
symbols denote no-ignition cases. For the latter, the maximum surface temper-
ature reached during the experiment is reported. Hydrogen-air mixtures showed
an increase in ignition threshold from 960 K to 1100 K with increasing hydro-
gen mole fraction; Ignition thresholds for ethylene-air decreased from 1110 K to
1060 K with increasing ethylene mole fraction; Ignition thresholds for n-hexane-

air ranged between 1150 K and 1190 K.
Ignition thresholds measured for the vertical cylinder orientation are given

in Fig. [7] Hydrogen-air mixtures showed an increase in ignition threshold from

980K to 1115K with increasing hydrogen mole fraction. Increased variabil-
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ity occurred at hydrogen mole fractions around 40%. Ethylene-air thresholds
ranged between 1160 K and 1210K, and thresholds for n-hexane-air mixtures
ranged between 1250 K and 1260 K. Note that the maximum surface temper-
ature achievable with the heated cylinder without damaging the quartz glass
parts was about 1270-1280 K. For the cases reported as no-ignition, heating to
higher temperatures might result in ignition, but we did not attempt to deter-

mine if this is the case.

Comparing the horizontal and vertical cylinder orientation across a wide
range of equivalence ratio, ignition thresholds of hydrogen-air mixtures were
rather insensitive to cylinder orientation. Both ethylene-air and n-hexane-air
mixtures demonstrated higher ignition thresholds in the vertical cylinder con-

figuration than in the horizontal.

5.2. Ignition dynamics

Mach-Zehnder interferometry was applied to experiments with hydrogen-air
mixtures and is used here to examine ignition dynamics for a stoichiometric
mixture. Raw infinite-fringe interferograms are shown rather than processed
images since the localized appearance of a fast-propagating flame complicates

post-processing and may violate symmetry assumptions.

Figure [§] presents the ignition event for the horizontal cylinder configuration
recorded at 7500 fps. Each fringe represents a contour on line-of-sight inte-
grated optical phase difference, which would correspond to a contour of density
or temperature in an ideally planar geometry. Concentric fringes below the
cylinder equator, —180° < 6 < 0°, indicate that quasi one-dimensional heat
conduction dominated the temperature field in this section. Above the equator,
0° < 6 < 180°, natural convection formed a thermal plume. A flame kernel
developed at the top of the cylinder at ¢;4, = 46.22s, visualized by a dashed
red contour, which was added manually based on careful inspection of fringe

deflection. The conditions are most favorable for ignition at this location as

15
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Figure 8: Infinite-fringe interferograms recorded at 7500 fps showing ignition from the hori-
zontal cylinder in a stoichiometric hydrogen-air mixture. Time of ignition ¢;4,, = 46.22s. Red
dashed lines visualize the flame front.

will be explained later. The flame propagated preferentially upward along the
thermal plume at a mean velocity of about 30m/s, but also circumferentially
along the cylinder surface at a mean velocity of about 20m/s as evaluated at
the cylinder surface. Note that these observed flame speeds cannot be directly
compared to laminar flame speed measurements due to the presence of hot reac-
tants within the thermal boundary layer, the presence of buoyancy-driven flow
and local flame curvature effects. Flame fronts propagating along the right- and
left-hand sides of the cylinder merged at the cylinder bottom at ¢;4, + 0.800 ms

and detached from the cylinder surface subsequently.

Figure[9shows the ignition event for the vertical cylinder orientation. In this
configuration the flame causes clearly visible fringe deflection, so that additional
visualization by red lines is not needed. Qualitatively, the expansion of fringes
from bottom to top at t;4, —0.133 ms indicates the growth of thermal boundary
layer in the vertical direction, which will be evaluated in more detail in the

following section. Since the refractive-index field is axisymmetric, the location of

17
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Figure 9: Infinite-fringe interferograms recorded at 7500 fps showing ignition from the vertical
cylinder in a stoichiometric hydrogen-air mixture. Time of ignition ¢;4,, = 45.10s. Horizontal
dashed lines mark boundaries of the heated stainless steel cylinder at y = +5mm.

fringes results from line-of-sight integration, and fringes are no longer contours of
density or temperature. For further analysis such fields need to be Abel-inverted.
Ignition was observed at t;;, = 45.10s and y ~ 4mm. The circumferential
ignition location varied randomly between experiments, which indicates high

circumferential surface temperature uniformity.

5.8. Gas temperature fields and heat transfer

For the horizontal cylinder, we inferred the optical phase difference fields
from finite-fringe interferograms and obtained temperature fields by following
the procedure described in Sec. For the present small aspect ratio of the
heated cylinder section, L/D = 1, a substantial quantitative uncertainty is an-
ticipated due to three-dimensional flow, and the analysis is considered mostly
qualitative. Figure[I0]shows temperature fields at given surface temperatures for
a stoichiometric hydrogen-air mixture along with temperature profiles in radial
coordinates for the case of surface temperature T = 1000 K. The azimuthal an-
gles corresponding to these temperature profiles are indicated with dashed lines
in the corresponding temperature field. Below the equator, —90° < 6 < 0°,
temperature profiles were similar, which confirms the dominance of quasi one-
dimensional heat conduction in this region. The thermal boundary layer thick-
ness was dgg ~ 6.7mm at Tg = 1000K and # = —90°. Above the equator,

0° < 6 < 90°, the formation of a thermal plume led to a strong increase in

18



thermal boundary layer thickness exceeding the field-of-view. At the cylinder
top, 8 = 90°, the smallest temperature gradient appeared. Shallow tempera-
ture gradients promote ignition as Sec. [6.2] will discuss in more detail. The
normalized temperature gradient at the cylinder surface is shown in Fig.
The evolution as a function of angle is in qualitative agreement with the well-
established literature on natural convection from horizontal circular cylinders

as summarized in [52].

Abel inversion of optical phase difference fields for the vertically oriented
cylinder yielded quantitative temperature fields in the cylinder center plane
during surface heating. Figure shows temperature fields corresponding to
surface temperatures Ts = [800K;900K;1000K] and temperature profiles at
Ts = 1000K and selected heights y. The heated stainless steel cylinder is lo-
cated at —bmm < y < 5mm. Note that temperature profiles at y = 4 mm and
6 mm show inaccuracies close to the cylinder surface, 5mm < r < 6 mm, leading
to under-prediction of the surface temperature. At Ts = 1000K, the thermal

boundary layer thickness was dgg = 8.2 mm at y = 0 mm.

Due to the finite heating rate, thermal conduction from the heated stain-
less steel tube into the supporting quartz glass tubes took place, extending
the length of the effective hot cylinder section. The measured surface tem-
peratures along the cylinder height at Ts = 1000 K were nearly uniform at
—5mm < y < 5mm, recall Fig. @] Based on interferometry measurements near
the surface, a sudden temperature drop of about 50 K occurred across the con-
tact between stainless steel and quartz glass tubes at y = —5 mm due to thermal
contact resistance, and a near-linear decrease in temperature from y = —5 mm

(~950K) to y = —15mm (~400K) was observed.

A comparison of temperatures measured by interferometry at the surface,
r =5mm, at —1mm < y < 1 mm, and the temperature measured simultane-

ously by pyrometry is given in Fig. Interferometry captured temperature
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Figure 10: Gas temperature fields inferred by Fourier analysis of finite-fringe interferograms for
the horizontal cylinder in stoichiometric hydrogen-air mixture. Three times corresponding to
surface temperatures T's = [800 K; 900 K; 1000 K]. Temperature profiles in radial coordinates

for six azimuthal angles 6 at T's = 1000 K.
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Figure 11: Evolution of local normalized wall temperature gradient about the horizontal
cylinder at T's = 1000 K. Qualitative analysis due to three-dimensional flow.

differences as low as about 5 K and thus the entire heating process, whereas py-
rometry yielded valid measurements only at surface temperatures above about
700 K. At temperatures between 700 K and 900 K, both techniques gave equiv-
alent results considering the pyrometry uncertainties. At higher temperatures,
the scatter of interferometry measurements slightly exceeded the pyrometry un-
certainty band, whereas mean values still agreed. The temperature sensitivity of
interferometry decreases with increasing temperature. Overall, the agreement
between both techniques provides confidence in the values of gas and surface

temperature measurements reported.

6. Discussion

6.1. Comparison of ignition thresholds for hydrogen-air mixztures with previous
work
Recent ignition experiments with a commercial glow plug, 5.1 mm in diam-
eter and 9.3mm in height, and hydrogen-air mixtures reported a near-linear
increase of ignition threshold from 1010K to 1100 K between hydrogen mole
fractions of 4% and 70% and an additional increase to 1170 K towards 73%

[39]. Ignition thresholds measured for hydrogen-air mixtures in the present work
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Figure 12: Gas temperature fields inferred by Fourier analysis of finite-fringe interferograms
for the vertical cylinder in stoichiometric hydrogen-air mixture. Three times corresponding to
surface temperatures T's = [800 K; 900 K; 1000 K]. Horizontal dashed lines mark boundaries of
the heated stainless steel cylinder at y = £5mm. Temperature profiles in radial coordinates
for a range of vertical distances y at T's = 1000 K.
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Figure 13: Comparison of temperature measurements by pyrometry and interferometry at
the vertical cylinder wall, corresponding to the experiment presented in Fig. @ Pyrometer
uncertainty is given by the grey area.

range between 960 K and 1115 K and show a similar increase from lean to rich
mixtures. Taking into account the measurement uncertainties, the two studies
are consistent. The difference in hot surface size (glow plug height 9.3 mm and
diameter 5.1 mm; heated cylinder section height 10 mm and diameter 10 mm)

does not manifest in a measurable difference in ignition threshold.

6.2. Ignition in laminar boundary layers formed by free convection

A common analysis approach to describe ignition from a hot surface is to
apply the Van’t Hoff criterion [53] as discussed in previous work by a number of
researchers, e.g. [0, 54H57]. This concept states that for ignition to take place,
heat transfer due to chemical reaction within the thermal boundary layer needs
to balance and exceed the heat loss from the hot surface to the gas. During the
formation of a flame the temperature gradient at the surface changes sign so that
heat flows from the surface to the gas prior to ignition and from the gas to the
surface afterwards. The application of the Van’t Hoff criterion can be simplified
by assuming that (i) chemical reaction takes place in a stagnant film close to the

wall and that (ii) heat transfer may be treated independently from chemical reac-
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tion [6] 55) 58] 59]. Laurendeau [6] developed scaling laws for ignition in scenar-
ios with stagnant gas, free convection and forced convection. He approached this
by considering the one-dimensional, constant-density, steady-state differential
equation for heat conduction, k(d*T/dz?)+Qrp = 0, with chemical reaction rate
rr given by a single-step Arrhenius law, rp = — X7 X7 p" Aexp[—E/(RT)).
The symbols k, Q, Xg, Xo, mp, mo, n, A, E and R denote thermal con-
ductivity, heat of combustion, fuel mole fraction, oxygen mole fraction, fuel
partial order, oxygen partial order, global reaction order n = mpg 4+ mgp, pre-
exponential factor, activation energy and gas constant, respectively. Reactant
depletion was neglected and physical properties were taken at the geometric
mean temperature. Heat transfer due to chemical reaction was obtained by
integrating across the thermal boundary layer. Heat loss from the surface was
defined as qjoss = kNu/L(Ts — Tp), using the Nusselt number, Nu. The Nus-
selt number was evaluated by Laurendeau using phenomenological models of
heat transfer to non-reacting gases. In our application of this model, the Nus-
selt number is considered a parameter and we examine the sensitivity of the
ignition temperature threshold to variations in Nu. Tj denotes the ambient
gas temperature and L is the characteristic size of the hot surface. Note that
the expression for heat loss from the hot surface does not consider heat release
from chemical reaction within the thermal boundary layer, see assumption (ii).
Equating heat loss from the surface and heat transfer from chemical reaction for
a given mixture and ambient temperature, Laurendeau obtained the following
scaling law for ignition threshold T ;4. in a free-convection scenario:

anQ
Nu?’ (5)

T ign T
=Sign = 20N 7272 oxp[E/(RTs,ign)]
To ,ign ’

The exponential in Eq. dominates the temperature effect, so that Lau-

rendeau simplified the ignition threshold scaling law:

an2
exp[E/(RTs,ign)] ox NuZ® (6)

According to this relationship, ignition from a uniformly heated surface will
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always occur first at the location of smallest Nu, i.e., at the location of smallest
temperature gradient such as the top edge of the vertical hot cylinder section
or the upper stagnation point of the horizontal cylinder as observed in our ex-
periments. Note that, in addition to low local heat flux, the observed ignition
locations coincide with the locations of longest residence time of fluid parcels
traveling within the thermal boundary layer along the hot surface. Laurendeau’s
model does not consider time scales of flow and chemical reaction. Recent work
in our group has investigated ignition from stationary [37H39] and moving hot
surfaces [3TH33] using detailed numerical simulations and discussed in detail
the complexity of the ignition process, analyzing, for example, individual con-
tributions to the energy equation, the role of chemical kinetics, and effects of
differential diffusion. Laurendeau’s model does not consider these complexities,
but it is easy to evaluate and has been widely applied. Therefore, it is useful to
examine the implications to the present situation. The quantitative comparison
of the predictions from realistic numerical simulations with Laurendeau’s model

will be the topic of future studies.

Based on Eq. @, we define the sensitivity of ignition threshold T’s ;4 on
Nu as T' = (0Ts,ign/ONu)/Ts,ign, for given L and p, as a function of global
activation temperature E/R. We determined E/R as a function of temperature
by computing constant pressure (p = 101.3kPa) adiabatic explosions in Cantera
[60] using detailed reaction mechanisms (hydrogen-air: [6IHG3]; ethylene-air:
[64H66]; n-hexane-air: [38,[65, 67]) and numerically differentiating ignition delay

time in Arrhenius coordinates,

_ In(7ign,+) — In(7ign,—)
PR "

where T and T~ were variations of temperature by £1%. Ignition delay time

was defined as the time to peak temperature gradient.
Figures|[14H16| present the sensitivity parameter I' and global activation tem-
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perature E/R as a function of temperature for stoichiometric fuel-air mixtures.
Hydrogen-air, Fig. exhibits a ridge in F/R at the extended second explosion
limit [68]. The predicted location of the limit in terms of temperature varies be-
tween the reaction mechanisms considered, whereas peak values of F/R are sim-
ilar. For ethylene-air, Fig. the mean value between all mechanisms consid-
ered is (E/R)1050—12505 = 21,100 K, with a moderate decrease with increasing
temperature predicted by all mechanisms. For n-hexane-air at the present high
temperatures, the global activation temperature is nearly constant, see Fig.
(E/R)1100—1300k = 20,740K. Laurendeau assumed constant E/R = 25,000 K
in his analysis for methane-air. As can be seen from Figs. [[4HI6] all sensitivities
I' are positive, hence, ignition thresholds increase with increasing Nu. This is
supported by common experience, e.g., it is known that external flow, leading
to a thinner thermal boundary layer, increases ignition thresholds [18]. Like-
wise, a thick thermal boundary layer, such as observed locally at the horizontal

cylinder upper stagnation point, enables a lower ignition threshold.

In the considered temperature ranges, the sensitivity I' is nearly constant for
n-hexane-air, shows an increase with temperature for ethylene-air, is large at
high temperatures for hydrogen-air and decreases sharply toward the extended
second explosion limit. The variation of cylinder orientation in our experiments
had a strong effect on the local heat transfer at the observed locations of ig-
nition as discussed in Sec. Only ethylene-air and n-hexane-air mixtures
demonstrated measurable sensitivity of ignition threshold to cylinder orienta-
tion, see Sec. [5.1] This effect is captured qualitatively by the present analysis
of sensitivity parameter I': Ethylene-air and n-hexane-air mixtures exhibit sen-
sitivities of about 0.1 < I' < 0.2 in the temperature regions of interest. By
contrast, hydrogen-air mixture shows sensitivities as low as I' & 0.018 at the
extended second explosion limit (900K < T < 1000K, depending on the reac-
tion mechanism used). At higher temperatures, sensitivities increase. The low
sensitivity of hydrogen-air ignition thresholds to variatons in heat transfer, i.e.,

low sensitivity to cylinder orientation observed experimentally, indicates that
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Figure 14: Ignition sensitivity parameter I' and global activation temperature E/R for stoi-
chiometric hydrogen-air as a function of temperature.

temperatures controlling chemical reaction within the thermal boundary layer
may range around the extended second explosion limit in our hydrogen-air ex-
periments. The present analysis reveals a limitation of Laurendeau’s model for
mixtures with strong variations of F/R such as hydrogen-air: Only the surface
temperature is considered as a characteristic temperature and therefore the ap-
proach does not account for variations of E/R within the thermal boundary
layer, and in particular around the location of ignition, slightly away from the

wall.

Laurendeau’s scaling model may be used for quantitative predictions of ig-
nition threshold variations due to changes in Nu. Introducing a constant of
proportionality, C'; we may write Eq. @ as

an2
Nu?’

exp[E/(RTs,ign)] = C (8)

The constant C' can be determined for a known ignition threshold T ;gn at a
reference Nusselt number Nu,.;. Figures present the evolution of igni-
tion threshold T ;4 due to variations in Nu. For hydrogen-air, Fig. a
deliberately low reference ignition threshold of 950 K has been chosen. Low I'

near the extended second explosion limit leads to small changes of T's ;4 across
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Figure 15: Ignition sensitivity parameter I and global activation temperature E/R for stoi-
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Figure 16: Ignition sensitivity parameter I' and global activation temperature E/R for stoi-
chiometric n-hexane-air as a function of temperature.

28



1400 T I

Konnov [61]

— — Hongetal. [62]
1300 H —-—- Mevel et al. [63]

1200 |~ -

1100 — =

Ignition threshold (K)

1000

900 =

Nu/Num. (-)
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Figure 18: Variation of ignition threshold Ts ;4, with Nu for stoichiometric ethylene-air
mixture.

a wide range of Nu. By contrast, ethylene-air, Fig. and n-hexane-air, Fig.
show significantly larger variations of T 4, due to larger I'.

A thought experiment reveals the effect of the thermal plume forming above
the horizontal cylinder on the ignition threshold. We ask: At what temperature
would ignition take place at the lower stagnation point, where the influence of
the thermal plume is negligible? We found a decrease in local temperature gradi-

ent (equivalent to a decrease in Nu) from the lower stagnation point, § = —90°,
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Figure 19: Variation of ignition threshold Ts ;4, with Nu for stoichiometric n-hexane-air
mixture.

towards the upper stagnation point, # = 90°, by a factor of about 2.7, see Fig.
This value is similar to those reported in literature for comparable Rayleigh
numbers on the order of 102102, ranging between 2.8 and 3.1 [52]. Figures
demonstrate that ignition at the lower stagnation point would require higher
temperatures compared to the ignition at the upper stagnation point observed
in reality. The magnitude of the threshold increase depends on the fuel: For
hydrogen-air, tresholds are predicted 20-70 K higher, for ethylene-air 100-130 K
higher, and for n-hexane-air 130-170 K higher.

From the present experiments we did not obtain direct measurements of Nu
to apply this analysis to quantitatively explain the effect of cylinder orientation
on ignition threshold, due to the challenges related to the unity aspect ratio,
L/D = 1. Based on the inspection of thermal boundary layer thickness and
assuming Nu o 1/dg9, we estimate a factor in Nu between horizontal and
vertical cylinder ignition locations of about 2.1. For this value, Figs.
predict differences in ignition threshold between horizontal and vertical cylinder
of 15-50K (hydrogen-air; experiment: no clear difference - note the limited
applicability of Laurendeau’s model for hydrogen-air due to the strong variations

in E/R), 70-95 K (ethylene-air; experiment: 90 K), and 95-120 K (n-hexane-air;
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experiment: 90K). Concluding the analysis, the effect of cylinder orientation
on ignition thresholds can be explained by changes in convection pattern under

the influence of chemical mixture properties.

7. Conclusions

We experimentally studied the ignition of fuel-air mixtures from a heated
circular cylinder situated inside a closed combustion vessel, considering initially
quiescent hydrogen-air, ethylene-air and n-hexane-air mixtures over a wide range
of equivalence ratio at initial pressure and temperature of 101.3kPa and 296 K,
respectively. A hot surface with a cylindrical cross-section and a unity aspect
ratio, L = D = 10 mm, was designed to provide a region of spatially uniform
temperature. Separate experiments with vertical and horizontal cylinder ori-
entation were conducted. For each test, the cylinder was heated from room
temperature up to surface temperatures for ignition. Ignition thresholds, i.e.,
the temperatures of the hot surface at the time of ignition, were measured by
two-color pyrometry. High-speed digital video recording of Mach-Zehnder inter-
ferometry enabled the visualization of ignition dynamics, gas temperature fields

and computations of heat transfer parameters.

In a stoichiometric hydrogen-air mixture, ignition occurred at temperatures
around 1050 K. Variation of the cylinder orientation did not lead to a clear
change in threshold. By contrast, ethylene-air and n-hexane-air mixtures showed
pronounced sensitivity of ignition threshold on cylinder orientation: For both
fuels, thresholds were higher for the vertical orientation than for horizontal.
Stoichiometric ethylene-air mixture ignited at about 1090 K for the horizontal
cylinder and at about 1180 K for the vertical cylinder; stoichiometric n-hexane-
air mixture ignited at about 1180 K for the horizontal cylinder and at about
1270 K for the vertical cylinder. The dependence of ignition threshold on equiv-
alence ratio was less than 100 K across the range studied: Thresholds increased

from lean to rich for hydrogen-air, decreased from lean to rich for ethylene-air
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and remained nearly constant for n-hexane-air.

Ignition was found to take place consistently at the top (upper stagnation
point) of the horizontal cylinder and near the upper edge of the heated section
of the vertical cylinder. These ignition locations coincided with the locations of
lowest local wall heat flux (thickest thermal boundary layer) and long residence

time of gas parcels traveling within the thermal boundary layer.

An analytical scaling model for ignition from hot surfaces by Laurendeau
was applied to evaluate the sensitivity of ignition thresholds to variations in
local heat transfer about the hot surface for the three fuels. The analysis re-
vealed a low sensitivity for hydrogen-air mixtures at temperatures near the
extended second explosion limit, where global activation temperature is high.
Sensitivities for ethylene-air and n-hexane-air were higher, which qualitatively
reproduces the experimental observations from horizontal and vertical cylinder

experiments.
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