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This deliverable is part 3 of 5 in this project and provides the laboratory analysis of hydrogen based fuels with 

their reactions across different types of experiments. The report commences with an executive summary written 

by Hans J Michels, the CTO for this project. The initial reports where written by Imperial College and investigate 

the binary gas mixtures identified by WP1 of this project. This is aimed at building a chemical model to support a 

greater level of prediction for mixed gas systems. Using a variety of test equipment to ensure the experimental 

findings can be justified and repeated the auto ignition temperature, reaction strengths and DDT potential were 

all investigated. The primary finding was that H2 mixed with CH4 demonstrated a calming influence on the 

reaction were as H2 CO reacted close to pure H2 at even low mixtures concentrations and was nearly twice as 

reactive as the CH4 mixtures.
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Hydrogen is likely to be an increasingly important fuel component in the future. This £3.5m project was designed 

to advance the safe design and operation of gas turbines, reciprocating engines and combined heat and power 

systems using hydrogen-based fuels.  Through new modelling and large-scale experimental work the project 

sought to identify the bounds of safe design and operation of high efficiency combined cycle gas turbine and 

combined heat and power systems operating on a range of fuels with high and variable concentrations of 

hydrogen.  The goal of the project was to increase the range of fuels that can be safely used in power and heat 

generating plant.  The project involved the Health and Safety Laboratory, an agency of the Health and Safety 

Executive, in collaboration with Imperial Consultants, the consulting arm of Imperial College London.
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Executive Summary 
 
 
These documents comprise in four reports the work that represents the 
Milestone 3 Deliverables of the ETI contract PE02062 “High Hydrogen 
Project”, as discussed at the Stage Gate 2 meetings at the ETI on 15 
October and 28 November 2012. 
 
Based on investigation of fundamental combustion characteristics of binary 
mixtures of H2/CH4 and H2/CO, the technical Overview of Report 1 lists the 
main findings, conclusions, recommendations and gaps in current 
knowledge together with requirements for additional work.    
 
The results reported in Report 2 from experiments at Imperial College and 
Stanford University on the ignition, turbulent deflagration and DDT potential 
of the above fuel systems give full credence to industry’s concerns about 
the explosive risks associated with flame-out scenarios from the use of 
“high-hydrogen” mixtures and 100% H2, which extend significantly to high-
H2/CO fuels. Such risks are found to be particularly relevant for conditions 
at the entries to exhaust ducts and heat exchangers.  
 
For 100% H2 and these simple binary mixtures the risks appear 
manageable at relatively low “CCGT” equivalence concentrations or at high 
inert dilution ratios. In this context the moderating influence of CH4 on H2 
has been identified, which calls for additional study of high H2/CO/CH4 
mixtures. For the much higher equivalence ratios of these binary fuels at  
“CCGE” concentrations, and without dilution, critical levels of detonation 
potential limit enrichment by H2 appear to be less than 2/3

rd
 for CH4 and 

1/3
rd

 for CO. This adds to the need for a wider study and quantification of 
the potential benefits of dilution and of the potential hazards from reactive 
additives.  
 
The results and their analysis provide clear recommendations for the 20 
run test programme of Task 2, which is to concentrate on the explosive 



behaviour along the binary boundaries at the “high-hydrogen” end of the 
H2/CH4/CO fuel system.  
 
As reported in Report 3, Task 2 modelling was carried out by BAE Systems 
of blasts in the simplified hydrogen driven model of a power generation 
system. It concludes that for the Task 2 design the very high detonation 
transients and the longer duration expansion wave pressures are both 
acceptable.  
 
Report 4 details predictions by IS&A Consultants of pressure development 
in the one-dimensional model arrangements for the flame acceleration and 
detonation of the same binary fuel systems, which are generally in line with 
the BAE Systems results. Unfortunately these were only performed for the 
Imperial College flame tube facility and fall short of the requirements for 
Task 2. The work needs to be updated to the Task 2 scenario as it requires 
to be validated in a 3-way comparison with BAE Systems and Task 2 
experimental results, before the same methods can confidently be used to 
provide shock development and over-pressure prediction for the more 
vulnerable Task 3 design of a model turbine/gas engine exhaust duct.  
 
At the Stage Gate meeting of 28 November 2012 it has been agreed that, 
subject to acceptance of this report, the work to date satisfies the 
deliverables of the project at this point.    
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Report 1.  CTO’s Overview of Work Package 2, Task 1  
 
H J Michels. 
 
Department of Chemical Engineering 
Imperial College London, Exhibition Road, London SW7 2AZ  

 
 
1.1. Introduction 
 
This programme originally aimed to address the Schedule of Delivery 
(SoD) in the contract documents, Schedule 5, part 2. However, as result of 
four modifications, this report is of more limited scope than stipulated in the 
Schedule, to which the following changes have been agreed and made:  
 
(a) The first changes concerned with the fuel systems to be investigated. 

As a result of the discussions at the 1
st
 Stage Gate Meeting on 15 

February 2012, the fuel-diluent systems investigated are not those 
proposed in the Work Package 1 Report on the basis of its literature 
survey.  Instead, the experimental work carried out under Task 1 of 
Work Package 2 has considered the combustion characteristics of 
binary systems of hydrogen with methane and carbon monoxide. 

 
(b) The second variation is that the work has focussed on detonation 

propensity, rather than detonative behaviour. As a result, no 
measurements of the latter have been considered for Task 1; such 
incidental tests may be included in Task 2 to determine critical 
boundaries. 

 
(c) The third change is that for issues concerned with flame detection, 

recording, progress evaluation and control, the deliverables (Work 
Package 3) have already been considered independently, submitted 
and assessed by ETI referees. 

 
(d) Finally we note that the ETI had approved an extension for 

submission of Task 2 Design and Build.  
 
 
To provide the deliverables for Stage Gate 2, this report is therefore 
restricted to considering: 



 
(i) The modified experimental investigations of Work Package 2 Task 1 

carried out at Imperial College, their evaluation and interpretation and 
the recommendations based on these results for the Work Package 
2, Task 2 programme (Report 2a); 

 
(ii) The ignition-delay data provided by Stanford University (Report 2b);  
 
(iii) The Task 2 modelling work by BAE Systems (Report 3); and 
 
(iv) Modelling work (Deliverable One) by IS&AC (Report 4). Note: the 

modelling predictions from this work for Work Package 2, Task 3 
(Deliverable Two) will in part depend on the outcome of the Task 2 
investigation. Their discussion will therefore be deferred to the Work 
Package 2, Task 2 Report. 

 
 
Structure of the Work Package 2 investigation 
 
Work Package 2 aims to achieve the value objective of the project: to 
resolve questions about the proper balance between energy efficiency 
enhancement and hazard and safety issues from hydrogen addition and 
use of 100% hydrogen for CCGT and CCGE fuel streams.  
 
To this end, a reduced size model of a CCGT installation will be built to 
study the ignition, flame development, pressure generation and detonation 
propensity of the test mixture scenarios of 1.1(a) above (Task 3). The focus 
will be on the dangers of explosive ignition in the inlets of the exhaust 
system and the heat exchanger.  In preparation for this, a pilot study of 
these properties and behaviours is required. This will be investigated in a 
12 m long, 0.6 m diameter tube, where critical operating conditions are to 
be evaluated in a specially designed, flexible and high strength test 
environment (Task 2). In preparation for this, Task 1 aimed to determine 
the fundamental chemical kinetics and the broader combustion behaviour 
of the selected binary fuel systems. The diagram below shows the 
sequential requirements of the Work Package 2 programme. 
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1.2. Investigation of Ignition, Turbulent Deflagration and DDT potential of 

Hydrogen Rich Mixtures (Imperial College - Report 2) 
 
Within Task 1 in line with the objectives of the programme, the fuel 
mixtures investigated were those of relevance to the operation of combined 
cycle gas turbines (CCGT) and gas engines (CCGE).  
 
As agreed at the 1

st
 Stage Gate Meeting, the impact of fuel reactivity 

changes on key parameters of binary methane and carbon monoxide 
mixtures with increasing amounts of hydrogen was studied. The total fuel 
content was varied from an equivalence ratio of 0.3 to 0.8; addition of 
nitrogen to mitigate reactivity was also considered. The test matrix covered 

DDT propensity correlated 

with turbulent burning 

velocities by induced 

turbulent explosions in 

the I.C. flame tube 



11 H2/CH4 component ratios, including 100% of each; the H2/CO matrix 
covered an additional 7 mixtures with up to 70% CO. 
 
The approved programme involved four separate assessments of the 
influence of chemistry and flow on the combustion efficiency and explosivity 
of these fuel systems, specifically involving studies of: 
(a) Ignition-delay;  
(b) Auto-ignition in turbulent shear between a fuel jet and a stream of hot 

combustion products; 
(c) The strength of turbulent deflagrations as a function of fuel 

composition; and 
(d) Deflagration to detonation propensity in obstructed turbulent flow. 
 
Critical information on chemical kinetics for the ignition-delay studies was 
obtained from Stanford University, reported in Report 2(b). Results for (b), 
(c) and (d) are reported in Report 2(a) of this report and complete the 
current experimental contributions by Imperial College to Work Package 2, 
Task 1. 
 
The Report 2(a) fully details all aspects of the work. The objectives, 
methods and experimental facilities are described, the results analysed 
with the recognition of clear trends in the behaviour of characteristic flame 
development, intensity and propagation parameters for the fuel mixtures of 
interest. Modelling for turbulent burning velocity predictions and 
confirmation has been performed and the consequences of the findings for 
the testing and use of the fuel mixtures in large CCGT/CCGE model and 
practical systems have been identified. 
 
Findings and Recommendations from Report 2 (a) & (b): 
 
The purpose of Work Package 2, Task 1 was to obtain primary information 
for the execution of Tasks 2 and 3, and therefore the findings and 
recommendations from these Tasks may appropriately be discussed 
together. Report 2 highlights as the main observations: 
 
(a) The investigation found generally parallel trends for each of the four 

assessments, in particular between the auto-ignition results in hot 
turbulent flow conditions from Imperial College and the Stanford 
University data on laminar flow ignition-delay.  

 



(b) Comparison of these results cannot however be completed until the 
Stanford University results, obtained at enhanced pressure to reach 
the required lower temperature levels, have been extrapolated. 
Related chemical kinetics will need to be developed both for this and 
for prediction and analysis of future project results.   

 
(c) Enriching H2/CH4 mixtures with further H2 proportionally enhances 

reactivity. For the use of relatively high CH4 fuel systems in industrial 
scale installations, it is not recommended to use more than 40% H2, 
unless the equivalence of the fuel mixture is reduced or accompanied 
by significant inert dilution. 

 
(d) The enhancement of the explosivity of CO by H2 is more than twice 

that for comparable CH4/H2 mixtures. For practical systems with 
significant CO content, extreme caution over H2-enrichment is 
therefore warranted. 

 
(e) Where the moderation by dilution with inert is employed, there is a 

high chance that any pre-mixed fuel mixture ejected unburned will 
ignite on the hot exhaust surfaces. Assurance must therefore be 
incorporated into designs that the flow will be fully mixed and/or 
combusted before it meets major turbulence-generating obstructions, 
such as upon entry into heat exchangers. 

 
(f) Levels of (normalised) turbulent burning velocity and overpressure 

are reliable quantitative indicators of increased/hazardous detonation 
propensity. 

 
(g) For the range of fuel mixture compositions proposed from the above 

work to be appropriate for large scale experimentation and/or 
practical use, in-house modelling based on the parameters obtained 
from this work supports the experimental findings and conclusions. 

 
The forward feed from Task 1 to Task 2 is summarised in the following 
diagram. 
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Recommendations for the Task 2 programme. 
 
Within the constraints of currently agreed funding, the results of the Task 1 
investigations at Imperial College and Stanford University lead to the 
following outline for a 20 test core programme that will concentrate on the 
major hazards of H2 enrichment of both binary systems: 

- High H2 including 100% H2; 
- At high velocity, high temperature at the entry to the Task 2 rig; 
- At low velocity at the entry to the turbulence generator, modelling a 

heat exchanger, with increasing depth of tubular arrangement. 
 



Tentatively and subject to review in the light of ongoing experience, the 
detailed programme will be as follows: 
For H2/CH4: 

- 2 tests to verify high velocity entry conditions (incl. 100% H2); 
- 3 tests to verify free flame initiation, flame development and 

overpressure generation ahead of the turbulence generator; 
- 6 tests to study flow, turbulence, combustion kernel development and 

overpressure generation within the turbulence generator. 
For H2/CO: 

- 1 test to verify high velocity entry conditions; 
- 6 tests to study flow, turbulence, combustion kernel development and 

overpressure generation within the turbulence generator. 
Contingency: 
     - 2 tests, which may be used to test moderation of the high H2/CO 

reactivity by CH4. 
 
1.3. Modelling of blast in hydrogen power generation systems (BAE 

Systems - Report 3) 
 
The programme described in this report aim to simulate the “worst case” 
effects of a detonation wave on the structure of the Task 2 rig. Three 
different modelling approaches were used to predict the dynamic and static 
pressures generated along the centreline of the duct, at its wall and near 
the turbine exhaust by a detonating stoichiometric mixture of H2 and CO 
contaminated air. Detonation ignition was considered close to the exhaust 
and half way down the tube. At the exhaust, peak pressure predictions 
were between 17 and 25 bar.a. For the latter, high detonation shock front 
overpressures were 35 - 100 bar.a; they did not occur at the tube wall and 
their existence was too brief to influence material strength considerations. 
Pressures at the tube wall peaked at 29 bar.a. Longer duration and more 
important “Static” pressures did not exceed 6 bar.a.   
 
The work did not and would not have been able to consider the likelihood of 
a deflagration-to-detonation transition (DDT). With detonation propensity 
rather than detonative behaviour now a major focus of the programme, its 
main value lies in determining the maximum over-pressures and their 
locations in instances where, unintentionally, DDT would have occurred. 
The model chosen was also of an initial design, for which the exhaust-tube 
transfer will now be significantly different. Given that the tube design is 



based on a static working pressure of 20 bar.a and a safety factor of 1.5, 
the results give confidence about the suitability of the design. 
 
 
1.4. One dimensional model predictions of test rigs’ pressure distributions 

(Deliverable One; IS&AC – Report 4)  
 
The aim of this modelling was to study the detonative behaviour and 
detonation potential of the binary systems of H2/CH4 and H2/CO agreed 
with the ETI. For these systems, the properties of alternative 
concentrations from the ranges investigated experimentally at Imperial 
College were used to predict overpressures from high temperature 
combustion of enriched turbine exhaust mixtures. Based on simplified 
assumptions for flame acceleration and pressure wave generation after 
ignition, transient overpressures were evaluated and described in Report 4.  
 
Conclusions from this work are as follows:  
 
(a) Deliverable One produced two sets of results – detonative and flame 

acceleration data – obtained by two methods: Analytical and the 
Method of Characteristics (MOC). 

 
(b) The results for detonation are not very different from those of the BAE 

Systems’ approach, giving a measure of confidence on detonative 
behaviour. As stated above, the BAE Systems’ approach did not deal 
with flame acceleration. 

 
(c) Deliverable One does not directly address the Task 2 situation, but 

was based on a system similar to Task 1, namely Imperial College’s 
flame tube. As such, it could be presented as a more general 
validation method for flame acceleration and detonative behaviour 
based on the Imperial College confinements. 

 
(d) However, the Imperial College rig was used to study flame 

acceleration up to detonation propensity, not detonation. The part of 
Deliverable One which provides predictions for detonative behaviour 
has no relevance to the Task 1 scenario, but its flame acceleration 
work might be compared with the Imperial College results. (Note: As 
the BAE Systems contract, the IS&AC contract had been based on 
the original, pre-Stage Gate 1 brief.) 



 
(e) The Imperial College investigation was not set up to test critical 

parameters for this validation. The agreement on pressure 
development was at best ‘reasonable.’ 

 
(f) To deliver predictions for the Task 2 tests, the configuration of the 

600 mm diameter rig had to be known. In the crucial area for flame 
initiation, acceleration and critical overpressures from strong 
deflagrations and unintended detonations, the modified design will be 
appreciably different from the simple early single tube design. At the 
scheduled time for the production of Deliverable One, the design of 
the Task 2 rig had not been finalised. The HSL and involved other 
members of the Consortium were granted an extension to deliver on 
this. 

 
(g) Given the subsequent modifications of the original provisional Task 2 

design, it is evident that the Deliverable One modelling would not only 
need further input, but its methods and software would need adapting 
to deal with new situations, especially in the exhaust entry area. 

 
(h) Given the evidence available to date, the expenditure made, the 

capability and required modifications to the IS&AC technology and 
the absence of comprehensive kinetic data, we recommend that the 
results to date are noted and used as appropriate, bearing in mind 
their limitations. We would also recommend further IS&AC-
Deliverable One modelling. This will first of all make it possible to 
compare its predictions of pressure distributions for Task 2 with 
similar predictions from BAE Systems, as well as in due course with 
the results from Task 2 tests.  More importantly it will contribute to the 
validation of and selection from both computational techniques for 
use in pressure distribution predictions for Task 3. 

 
(i) In due course  IS&AC Deliverable Two, which is directed at the Task 

3 configuration, may similarly also need to be reviewed when the 
results of Task 2 are available. At this stage, an application will be  
made only for additional funding to convert the Deliverable One 
model to the Task 2 configuration. 

 



(j) Meanwhile, alternative techniques should be considered to model fuel 
reactivity in turbulent flow and its influence on detonation propensity. 
However, these are unlikely to be readily available or affordable. 

 
 
1.5 Gaps in current understanding and/or information 
 
The following gaps have been identified from the Task 1 work at Imperial 
College and Stanford University: 
 
(a) Despite the similarity in trends between the Stanford University data 

and the auto-ignition results from Imperial College, we are currently 
unable to extrapolate confidently the 1.4-1.8 atm results from 
Stanford University to ambient pressure levels in order to achieve a 
more direct quantitative comparison. This will require chemical kinetic 
information. 

 
(b) The same lack of insight in reactivity prevents us from understanding 

the remarkable ability of even relatively low levels of H2 to activate 
CO to such high reactivity that it responds almost as rapidly as H2. 

 
(c) In contrast, CH4 has a very moderating effect on H2 reactivity. Whilst 

worthy of further investigation, the possibility that it will similarly limit 
reactivity of high-H2/CO mixtures has potentially significant 
implications for the safe operation of CCGT and CCGE energy 
generating systems. 

 
(d) An additional benefit of more advanced chemical kinetics can arise 

because the work has additionally shown that to appreciate the 
critical role of the H2/CO composition ratio a much better 
understanding is required of its influence on ignitability and 
subsequent explosion strength. These reflect differences between 
reactivity and energetics that have important implications for the 
design and local temperature control of different power generation 
applications. 

 
(e) The evidence of the Task 1 work also necessitates additional work on 

the moderating role of diluents, the representative role that N2 for this 
category of mixture components and the influence of more reactive 
hydrocarbons, which may trigger reactivity of slower responding fuels.   



 
(f) Even with successful completion of the current ETI programme, 

outstanding questions will remain about the relevance of the findings 
and recommendations to realistic additives to the model mixtures 
investigated. Early identification and assessment of such additives 
(e.g. water) and basic amended mixture analysis, concurrent with 
Task 2 and Task 3 work would extend application of the results of the 
current study to future design and operational schedules. 

 
(g) One of the two most hazardous of the practical situations modelled in 

this programme is at the exhaust entry point of a turbine in flame-out 
conditions. A further, broader analysis of potential methods to model 
its conditions, including real or model fuel-injection procedures, would 
increase the reliability and relevance of test results. 

 
 
1.6. Recommendations for additional Task 1 work. 
 

The work proposed below would optimise the benefits of work already 
carried out and/or ensure that timely assessment of how the later 
sections of the programme can properly support the achievement of 
the Value Objective. Costing of such additional activities is not 
included here. 

 
(a) Sub-section 1.5 has provided justifications for investigating the 

chemical kinetics of H2/CO and H2/CH4 interaction for enhanced 
benefit from the Imperial College work. 

 
(b) Subsequent to this, the Stanford University data should be 

extrapolated to ambient pressure conditions. 
 
(c) The moderation of H2/CO interaction by CH4 needs to be 

investigated experimentally for a number of high H2 mixtures in 
advance of any extension in the Task 2 programme. A limited 
set of previous used techniques will suffice.  

 
(d) Similar compact experimental programmes are essential to 

identify more systematically the influence of dilution at various 
equivalence ratios and reactive hydrocarbons 

 



(e) For the IS&AC modelling: if confidence is required to complete 
and use Deliverable Two (not yet submitted) to assess 
explosion/detonation hazards in the Task 3 facility, the 
Deliverable One work needs to be adapted to fully represent 
the Task two scenario and validated against experimental 
evidence and predictions from the BAE Systems’ submission.  
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Abstract

The current study investigates the impact of fuel reactivity changes on key parameters
of relevance to the operation of combined cycle gas turbines (CCGT) and gas engines
(CCGE) caused by the gradual enhancement of methane or carbon monoxide mix-
tures with hydrogen. The study covers premixed fuel lean (a stoichiometry of 0.80)
binary blends of H2/CH4 and H2/CO. The former represents mixtures of interest
to the decarbonisation of installed power generating capacity and the latter is related
to the use of biomass (waste gas) and some forms of syngas. The impact of nitrogen
dilution is also considered. The H2/CH4 matrix covers the full range between the
pure components and with intermediate steps of 90/10, 80/20, 70/30, 60/40, 50/50,
40/60 and 25/75. The H2/CO blends cover mixtures of 90/10, 80/20, 70/30, 60/40,
50/50, 40/60 and 30/70. In some cases, additional and/or alternative mixtures were
considered in order to further elucidate trends in light of obtained results.

The experimental configurations were chosen to investigate flammability, ignition char-
acteristics, the influence of turbulence on the strength of deflagrations and the defla-
gration to detonation transition (DDT) potential. Four different configurations were
used in order to provide a comprehensive assessment of the relative influence of chem-
istry and flow: (i) Ignition delay times were measured by Stanford University using a
shock tube configuration in order to provide a purely chemical kinetic related measure
of reactivity. (ii) Auto-ignition in a turbulent shear layer formed between a fuel jet and
a stream of hot combustion products was investigated in order to explore the influence
of turbulence under conditions that can be correlated with the Stanford experiments.
The configuration is also related directly to the practical case where reactants are
ejected into hot combustion products. (iii) Turbulent burning velocities where deter-
mined using fractal grid generated turbulence in an opposed jet configuration in order
to determine the strength of turbulent deflagrations as a function of fuel composition.
(iv) The DDT potential in a turbulent flow was assessed using an obstructed shock
tube configuration with explosion over-pressures determined and related to the fuel
reactivity and the strength of the turbulent deflagration phase. The study accordingly
provides a comprehensive assessment of fuel reactivity in systems related to the use of
hydrogen rich mixtures under CCGT and CCGE relevant conditions.

The results consistently show a notable difference between dilution with CO and CH4.
Comparatively small amounts of added CH4 is causing a noticeable decline in mixture
reactivity while a CO content of up to 50% shows only a modest impact. The results
obtained from the shock tube and auto-ignition studies suggest that under the current
condition the reactivity of CH4/H2 blends becomes increasingly reduced by the CH4

component beyond the 50/50 mixture. By contrast, CO mixtures remain much more
reactive over the entire range of conditions. A strong impact of dilution has also been
shown and the effect is consistent with a reduced ability of the H2 component of the
fuel blend to trigger auto-ignition of the carbon containing components. The latter
conclusion is further supported by the appearance of twin reaction zones in the turbu-
lent shear layer ignition studies with the effect more pronounced at lower temperatures.

The strength of turbulent deflagrations, as characterised by the turbulent burning
velocity, suggests the same trend as outlined above for the chemical kinetic measure-
ments with a somewhat less pronounced influence of the underlying chemistry as may
be expected from theoretical considerations. The explosion over-pressure measure-
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ments used as an indicator of DDT potential under turbulent flow conditions suggest
that a 50% increase to around 150 kPa, as compared to 100 kPa for the pure methane
case, is obtained for CH4 mixtures with around 50% H2 and CO mixtures with 20%
H2. Hence, extreme caution is required for blends of the latter type while it can be
expected that blends with CH4 are less sensitive. The testing of hydrogen enriched
mixtures in large scale practical systems should hence commence with CH4/H2 blends
with low hydrogen contents subject to a gradual increase. The use of more than 40%
hydrogen is not recommended even for such systems at the present time and the use of
diluted mixtures is also recommended as an appropriate starting point. The ignition
delay time trends are fully consistent with determined turbulent burning velocities and
DDT studies. It is our expectation that further larger (or laboratory) scale experimen-
tation will confirm these trends and permit a more delineated set of recommendations
that differentiates between mixtures with CO and CH4. It may also be noted that
to establish the potentially mitigating influence of CH4 on H2/CO mixtures would
require an investigation of ternary blends. The strong impact of dilution suggests that
significant care must be taken in designing large scale experimental rigs. In a prac-
tical scenario it is likely that a premixed unreacted mixture is ejected directly into a
post-device (e.g. heat exchanger or duct) environment. Accordingly, any additional
time scales associated with the mixing of a fuel blend with an oxidiser at the same
time as it undergoes mixing with hot combustion products may unduly influence the
observed results.

Modelling studies featuring ignition delay times and the determination of laminar
burning properties have also been performed to support an evaluation of the accuracy
of state of the art chemical kinetic models and theoretical correlations for the turbulent
burning velocity. The results show that the latter can be correlated with reasonable
success up to comparatively high (≤ 60%) hydrogen contents and that uncertainties
still prevail in the basic chemical kinetic parameters - particularly for the CO/H2 sys-
tem. The latter observation further emphasises the need for caution when using such
systems in large scale experimentation or practical systems.

Overall, the current study has quantified the impact of increasing hydrogen content on
the mixture reactivity under laboratory condition with key system differences identi-
fied. Given the apparent discrepancies between the two types of binary mixtures and
likely ternary systems (e.g. COG and/or bio syngas) in practical applications, it is
suggested that the latter should be investigated to establish any potential mitigation
obtained via the introduction of methane. It is further noted that the chemistry be-
haviour of CO/H2 blends merits further investigation in order to provide a predictive
capability of ignition delay times and permit the subsequent investigation of secondary
effects such as the use of different diluents.

Keywords: Hydrogen, carbon monoxide, methane, ignition delay times, auto-ignition,
fuel reactivity, deflagration, DDT potential.
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1 Introduction

The test strategy adopted for the laboratory studies forming part of ETI project
PE02162 features the use of binary fuel blends of H2/CH4 and H2/CO starting
from the case of 100% H2 and with the gradual addition of the second com-
ponent. The small scale laboratory tests, used as basis for future work work
within the project, uniquely feature four complementary approaches covering a
wide range of conditions: (i) A fuel reactivity assessment through the use of ig-
nition delay times obtained from conventional laminar shock tube experiments,
(ii) a fuel reactivity assessment via the study of auto-ignition in turbulent flow
fields, (iii) the determination of the strength of turbulent deflagrations via the
determination of turbulent burning velocities and (iv) the determination of the
deflagration to detonation transition (DDT) potential in an obstructed shock
tube with optical access.

It must be noted that the actual conditions experienced in a practical CCGT
and CCGE devices present significant challenges in terms of deriving even a
relative assessment of the reactivity of different fuel blends. For example, the
exhaust temperatures encountered in a practical CCGT scenario will be strongly
dependent on the design of a gas turbine and the degree of mixing of the un-
burnt fuel blend with pre-existing combustion products at the exit plane of the
combustor. Hence, the problem is not well-defined and the sensitivity to the
exhaust temperature is here considered as an additional parameter. The impli-
cations for the project from the increased workload of using a larger number of
mixtures has to some extent been mitigated by moderate changes in the over-
all work programme, notably by emphasising the importance of detonability
rather than detonation behaviour of mixtures and the focus on parameters such
as over-pressure generation in obstructed tubes as part on an assessment of the
DDT potential.

The fuel blends investigated as part of the current study focus on the more reac-
tive end of the spectrum with mixtures ratios of hydrogen to carbon monoxide
of 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 30/70 prior to dilution.
The proposed range covers the majority of H2/CO ratios identified as part of
the Literature Review performed as part of Work Package 1 [1]. A narrower
range of blends was originally proposed for the H2/CH4 blends encompassing
100/0, 90/10, 80/20, 70/30, 60/40 and 50/50 in line with the obtained mixture
information. The latter set of mixtures was, however, subsequently extended on
a best endeavours basis, to include 40/60, 25/75 (or 20/80) and 0/100. In addi-
tion, a combustion device dependent dilution factor was taken into account. For
practical application, it can be assumed that overall lean premixed combustion
will be used and/or that significant dilution of the fuel stream will take place
prior to conditions of relevance to the current investigation. Hence, it is likely
that the overall hydrogen concentration in the mixture prior to combustion will
not exceed 25% by volume in a fully premixed mode and, perhaps, less than
half of that in the context of a gas turbine combustor. With the further dilution
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expected in a gas turbine engine, the proposed test matrix will therefore move
the hydrogen content towards the lower flammability limit.

The practical temperature range is, as stated above, not well-established. How-
ever, it may be noted that auto-ignition has been found to be difficult (e.g. Choi
and Chung [2]) even in the context of laminar lifted flames of methane and hy-
drogen at temperatures below 940 K. The temperature window explored in
laminar experiments in the current study goes down to below 940 K for H2/CO
blends and to around 1000 K for the less reactive H2/CH4 blends. Practical
conditions are most likely to be turbulent in nature, with a corresponding in-
crease in the propensity to flame extinction, and the minimum temperature of
the combustion products was accordingly in creased to around 1040 K for these
experiments in order to enable flames to be established.

The first sets of data to be considered refers to ignition delay times obtained in
a Stanford shock tube facility. The determined data is directly related to the
chemical kinetics of the system and hence provide a basis for the assessment of
the accuracy of state-of-the-art models in the context of the current systems.
The Stanford shock tube facility is generally regarded as world leading and igni-
tion delay time data was produced for the following H2/CH4 mixtures: 100/0,
80/20, 60/40, 40/60 and 20/80. Data was also obtained for H2/CO mixtures of
80/20, 60/40 and 40/60. These data sets provide a pure basis for an assessment
of the changes in the chemical kinetics of the system. The data covers system
dependent temperatures down to around 940 K with measurements performed
around 1.7 atm to extend the temperature envelope while maintaining accuracy.

The second data sets features the determination of auto-ignition delay times
in turbulent flow fields. The Cabra burner geometry [3, 4, 5, 6, 7] has been
successfully used to study such flows using high velocity fuel streams injected
at ambient temperatures in a co-flowing stream of dilute combustion products
at temperatures down to 1045 K. Due to the nature of the shear layer driven
mixing, the temperature at the point of ignition will be lower. In the current
work, the geometry has been used at as low a temperature as can be achieved
while still covering the fuel reactivity range of interest. Gkagkas and Lindst-
edt [8, 9] modelled the auto-ignition of CH4 and H2 mixtures using the trans-
ported probability density function approach [10, 11, 12, 13] and clarified the
ignition events leading to flame stabilisation. Wang and Pope [14] showed that
the auto-ignition chemistry has a direct and significant influence on computed
extinction and re-ignition characteristics. The Cabra burner thus has a clear
track record in terms of both experimental and computational studies of direct
relevance to the current objectives and has been adopted with the intention
of providing information pertinent to item (ii) above. The second section of
the current report accordingly outlines experimental results aimed at clarifying
changes in fuel reactivity caused by a reduction in hydrogen content and cov-
ers an assessment of the auto-ignition propensity of the selected fuel blends in
turbulent flow fields. The latter is of fundamental importance in the context
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of risks associated with the propensity of mixtures to form flame kernels that
may grow into high-speed deflagrations or detonations. Past studies also suggest
that state of the art computational methods can also be applied with confidence
to elucidate the flow field structure further should the need arise. The study
further permits a comparison with the Stanford data and an assessment of qual-
itative and quantitative correlations between the two methods.

The third data set reports the strength of turbulent deflagrations, as char-
acterised by the turbulent burning velocity, for the selected mixtures. The
opposed jet configuration, used in the current study, has a long track record
that includes the work by Potter and co-workers [15, 16, 17] on diffusion flames
formed between two opposing streams in an enclosed chamber. Pandya and
Weinberg [18, 19] also used an opposed jet burner to investigate laminar diffu-
sion flames and Tsuji and Yamaoka [20, 21, 22] stabilised a flame using flow from
a porous cylinder. The pioneering work lead to an extensive use of opposed jet
configurations for the study of non-premixed and premixed flames in laminar
and turbulent flow environments, including the work of Shepherd et al. [23],
Rolon et al. [24], Mastorakos et al. [25], Kostiuk et al. [26, 27, 28], Mounäım-
Rousselle and Gökalp [29], Sardi et al. [30, 31, 32], Stan and Johnson [33] and
Geyer et al. [34]. Due to its basic geometry and ideal optical access, the opposed
jet geometry was characterised by Geipel et al. [35] as canonical configuration
to evaluate the capabilities of numerical turbulent reactive flows models. It was
applied by Lindstedt and Váos [36, 37] to investigate a modified dissipation
rate equation presented by Yakhot et al. [38], coupled with a Reynolds Stress
closure of Haworth and Pope [39, 40]. The opposed jet geometry was further
used by Geyer et al. [41, 42] for the validation of Large Eddy Simulations (LES)
simulations. Coppola et al. [43] used turbulence generators with a blockage ra-
tio of 90% to enhance turbulence intensity levels. Independently, a parametric
study on isothermal opposed jet flows was carried out by Geipel et al. [35] to
investigate the benifit of cross fractal grids over conventional turbulence gener-
ating grids. The cross fractal grids were derived from the findings of Vassilicos
and co-workers [44, 45, 46]. The substitution of conventional grids with fractal
grids resulted in an increase of more than 100% in turbulence levels as shown
by Geipel et al. [35]. The opposed jet configuration used in the current study
corresponds to the latest development of Goh et al. [47] where premixed turbu-
lent flames are stabilised against a stream of hot combustion products with the
relevant information presented in Section 5.

The final data set reports the potential for turbulence enhanced deflagration
to detonation transition for a wide range of different H2/CH4 and H2/CO
mixtures. The basic shock tube configuration and an evaluation of different ob-
stacle configurations has been reported by Sakthitharan [48] and McCann [49].
Lindstedt and Sakthitharan [50] further reported time-resolved measurements
of flow and turbulence velocities obtained using Laser Doppler Anemometry
(LDA) for a single obstacle configuration. The latter study was used a basis for
the application of high-speed particle image velocimetry in the current work.
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The experimental results obtained in the earlier studies have subsequently been
used by Kuan et al. [51] as a basis for the evaluation of predictive methods
applicable to the computation of explosion kernels in turbulent flow fields. The
results obtained were encouraging, but the latter aspect does not form part of
the current study. The current data sets were obtained in an obstructed shock
tube facility featuring two obstacles placed in a manner to induce the transi-
tion of laminar flames to turbulent explosions with minimum over-pressures of
150 kPa and flame speeds in excess of 200 m/s for pure methane–air mixtures.
The latter were used as a reference case as such mixtures are commonly used in
the context of both CCGT and CCGE applications.

Overall, the current study provides a quantification of the impact of increasing
hydrogen content on methane and carbon monoxide mixture reactivity under
a uniquely wide range of laboratory condition with key system similarities and
differences identified at each stage.

Fig. 1: Diagnostic setup for the Stanford shock tube facility

2 Ignition Delay Times for Hydrogen Rich Mixtures with
Methane and Carbon Monoxide

The study below reports the chemical influence on ignition properties of fuel
mixtures featuring hydrogen with methane and carbon monoxide. Ignition delay
times (IDTs) were measured using shock tube methodologies at the Mechanical
Engineering Department at Stanford University. The IDTs were measured be-
hind reflected shock waves using endwall emission (OH*) and sidewall pressure
signals. The conditions feature a temperature range of 940 to 1200 K with fuel
mixtures of H2/CH4, (100/0, 80/20, 60/40, 40/60, 20/80) and H2/CO (80/20,
60/40, 40/60) at a single stoichiometry of 0.8 for oxygen content up to 21%. The
composition of air for all experiments performed at Imperial College was for the
purposes of the current report assumed to be 21% O2 and 79% N2 resulting in
a N2/O2 ratio of 3.76. In the experimental work performed at Stanford Univer-
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sity, the N2 was substituted by Ar, a common practice in shock tube studies of
ignition delay times, leading to a Ar/O2 ratio of 3.76. The use of Ar does not
present any additional technical difficulties in comparing computational results
as the collision efficiencies of both species are well established. The data dis-
cussed below is also available in tabular form in the final report submitted by
Stanford University.

Fig. 2: Example shock tube emission and pressure data.

Fig. 3: Ignition delay time data obtained for the pure hydrogen system.
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2.1 Experimental Conditions and Procedure

The IDTs were measured using OH* emissions at both sidewall (2 cm from end
wall) and end wall locations from the OH-band near 306 nm with the side wall
pressure obtained at the same location. Ignition delay times from all methods
were nearly identical and end wall values are reported. The shock emission
diagnostic setup is shown in Fig. 1 and further details have been reported by
Davidson and Hanson [52]. The ignition delay time was defined as the time
interval between the arrival of the reflected shock at the observation point and
the extrapolation of the most rapid signal rise to the pre-ignition baseline. Rep-
resentative data are shown in Fig. 2.

2.2 Results and Discussion

The ignition delay times are shown in final form in Figs. 3 to 5. Simulations
of measurements were also performed using constant volume simulations and
the hydrogen mechanism of Hong et al. [53] and the JetSurF 2.0 mechanism of
Wang et al. [54]. Excellent agreement is obtained with results using the former
mechanism for pure hydrogen cases and good agreement with the JetSurF 2.0
mechanism for the H2/CO and H2/CH4 mixtures. However, it is also evident
that the latter mechanism, which represents a substantial update upon earlier
efforts such as the well known GRI Mechanisms, does not reproduce the pure
hydrogen data with sufficient accuracy. Hence, some uncertainties remain re-
garding the cause of the level of agreement obtained for high hydrogen content
mixtures and it is suggested that an effort is made as part of future work to
derive a reconciled chemical kinetic mechanism that can represent both sets
of data. Such work would also permit the accurate extrapolation to 1 atm
pressure. It should be emphasised that this is a new finding and one of the
recommendations of the report is that the extrapolation aspect is covered in
further work. It should be emphasised that the current data was obtained at
a pressure of around 1.7 atm in order to access lower temperatures. Hence, it
would be desirable to relate the current IDT data quantitatively to the atmo-
spheric pressure data obtained at Imperial College as reported in the following
sections. Such an effort requires the derivation of an updated chemical kinetic
mechanism applicable to all considered data sets. A further benefit would be
that the derived mechanism could also be used at higher pressures of relevance to
high-speed (supersonic) flames and their interactions with heat exchanger tubes.

The pure H2 mixtures show an exceptionally strong increase in the time to
ignition for temperatures below 960 K as illustrated in Fig. 3. The result
is consistent with the study of Choi and Chung [2], who reported difficulties
in stabilising laminar flames of methane and hydrogen at temperatures below
940 K. The ability of the chemical kinetic model by Hong et al. [53] to repro-
duce the trends both qualitatively and quantitatively is also very encouraging
and suggests that extrapolations to lower temperatures can be performed with
reasonable confidence. The data obtained for the H2/CH4 mixtures shown in
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Fig. 4 highlight a strong influence of methane addition on the measured IDT.
By contrast, the data obtained for the H2/CO system suggests that systems
with up to 60% CO behave essentially as pure hydrogen mixtures. Hence, from
an ignition point of view, extreme caution is required when it comes to the use
of such mixtures. These trends are explored further below in the context of
the ignition behaviour, as well as, deflagration and explosion strengths in the
presence of turbulence.

Fig. 4: Ignition delay time data obtained for the H2/CH4 system.

Fig. 5: Ignition delay time data obtained for the H2/CO system.
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3 Auto-Ignition of Hydrogen Rich Mixtures in Hot
Combustion Products

3.1 Experimental Configuration

3.1.1 Burner Configuration

The design of the current vitiated coflow burner is based on the Cabra burner [3]
and the current version is shown schematically in Fig. 6. Several modifications
were implemented to fulfil the safety requirements for the current experiments
and to ensure homogenised mixtures in the vitiated coflow and for the fuel-air
mixture in the central jet nozzle. Furthermore, the burner was modified to
permit a larger number of gas components used to create the hot combustion
products in the coflow and in the central core jet. The mixing of the reactant
streams used to create the combustion products was initially performed in a
primary mixing chamber with the resulting gas mixture subsequently passed to
a circumferential ring featuring 32 radial nozzles used to inject the gas mixture
into a secondary mixing vessel.
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Fig. 6: Schematic of the lifted flame burner test facility

A sintered plate with a maximum pore size of 76 μm [55] was used as a flame
arrestor and to separate the secondary mixing chamber from the reservoir lead-
ing up to the perforated disc used to stabilise the flames producing the hot
combustion products. The reservoir vessel was sealed using a plate with a di-
ameter of 210 mm perforated with 2200 holes of diameter 1.58 mm resulting in
a blockage ratio of 87%. A lean premixed flame was stabilised on each of the
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2200 holes providing a controlled combustion product stream that surrounded
the centre nozzle. The gas mixture components for the central jet were also
injected into a gas mixer. To improve the homogenisation, a sintered disk, with
identical maximum pore size to that outlined above (76 μm), was inserted just
before the outlet of the gas mixer. Additionally, the sintered plate served as
flame arrester should flash back occur in the central fuel jet. The homogenised
gas mixtures were subsequently passed directly to a jet nozzle with an inner
diameter D = 4.2 mm. The central jet nozzle outlet is located 70 mm from
the perforated pilot plate to ensure uniform properties of the coflowing com-
bustion products. A photograph of the burner facility is shown in Fig. 7, while
Fig. 8 depicts the inside of the burner by means of a computer assisted design
illustration.

Fig. 7: Photograph of the lifted flame burner

3.1.2 Safety Precautions

The explosion (e.g. hydrogen) and toxicity (e.g. carbon monoxide) hazards as-
sociated with the reactant gases used in the current study demand a reliable
safety control system that prohibits the injection of unburned reactants into
the laboratory cell or the process exhaust extraction system. Thus, two Omega
thermocouples [56] were installed to monitor and record the temperature of the
combustion products in the vitiated coflowing stream. The first thermocouple
was of an R-type that features a fast response time and provides highly accu-
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rate temperature measurements while the second thermocouple was a shielded
K-type that is robust and hence acted as backup safety system. If either one of
the thermocouples detected a temperature lower than a defined safe tempera-
ture, a shut off signal is sent to the fuel mass flow controllers (MFC). The safe
temperature was defined as high as feasible such that the response time for shut
down was optimised (< 1 s) while allowing for minor temperature variations
resulting from normal operation. The full set of operating procedures, safety
assessments and the associated documentation is available upon request.

Fig. 8: Sectioned computer assisted design image of the burner

3.1.3 Measurement and Analysis Arrangements

The main objective of the current part of the experimental study was to investi-
gate the influence of the hydrogen content of binary gas mixtures with methane
and carbon monoxide upon the reactivity of the mixture as quantified by the
flame lift-off height. The latter is a direct measure of the reactivity of the fuel
blend and related to the ignition delay time through the Lagrangian history of a
fluid element undergoing auto-ignition. The initial data obtained in the current
study therefore amounts to the determination of the lift-off height as a function
of the mixture composition and the temperature of the vitiated coflow of com-
bustion products. For mixtures containing hydrocarbons (or fragments thereof)
the natural choice is to image excited state CH∗ light emissions. However, the
current mixture matrix has a strong focus on the upper reactivity side of the H2
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fuel blends – including pure H2. Most mixtures are expected to offer a weak (or
no) CH∗ signal, but a strong OH∗ signal that is invisible to the human eye and
can not be analysed in such a manner. As consequence, OH∗ chemiluminescence
was used to detect the flame position using an interline-transfer CCD-camera
(LaVision Intense Camera [57]) with an acquisition size of 1376 x 1040 pix-
els and a intensified relay optics (IRO) unit (intensifier type V7670U-70-P43,
photocathode S20, phosphor P43) to capture the instantaneous OH radical dis-
tribution. The intensifier gain was adjusted from 70 to 85 to compensate for the
weaker signal obtained with increasingly stretched reaction zones. The exposure
time of the camera and intensifier was set to 50 μs and the image interrogation
region was set to 250 mm.
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Fig. 9: Instantaneous OH∗ signal with high signal to noise ratio

To achieve statistically independent data, 1000 images were captured for each
set of conditions with repetition rates of 9 Hz or 15 Hz. To improve the signal to
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noise ratio, a background subtraction of the raw images was performed to reduce
noise. As the background noise is dependent on the intensifier gain, a set of 100
images was taken for each gain used. Following the actual measurements for a
particular fuel mixture, the corresponding average background image was sub-
tracted from the raw images. A sample image of an instantaneous OH∗ signal
with a high signal to noise ratio resulting from a concentrated reaction zone of
a hydrogen/carbon monoxide mixture is shown in Fig. 9. By contrast, Fig. 10
depicts an OH∗ signal with significantly lower signal to noise ratio resulting
from a stretched reaction zone of a hydrogen/methane mixture. Subsequently,
further calculations, i.e. determination of the average, root mean square, and
instantaneous flame lift-off height, were performed on the basis of the corrected
images.
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Fig. 10: Instantaneous OH∗ signal with low signal to noise ratio

Finally, the temperature of the combustion products in the coflow were recorded
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with a repetition rate of ∼ 3 Hz throughout the whole experiment using an R-
type thermocouple in order to determine any fluctuations or drift in the mean
temperature. The latter measurements were used to provide an uncertainty
estimate.

3.2 Experimental Conditions and Procedure

3.2.1 Jet Conditions and Syngas Mixtures

The current study investigates binary fuel blends of H2/CH4 and H2/CO. The
H2/CH4 mixtures cover the full range between the pure components and with
intermediate steps of 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 25/75. The
H2/CO blends cover mixtures of 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and
30/70. Furthermore, dilution of the fuel blend with nitrogen was also inves-
tigated. The wide spectrum of proposed gas mixtures results in considerable
differences in gas properties, e.g. the unburned gas density (ρu), as well as re-
activities. A detailed summary of all investigated gas mixtures is presented in
Appendix A. The intrusion of a free jet into an essentially stagnant medium
is primarily governed by the momentum (Mj = ρu u2

j ) of the jet, rather than
the jet velocity uj , and we have chosen to conserve the momentum of the jet.
A further advantage is that the Reynolds number remains approximately con-
stant. The value of the jet momentum was defined such that the jet velocity
of the mixture that exhibits the highest reactivity has an exit jet velocity value
uj ≈ 100 m/s. The resulting jet momentum is Mj = 0.125 N. The conservation
of momentum results, due to the differences in mixture densities caused primar-
ily by molecular weight changes through varying hydrogen concentrations, in a
jet velocity which is calculated by:

uj =

√
Mj

ρu
(1)

The jet velocity was accordingly varied from uj = 100.1 m/s for the case of pure
H2-air mixtures to uj = 89.13 m/s for the corresponding pure CH4-air case.
The equivalence ratio for all mixtures was maintained constant at Φj = 0.8 and
the required mole fractions in the fuel jet were calculated as shown in Eq. (2),

χCH4 · CH4 + χH2 ·H2 + χCO · CO + βj ·O2 + 3.76 · βj ·N2 →
(χCH4

+ χCO) · CO2 + (2 · χCH4
+ χH2

) ·H2O + (βj − αj) ·O2

+3.76 · βj ·N2

χAir = 4.76 · βj , where βj =
αj

Φ and αj = (2 · χCH4
+

χH2

2 + χCO

2 )

(2)

Additionally, a further set of mixtures were diluted with N2 by adding the same
amount of N2 as already introduced via the air stream. The additional N2 mole
fraction was calculated from:

d = 3.76
4.76 · χAir

χN2 = d
1+d

(3)
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Accordingly, a total of 34 fuel blends were investigated which each covering a
suitable temperature range. The conditions used for all mixtures are presented
in Appendix A.

3.2.2 The Coflow of Hot Combustion Products

The wide range of fuel blends investigated leads to significant variation in mix-
ture reactivity. As a consequence, the temperature of the coflowing combustion
products must be adjusted in order to stabilise lifted flames for all of the pro-
posed mixture conditions. In the current work, the pilot temperature was mod-
ified by adding small quantities of CH4 into the pilot gas stream starting from a
pure H2-air stream. The CH4 addition has a strong effect on the pilot temper-
ature with 2 slpm CH4, compared to a total flow rate of ∼2075 slpm (standard
litre per minute), increasing the temperature ∼ 20 K. Detailed pilot conditions
are presented in Appendix A for each of the mixtures investigated. The equiva-
lence ratio of the pilot varies somewhat as it is utilised for temperature control
as shown in Eq. (4),

a · CH4 + b ·H2 + βp ·O2 + 3.76 · βp ·N2 →
a · CO2 + (2a+ b) ·H2O + (βp − αp) ·O2 + 3.76 · βp ·N2

where αp = (2a+ b
2 ) and βp =

αp

Φ .
(4)

The difference of (βp − αp) represents an estimate for the residual O2 concen-
tration in the burned gas of the pilot stream.

3.2.3 Control of the Experiment

A purpose designed LabView [58] interface was programmed to control exper-
imental parameters and to initiate shutdown procedures. The interface allows
an accurate setting of operating conditions, monitoring of flow rates and tem-
peratures and also writes essential parameters to a log file. The velocities,
equivalence ratios, unburned gas densities and molecular weights (MW) of the
reactant streams, as well as the estimated residual O2 concentration in the hot
coflow, are also calculated and displayed. All flow rates were accurately reg-
ulated using Bronkhorst EL-FLOW Select series flow controllers [59] with an
error of less than ±0.5% of full scale.

3.2.4 Operational Boundaries

Prior to the actual experiments, the potential constraints of the test facilities
were explored with respect to flow velocities, coflow temperatures and the range
of possible reactant stream compositions.

The lower flow velocity limit for the coflow of hot combustion products was
defined by the flashback of the pilot flames stabilised on the perforated plate
discussed above. This limit was not exhausted as sufficiently low pilot veloc-
ities were achieved before flashback occurred. The upper pilot velocity was
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bounded by the capacity limit of the mass flow controllers (MFCs). In total,
four MFCs were connected to the pilot gas mixer. Two air lines were drawn
from the Howden air compressor facility located in the Department of Mechan-
ical Engineering and fitted with MFCs with a total flow rate of 2045 slpm
(4.405 ∗ 10−2 kg/s), one MFC was allocated to CH4 with a maximum flow rate
of 140.1 slpm (1.667 ∗ 10−3 kg/s) and a fourth MFC regulated the H2 flow rate
up to 235.0 slpm (3.500 ∗ 10−4 kg/s).

The lower coflow temperature limit is restricted by the blow-off of the pi-
lot flames used to generate the hot combustion products. The current study
necessitated a comprehensive investigation and a lower temperature limit of
Tp,low = 1045 K was established while maintaining stable combustion suitably
insensitive to minor flow fluctuations. The resulting conditions, which are here
defined as the base case, featured an air flow rate of 1850 slpm and a H2 flow
rate of 220 slpm. The corresponding equivalence ratio is Φ ≈ 0.28 and accord-
ingly leads to highly diluted combustion products. The upper temperature limit
of the coflow stream is restricted by the material properties of the nozzle. This
limit was not exploited due to the focus on lower temperatures in the current
study. The resulting temperature window is compatible with the shock tube
data obtained from Stanford University, as outlined in Section 2, and the ex-
pected required increase as compared to laminar flame conditions [2].

The lower and upper limits of the core jet velocity are dependent on the re-
activity of the mixture and restricted by flashback and blow-off respectively.
The boundaries were explored indirectly by means of varying the coflow tem-
perature. Raising the coflow temperature results in a higher reactivity of the
mixture and stabilises the flame closer to the nozzle exit. The flashback limit
and flame stabilisation on the actual nozzle were avoided. A reduction in the
coflow temperature results in a reduced mixture reactivity eventually leading
to flame extinction following blow-off. The latter limit was investigated thor-
oughly as the main objective implies the need to stabilise all mixtures at the
lowest possible temperature.

Entrainment of ambient air into the hot pilot stream restricts the maximum
lift-off height that can be determined reliably. The limit is defined as the height
where the vitiated coflow stream becomes mixed with ambient air and thus
does not provide a controlled environment. The upper limit for the flame lift-off
height was found to be around X/D ≥ 50, which is reflected in a significant
increase in measurement uncertainties. Therefore, all data points with a flame
lift-off height of X/D ≥ 50 were excluded from further analysis.

3.3 Post-processing and Lift-off Height Definition

The large number of different mixtures and the use of an average of five temper-
atures per mixture resulted in a total of approximately 165, 000 instantaneous
flame images. The number of images necessitated the development of an auto-
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matic flame location algorithm and a purpose written C++ algorithm was used
to detect the flame lift-off height in each instantaneous image. The flame lift-off
height is here detected by means of the steepest gradient in the average OH∗

concentration which approximates the location of the strongest reaction zone.
The IMX reader from LaVision [57] is implemented to import the instantaneous
OH∗ image. Subsequently, the following steps are performed to assess the flame
lift-off height from the input data:

1. Integration over all pixels in vertical direction results in an average distri-
bution locating horizontal position of the flame.

2. Pixels which are located far left or far right from the flame are excluded
from the subsequent analysis.

3. Integration in the horizontal direction of the remaining pixels which leads
to an average (potentially noisy) signal locating the flame in vertical di-
rection.

4. A moving average filter was applied in combination with a gradient detec-
tion algorithm.

5. The overall steepest gradient is found iteratively, starting from a coarse
filtering range over the whole signal and up to a fine filtering range over
a small section locating the flame lift-off height precisely.

6. The respective steepest gradient is found iteratively by means of a central
difference scheme.

7. The mean flame lift-off height and the root mean square value are subse-
quently calculated from the detected instantaneous flame lift-off heights.

Subsequently, the mean flame lift-off height and root mean square value were
stored along with the reciprocal temperature and auto-ignition delay time. The
above operations allowed a sufficiently quick and reliable detection of the mean
flame lift-off height for all cases.

3.4 Results and Discussion

A main objective of the current investigation is to determine the influence of
CH4 and CO on the reactivity of H2 based fuel blends. Binary fuel mixtures
of H2/CH4 have been studied by a significant number of researchers, though
typically not under conditions of relevance to the current study [60, 61, 62, 63,
64]. The current systematic study leading to a consistent data base for the
auto-ignition of such mixtures under turbulent flow conditions is unique.
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Tab. 1: Fuel mixtures investigated for the case of H2/CH4 blending.

Mixture uj [m/s] χH2 χCH4 χCO χN2 χAir

H2 100%−Air 100.1 0.2516 0.0000 0.0000 0.0000 0.7484
H2 90%− CH4 10%−Air 96.82 0.1849 0.0205 0.0000 0.0000 0.7946
H2 80%− CH4 20%−Air 94.74 0.1389 0.0347 0.0000 0.0000 0.8264
H2 70%− CH4 30%−Air 93.29 0.1052 0.0451 0.0000 0.0000 0.8497
H2 60%− CH4 40%−Air 92.23 0.0795 0.0530 0.0000 0.0000 0.8675
H2 50%− CH4 50%−Air 91.42 0.0593 0.0593 0.0000 0.0000 0.8815
H2 40%− CH4 60%−Air 90.78 0.0429 0.0643 0.0000 0.0000 0.8928
H2 25%− CH4 75%−Air 90.08 0.0240 0.0710 0.0000 0.0000 0.9050
H2 0%− CH4 100%−Air 89.17 0.0000 0.0775 0.0000 0.0000 0.9225
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Fig. 11: Dimensionless flame lift-off heights for H2 based fuels with increased
CH4 blending.

Investigations covering fuel blends of H2/CO, on the other hand, are uncommon
and mainly related to research on syngas utilisation and fuel flexibility [65,
66, 67]. Lieuwen et al. [66] reports the auto-ignition delay times for various
H2/CH4 and H2/CO mixtures at Φ = 0.4 and P = 15 atm obtained from
numerical investigations. However, as pointed out in Section 2, uncertainties
prevail in the relevant chemistry and experimental data remains essential. In
the following sections, the impact of gradually substituting H2 by either CH4

or CO is reported while the equivalence ratio of the core jet was maintained
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at Φj = 0.8. Moreover, the jet momentum was kept constant which leads to
a varying jet velocity due to changes in the unburned gas density as detailed
above. The coflow temperature was utilised as further parameter and varied
within the operating limits for each mixture. A summary of all investigated fuel
blends and conditions is presented in Appendix A.
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Fig. 12: Auto-ignition delay times for H2 based fuels with increased CH4 blend-
ing.

3.4.1 Mixtures of Hydrogen with Methane

The case of H2 based fuel mixtures with CH4 as the blending component were
investigated starting with pure hydrogen. Methane was introduced incremen-
tally until H2 was completely substituted by CH4. The fuel mixture composi-
tions for the investigated cases are listed in Table 1. The relative reactivity Er

was measured indirectly based on the flame lift-off height variation as a func-
tion of temperature as defined in Section 3.3. A standard Arrhenius diagram
was found suitable for this purpose. However, it must be pointed out that Er

is not a conventional activation energy (e.g. EA) as it is influenced by both
chemistry and flow statistics. The conventional activation energies, free of such
considerations, can readily be determined from the Stanford shock tube data
as outlined in Section 2 and in the final report [1] for Work Package 1. In the
current context, a low flame lift-off height indicates high reactivity and vice
versa. The flame lift-off height, measured in mm, is subsequently related to the
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nozzle diameter D = 4.2 mm leading to the dimensionless lift-off height X/D.

The most straightforward visualisation of the flame lift-off height is on the basis
of the mean image which was calculated for each mixture and coflow temperature
using a set of 1000 instantaneous images. Samples of the mean flame location
are therefore shown in Fig. 74 to Fig. 82 in Appendix A for all investigated
H2/CH4 fuel blends and for three of the coflow temperature. As discussed
above, significant differences in the mixture reactivity necessitated adjustments
of the coflow temperature range on a case to case basis. Detailed conditions for
all mixtures and pilot temperatures are listed in Tables 44 to 52 in Appendix A.

Fig. 13: Separation of the reaction zones in H2/CH4 mixtures

The measured dimensionless lift-off heights X/D are shownin Fig. 11 versus
1000/T [K−1] for all mixtures listed in Table 1. The data clearly illustrates
that the flame lift-off height increases significantly with successive H2 substi-
tutions by CH4. As discussed earlier, an increase in the flame lift-off height is
directly related to a decrease in relative reactivity. The sharp impact of H2 sub-
stitution with CH4 was also reported by Lieuwen et al. [66]. Comparing the case
of pure H2 with mixtures of 10% and 20% CH4 at the lower pilot temperature
limit of Tp ≈ 1040 K reveals an increase of X/D from 6.846, via 10.89 to 21.35
corresponding to increases of 59% and 96%, respectively. The cases featuring
pure H2 and with a 10% CH4 substitution are restricted to a maximum coflow
temperature of Tp ≈ 1095 K due to the risk of flashback. The temperature
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range for the 20% CH4 fuel blend could be extended up to Tp ≈ 1160 K.

The required increase in Tp is another indicator of a reduced mixture reactivity
and suggests a significant decrease compared to the pure H2 case and that with
10% CH4. The measurements show that mixtures with a further substitution
of H2, leading to fuel blends with CH4 fraction > 30%, cannot be stabilised at
the lower coflow temperature limit due to the reduced reactivity. For the case
of 30% CH4 a minimum temperature Tp ≈ 1090 K is required and, as a further
consequence of the lower reactivity, the upper temperature limit is raised to
Tp ≈ 1190 K. Furthermore, a strong increase in the temperature sensitivity, as
compared to the mixtures with an increased H2 content, is observed as indi-
cated by the steeper gradient. Further substitution of H2 with CH4 continues
the same trend with an increase in required minimum and possible maximum
coflow temperatures.

Comparisons on a basis of X/D data is sufficient to illustrate the behaviour
of the different mixtures. Interestingly, it may be noted that the lift-off height
appears to consist of two slopes for the more methane rich mixtures. At higher
temperatures, the initial slope appears related to the hydrogen content of the
mixture, while at lower temperatures the slope approaches that of the pure
methane case. The trend becomes more pronounced for H2 contents ≤ 70%.
An analysis of the corresponding OH∗ images suggest that the H2 content acts
as an initiator of chemical reaction, but that the effect is not sufficiently strong
to trigger a rapid ignition of CH4 at lower temperatures and with reduced
amounts of hydrogen. Hence, there is a tendency for reaction zones to sepa-
rate in H2/CH4 mixtures. The separation of the reaction zones is illustrated in
Fig. 13 by the signal tail cased by OH∗ below the main reaction zone.

It is possible to translate the lift-off height to an approximate auto-ignition
delay time on the basis of the flame lift-off height and jet bulk velocity as shown
in Eq. (5).

τ =
X√

(Mj/ρu,j)
(5)

The above expression does not correspond to a conventional definition as it is
influenced by turbulence and mixture inhomogeneities in the shear layer formed
between the core jet and the coflow of hot combustion products. However, the
slope of the resulting curves in a conventional Arrhenius diagram suggest a near
linear behaviour for a substantial number of the considered cases as shown in
Fig. 12, where the auto-ignition delay times are plotted in the form of log10(τ)
against 1000/T . Furthermore, the spreading of the curves suggests a nearly
linear dependency on the H2 concentration. The latter finding is supported by
other investigators [60, 61] who calculated the auto-ignition delay time using
Eq. (6), where γ is the hydrogen mole fraction with τmix, τCH4

and τH2
the

ignition delay times for the mixture, pure methane and pure hydrogen respec-
tively. The relationship was suggested to be accurate for a H2 blending range
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from 0% CH4 up to and including 40% CH4.

τmix = τγH2
· τ (1−γ)

CH4
(6)

A quantitative interpretation of the auto-ignition delay time requires an analyt-
ical fit to the experimental data. Comparing the slopes of the fitted functions
with the logarithm of an Arrhenius form allows an estimate of the relative re-
activity as shown in Eq. (7),

τ = A · eEr/(R·T )

log10(τ) = log10(A) + log10(e
Er/R·T )

log10(τ) = log10(A) + 0.4343 · Er

R · 1
T

m · 1
T = 0.4343 · Er

R · 1
T ⇒ Er = m·R

0.4343

(7)

where A a pre-exponential factor, R the universal gas constant and m is the
slope of the fitted linear function. The inferred logarithmic Arrhenius functions
are listed for all H2/CH4 fuel mixtures in Table 2. The listed fits reveal a pro-
gressive increase in the slope with a decreasing H2 fraction for fuel blends up
to a mixture ratio of 50/50 H2/CH4. The relative reactivities determined using
Eq. (7) are also shown.

Reductions in the H2 content below 50% introduces some scatter in the results.
Mixtures with a CH4 fraction ≥ 50% are stabilised at a significantly higher
flame lift-off height, which increases the uncertainties in the current simplified
analysis. Accordingly, a selective further analysis can be performed using trans-
ported probability density function methods (e.g. [8]) as part of future work.
Nevertheless, it should also be pointed out that the mixture with 25% hydrogen
is at the very limit of the range for the MFC used and that measurements were
performed on a best-endeavours effort for this case. Hence, the uncertainties
for the other mixtures should probably not be exaggerated. The relative reac-
tivity can also be determined based on the highest temperatures for each data
set by simply removing the lower temperature data from the analysis. Such a
procedure is not recommended in the current context, but results in the linear
relationship given in Eq. (6). Table 3 lists the relative reactivities (Er) (see
Table 2), the inferred values for the high temperature range (Er,h) and the
theoretical values (Er,t) obtained using Eq. (6). It is evident that the values
obtained by the linear relationship match the relative reactivity values at the
higher temperature very well, with the exception of the case 25% H2/75% CH4.

3.4.2 Hydrogen Blending with Carbon Monoxide

The second fuel blend component, carbon monoxide, was studied in a similar
manner to that outlined above and the cases investigated are listed in Table 4.
The corresponding flame lift-off heights, determined in the same way as for the
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Tab. 2: Linear functions valid for the investigated temperature range fitted to
the logarithm of the auto-ignition delay time (IDT) in μs and the cal-
culated relative reactivity Er for H2/CH4 fuel blends

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−Air log10(τ) = 1850
T

+ 0.6745 3.542E + 04

H2 90%− CH4 10%−Air log10(τ) = 3062
T
− 0.2668 5.861E + 04

H2 80%− CH4 20%−Air log10(τ) = 3973
T
− 0.8656 7.607E + 04

H2 70%− CH4 30%−Air log10(τ) = 5168
T
− 1.667 9.893E + 04

H2 60%− CH4 40%−Air log10(τ) = 5862
T
− 2.018 1.122E + 05

H2 50%− CH4 50%−Air log10(τ) = 6366
T
− 2.222 1.219E + 05

H2 40%− CH4 60%−Air log10(τ) = 6360
T
− 2.037 1.217E + 05

H2 25%− CH4 75%−Air log10(τ) = 5669
T
− 1.124 1.085E + 05

H2 0%− CH4 100%−Air log10(τ) = 7104
T
− 1.881 1.360E + 05

Tab. 3: Linear functions valid for the investigated temperature range fitted to
the logarithm of the auto-ignition delay time data and the calculated
relative reactivity Er for H2/CH4 fuel blends. The relative reactivity
for the high temperature ignition branch (Er,h) and the expression given
by Eq. (6) (Er,t) are also shown.

Mixture Er [J/mol] Er,h [J/mol] Er,t [J/mol]

H2 100%−Air 3.542E + 04 3.542E + 04 3.542E + 04

H2 90%− CH4 10%−Air 5.861E + 04 4.908E + 04 4.668E + 04

H2 80%− CH4 20%−Air 7.607E + 04 5.640E + 04 5.795E + 04

H2 70%− CH4 30%−Air 9.893E + 04 6.465E + 04 6.921E + 04

H2 60%− CH4 40%−Air 1.122E + 05 8.059E + 04 8.048E + 04

H2 50%− CH4 50%−Air 1.219E + 05 8.632E + 04 9.175E + 04

H2 40%− CH4 60%−Air 1.217E + 05 1.047E + 05 1.030E + 05

H2 25%− CH4 75%−Air 1.085E + 05 1.065E + 05 1.199E + 05

H2 0%− CH4 100%−Air 1.360E + 05 1.481E + 05 1.481E + 05
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Tab. 4: Fuel mixtures investigated in the scope of H2/CO blending

Mixture uj [m/s] χH2 χCH4 χCO χN2 χAir

H2 100%−Air 100.1 0.2516 0.0000 0.0000 0.0000 0.7484
H2 90%− CO 10%−Air 98.66 0.2264 0.0000 0.0252 0.0000 0.7484
H2 80%− CO 20%−Air 97.28 0.2013 0.0000 0.0503 0.0000 0.7484
H2 70%− CO 30%−Air 95.95 0.1761 0.0000 0.0755 0.0000 0.7484
H2 60%− CO 40%−Air 94.68 0.1509 0.0000 0.1006 0.0000 0.7484
H2 50%− CO 50%−Air 93.45 0.1258 0.0000 0.1258 0.0000 0.7484
H2 40%− CO 60%−Air 92.28 0.1006 0.0000 0.1509 0.0000 0.7484
H2 30%− CO 70%−Air 91.14 0.0755 0.0000 0.1761 0.0000 0.7484

H2/CH4 blends, are shown in Fig. 14. As shown for the CH4 blends, the lift-
off height increases with the introduction of CO. However, compared to the
CH4 mixtures, the trend is much less pronounced, as is particularly evident
for mixtures with a CO content lower than 50%. The result corresponds qual-
itatively very well with the results reported by Lieuwen et al. [66] and can be
directly related to the higher intrinsic reactivity of CO compared to CH4. In
this context it may be noted that all investigated H2/CO fuel blends could be
stabilised at the lowest possible coflow temperature of Tp ≈ 1040 K and that
the reaction zone separation obtained for some H2/CH4 mixtures was not ob-
served. The results suggest a comparatively low impact of H2 substitution with
CO. Furthermore, mixtures with a H2 concentration down to 60% could only
be investigated in the same narrow temperature range as the pure H2 case due
to the risk of flashback. Further substitution of H2 with CO shows an increas-
ingly strong effect on the relative mixture reactivity. This suggests that the
auto-ignition affinity of H2/CO mixtures is governed by H2 up to a volumetric
mixture fraction of 50/50. A further CO addition results in a more significant
increase in flame lift-off height at a given temperature and a more pronounced
non-linearity. Furthermore, the upper temperature limit could be extended and
permitted the investigation of a wider temperature range.

A qualitatively similar behaviour was observed by Fotache et al. [67] for H2/CO
fuel blends in a study featuring ignition against a hot air stream in a counterflow
(opposed jet) arrangement. Three ignition regimes were defined: (1) A hydrogen
dominated regime for 100% < χH2

< 17%, (2) a transition regime spanning
from 17% < χH2

< 7% and (3) a hydrogen catalysed regime for χH2
< 7%.

According to this classification, all mixtures investigated in the current study
are within the hydrogen dominated ignition regime. However, a noticeable in-
crease in the ignition temperature for volumetric hydrogen concentrations of
χH2

< 12.58% (χH2
= 12.58% corresponds to the 50% H2/50% CO mixture)

was observed in the experimental data with the ignition temperature remaining
constant for a χH2

> 12.58% followed by an increase of approximately 20 K
when 12.58% > χH2 > 7.55%. This latter agrees well with modelling approach
by Sung et al. [65]. Such observations are consistent with results presented in
Fig. 14, which show a significant influence on the flame lift-off height when the
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Tab. 5: Linear functions valid for the investigated temperature range fitted to
the logarithm of the IDT in μs and the calculated relative reactivity Er

for H2/CO fuel blends

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−Air log10(τ) = 1850
T

+ 0.6745 3.542E + 04

H2 90%− CO 10%−Air log10(τ) = 2376
T

+ 0.2237 4.549E + 04

H2 80%− CO 20%−Air log10(τ) = 2384
T

+ 0.2695 4.562E + 04

H2 70%− CO 30%−Air log10(τ) = 2530
T

+ 0.1932 4.844E + 04

H2 60%− CO 40%−Air log10(τ) = 2835
T
− 0.01727 5.427E + 04

H2 50%− CO 50%−Air log10(τ) = 3029
T
− 0.1124 5.799E + 04

H2 40%− CO 60%−Air log10(τ) = 2986
T

+ 0.01974 5.716E + 04

H2 30%− CO 70%−Air log10(τ) = 3194
T
− 0.06546 6.114E + 04

CO blending fraction exceeds 50%. Therefore, the current findings suggest that
the hydrogen dominated regime is narrower, with the transition regime starting
with χH2

< 50% as suggested by Sung et al. [65].
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Fig. 14: Flame lift-off heights for H2 based fuels with CO blending.



3 Auto-Ignition of Hydrogen Rich Mixtures in Hot Combustion Products 28

0.85 0.90 0.95 1.00
1000/T [K-1]

2.25

2.50

2.75

3.00

3.25
lo

g 10
(τ

) [
μs

]

H2 100% - CO 0% - Air

H2 90% - CO 10% - Air

H2 80% - CO 20% - Air

H2 70% - CO 30% - Air

H2 60% - CO 40% - Air

H2 50% - CO 50% - Air

H2 40% - CO 60% - Air

H2 30% - CO 70% - Air

Fig. 15: Auto-ignition delay times for H2 based fuels with CO blending

The corresponding auto-ignition delay times are shown in Fig. 15 and display
the linearity between log10(τ) and the reciprocal of the temperature. The sig-
nificantly lower maximum lift-off height of H2/CO fuel blends, compared to the
H2/CH4 mixtures discussed above, reduces the uncertainties associated with
the current simplified analysis, though mixtures with a CO content exceeding
50% show some scatter. The fitting of an Arrhenius-like function to the igni-
tion delay time data reveals that the slope steadily increases with the possible
exception of the case with 40% H2. The corresponding Arrhenius fits are listed
in Table 5 along with the calculated values for the relative reactivity.

3.4.3 Hydrogen Blending with a Constant CH4 or CO Fraction

The different impacts of introducing CH4 or CO in blends with H2 is further
analysed in the following sections in order to provide a direct comparison be-
tween mixtures with the same amount of substitution on a molar basis.

3.4.4 Mixtures with 90% Hydrogen

A comparison of mixtures with 90% H2 blended with CH4 or CO shows a clear
difference in behaviour. It is evident, as shown in Fig. 16, that the addition
of 10% CH4 has a significant impact compared to the corresponding case with
CO addition. Such differences caused by the addition of CH4 and CO have also
been reported in the context of laminar burning velocities [63] and for computed
ignition delay times [66]. To quantify the actual differences between CH4 and
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Tab. 6: Auto-ignition delay time comparison for 90% H2 based fuels.

Mixture Tp [K] τ [μs]

H2 100%−Air 1041 284.4

H2 90%− CH4 10%−Air 1043 469.9

H2 90%− CO 10%−Air 1042 319.8

CO blending in the context of auto-ignition in a turbulent flow field, Table 6
lists the determined auto-ignition delay times for both mixtures. A comparison
with pure H2 at the lowest possible pilot temperature of Tp ≈ 1040 K is also
made. The addition of 10% CO results in an increase in τ of 12%, while an
addition of 10% CH4 leads to an increase of 65%. This finding suggests that the
introduction of small quantities of CH4 has a much more significant impact on
the ignition characteristics of H2 than the corresponding introduction of CO.
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Fig. 16: Auto-ignition delay times with 90% H2 blended with CH4 or CO.

The fitted Arrhenius functions further illustrate the differences. As shown in
Table 7, the inferred relative reactivities differ significantly for the two blending
components. While the ratio of Er,H2/CH4

/Er,H2
increases to ∼ 1.65, the ratio

of Er,H2/CO/Er,H2 remains at ∼ 1.28.
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Tab. 7: Arrhenius fit for the IDT in μs and relative reactivity Er comparison
for 90% H2 based fuels.

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−Air log10(τ) = 1850
T

+ 0.6745 3.542E + 04

H2 90%− CH4 10%−Air log10(τ) = 3062
T
− 0.2668 5.861E + 04

H2 90%− CO 10%−Air log10(τ) = 2376
T

+ 0.2237 4.549E + 04

Tab. 8: Auto-ignition delay time comparison for 80% H2 based fuels.

Mixture Tp [K] τ [μs]

H2 100%−Air 1041 284.4

H2 80%− CH4 20%−Air 1041 939.7

H2 80%− CO 20%−Air 1045 358.1

3.4.5 Mixtures with 80% Hydrogen

A further substitution of H2 to produce mixtures with 80% H2 amplifies the
differences observed for the 90% H2 case. While the H2/CO mixture is barely
affected by the additional replacement, the reactivity of the H2/CH4 mixture
decreases radically. This finding agrees well, qualitatively, with the behaviour
reported by Lieuwen et al. [66]. The actual changes in the auto-ignition de-
lay times are shown in Table 8 and the addition of 20% CH4 leads to an in-
crease of auto-ignition delay time by a factor of ∼ 3.3 at a pilot temperature of
Tp ≈ 1040 K. By contrast the addition of CO results in a raise of a factor ∼ 1.3.

To relate the behaviour over a range of temperatures, a more suitable compari-
son can be obtained via the inferred relative reactivity values listed in Table 9.
The increase in blending fraction, regardless of CH4 or CO, increases the value
of Er. For the current blending ratio, the impact of the introduction of CO on
the ignition characteristic of the mixture appears straightforward since:

τH2

τH2/CO
≈ Er,H2

Er,H2/CO
(8)

However, for the case of CH4 the blending the ratio is not conserved and,
instead, the following applies:

τH2

τH2/CH4

≥ Er,H2

Er,H2/CH4

(9)

The effect suggests that the influence of CH4 on the ignition characteristic of the
mixture is more profound at lower temperatures. The finding is supported by
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Tab. 9: Arrhenius fit the IDT in μs and relative reactivity Er comparison for
80% H2 based fuels.

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−Air log10(τ) = 1850
T

+ 0.6745 3.542E + 04

H2 80%− CH4 20%−Air log10(τ) = 3973
T
− 0.8656 7.607E + 04

H2 80%− CO 20%−Air log10(τ) = 2384
T

+ 0.2695 4.562E + 04

Tab. 10: Auto-ignition delay time comparison for 70%, 60% and 50% H2 based
fuels.

Mixture Tp [K] τ [μs]

H2 70%− CH4 30%−Air 1095 1130
H2 70%− CO 30%−Air 1097 318.1
H2 70%− CO 30%−Air 1049 404.6

H2 60%− CH4 40%−Air 1115 1898
H2 60%− CO 40%−Air 1099 368.3
H2 60%− CO 40%−Air 1051 481.0

H2 50%− CH4 50%−Air 1133 2535
H2 50%− CO 50%−Air 1115 406.3
H2 50%− CO 50%−Air 1051 597.2

the slightly non-linear characteristics depicted in Fig. 17. Inferring the relative
reactivity in a narrow temperature range around 1040 K leads to a much higher
value of the reactivity barrier that sustains the ignition delay time ratio.

3.4.6 Mixtures with 70% to 50% Hydrogen

The tendencies discussed for the 90% and 80% H2 mixtures are carried forward
and further amplified with increasing blending factors. The relative reactivity
of 50% H2/CH4 mixtures is reduced to a level where a comparison at similar
temperatures is no longer possible due to the lack of overlapping measurements.
The sample auto-ignition delay times and the respective coflow temperatures
are listed in Table 10. The auto-ignition delay times for the lowest pilot tem-
perature investigated for the H2/CO mixtures are also listed in Table 10. The
reported values clearly indicate significant discrepancies between the two blend-
ing components. While ignition delay times for the H2/CO mixtures remain of
the same order as for the pure H2 case, those for H2/CH4 show much reduced
reactivity. The Arrhenius fits as well as the relative reactivity values for the
cases 70% to 50% hydrogen are shown in Table 11. The comparisons show that
the CH4 blending component introduces a much stronger temperature depen-
dency.
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Tab. 11: Arrhenius fit for the IDT in μs and relative reactivity Er comparison
for 70%, 60% and 50% H2 based fuels.

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−Air log10(τ) = 1850
T

+ 0.6745 3.542E + 04

H2 70%− CH4 30%−Air log10(τ) = 5168
T
− 1.667 9.893E + 04

H2 70%− CO 30%−Air log10(τ) = 2530
T

+ 0.1932 4.844E + 04

H2 60%− CH4 40%−Air log10(τ) = 5862
T
− 2.018 1.122E + 05

H2 60%− CO 40%−Air log10(τ) = 2835
T
− 0.01727 5.427E + 04

H2 50%− CH4 50%−Air log10(τ) = 6366
T
− 2.222 1.219E + 05

H2 50%− CO 50%−Air log10(τ) = 3029
T
− 0.1124 5.799E + 04
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Fig. 17: Auto-ignition delay times for 80% H2 mixtures with a comparison of
the impact of CH4 and CO blending.
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Fig. 18: Auto-ignition delay times for 70% H2 mixtures with a comparison of
the impact of CH4 and CO blending.
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Fig. 19: Auto-ignition delay times of 60% H2 mixtures with a comparison of the
impact of CH4 and CO blending.



3 Auto-Ignition of Hydrogen Rich Mixtures in Hot Combustion Products 34

0.75 0.80 0.85 0.90 0.95 1.00
1000/T [K-1]

2.00

2.25

2.50

2.75

3.00

3.25

3.50

3.75

4.00

lo
g 10

(τ
) [

μs
]

H2 50% - CH4 50% - Air

H2 50% - CO 50% - Air

Fig. 20: Auto-ignition delay times of 50% H2 mixtures with a comparison of the
impact of CH4 and CO blending.

The log10(τ) versus the reciprocal temperature is plotted for all three blending
ratios in Figs. 18, 19 and 20 for decreasing values of the H2 mole fraction. While
the slope of the H2/CO mixture, depicted in Fig. 18, is close to be perfectly
linear, the gradient in the H2/CH4 line is a function of temperature. This
suggests that the addition of 30% CH4 introduces a temperature dependency
on the ignition characteristics. The same behaviour is observed in Fig. 19,
which shows the impact of a 40% blending factor. As shown in Fig. 20, the
non-linearity of the H2/CH4 remains present for the 50/50 mixture. However,
it is also evident that by then a slight non-linearity as a function of the coflow
temperature is also introduced for the H2/CO mixture. This suggests that the
impact of CO blending is also gradually becoming dependent on the coflow
temperature, but at much higher dilution levels as compared CH4. The finding
suggests that the ignition characteristics of the mixture has moved into the
transition regime for blending factors > 50% CO.

3.4.7 Mixtures with 40% Hydrogen

The mixtures consisting of 60% CH4 and 60% CO continue the trend discussed
above. Thus the effect of CH4 addition remains significantly stronger than for
CO. However, as compared to the 50% H2 cases, the influence of CO on the
mixture reactivity is amplified as shown in Table 12. It should also be noted
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Tab. 12: Auto-ignition delay time comparison for 40% Hydrogen based fuels

Mixture Tp [K] τ [μs]

H2 40%− CH4 60%−Air 1171 2501

H2 40%− CO 60%−Air 1044 862.7

that at the higher coflow temperatures required to stabilise the CH4 flames, the
slope becomes essentially linear. The difference in reactivity is also evident from
the values of the relative reactivity. The significantly larger gradient obtained
for H2/CH4 is evident.
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Fig. 21: Auto-ignition delay times for 40% H2 mixtures with a comparison of
the impact of CH4 and CO blending.

As suggested for the 50% H2/CO mixture, the impact of CO on the ignition
characteristic of the mixture becomes apparent exceeding 50% CO. This is
supported by the slope of H2/CO in Fig. 21. It is evident that the log10(τ) has
a certain non-linearity with respect to reciprocal coflow temperature, which,
once again, is an indicator that the ignition characteristics of CO manifests
itself increasingly with decreasing temperature.
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Tab. 13: Arrhenius fit for the IDT in μs and relative reactivity Er comparison
for 40% hydrogen based fuels

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 40%− CH4 60%−Air log10(τ) = 6360
T
− 2.037 1.217E + 05

H2 40%− CO 60%−Air log10(τ) = 2986
T

+ 0.01974 5.716E + 04

3.4.8 Hydrogen Blending with Methane and Nitrogen Dilution

The composition of syngas is strongly dependent on the primary feedstock, i.e.
coal, biomass, waste, but also on the process, e.g. gasifying agent. While oxyfuel
gasification produces a rather clean gas, only traces of diluents are present in
such a feedstock while gasification with air leads to a high N2 content. The
dilution introduces an inert mass which, compared to the non-diluted case,
reduces the fuel concentrations, adds a heat sink into the mixtures, and affects
third body reactions. A definition for the auto-ignition delay time which allows
such effects is commonly used as discussed by Spadaccini [68].
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Fig. 22: Flame lift-off heights for H2 based fuel blends with N2 dilution and
increased CH4 content.
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Tab. 14: Fuel mixtures investigated for H2/CH4 blends with further N2 dilu-
tion.

Mixture uj [m/s] χH2 χCH4 χCO χN2 χAir

H2 100%−N2 −Air 95.54 0.1581 0.0000 0.0000 0.3715 0.4704
H2 90%− CH4 10%−N2 −Air 93.60 0.1136 0.0126 0.0000 0.3856 0.4882
H2 80%− CH4 20%−N2 −Air 92.37 0.0840 0.0210 0.0000 0.3950 0.5000
H2 70%− CH4 30%−N2 −Air 91.52 0.0630 0.0270 0.0000 0.4016 0.5084
H2 60%− CH4 40%−N2 −Air 90.90 0.0470 0.0315 0.0000 0.4066 0.5147
H2 50%− CH4 50%−N2 −Air 90.43 0.0349 0.0349 0.0000 0.4105 0.5197
H2 40%− CH4 60%−N2 −Air 90.06 0.0251 0.0377 0.0000 0.4136 0.5236
H2 0%− CH4 100%−N2 −Air 89.13 0.0000 0.0448 0.0000 0.4215 0.5336

The frequent appearance of highly diluted syngas necessitates an investigation
of the impact upon the reactivity of fuel blends. In the current work, the fuel
mixtures discussed above were diluted with N2 with the added mole fraction
calculated via Eq. (3). The resulting mole fractions, along with the jet velocity,
of the fuel mixtures H2/CH4/N2 studied in this section are listed in Table 14.
As shown here, the fuel mole fractions, and therefore concentrations, are con-
siderably reduced compared to the non-diluted mixtures.
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Fig. 23: Auto-ignition delay times for H2 based fuel blends with N2 dilution and
increased CH4 content.
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Tab. 15: Linear functions fitted to the logarithm of the IDT in μs and calculated
relative reactivity Er for H2/CH4/N2 fuel blends

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−N2 −Air log10(τ) = 2947
T
− 0.1358 5.641E + 04

H2 90%− CH4 10%−N2 −Air log10(τ) = 4740
T
− 1.505 9.074E + 04

H2 80%− CH4 20%−N2 −Air log10(τ) = 4755
T
− 1.183 9.102E + 04

H2 70%− CH4 30%−N2 −Air log10(τ) = 5596
T
− 1.721 1.071E + 05

H2 60%− CH4 40%−N2 −Air log10(τ) = 5889
T
− 1.761 1.127E + 05

H2 50%− CH4 50%−N2 −Air log10(τ) = 5012
T
− 0.8478 9.596E + 04

H2 40%− CH4 60%−N2 −Air log10(τ) = 4999
T
− 0.7394 9.570E + 04

H2 0%− CH4 100%−N2 −Air log10(τ) = 5577
T
− 0.7401 1.068E + 05

The measured flame lift-off heights are shown in Fig. 22 and it is evident that
the substitution of H2 with CH4 has, similar to the non-diluted case, a strong
impact on the mixture reactivity. It can also be observed that the impact of
CH4 blending is more pronounced for the N2 diluted mixtures. Such an effect
can be expected since dilution generally slows down the reaction progress re-
sulting in a larger flame lift-off height. A comparison of the pure H2/N2 blend
with a mixture containing 10% CH4 shows a sharp increase of the flame lift-off
height. The findings reported in Fig. 22 suggest that a blending factor of only
10% CH4 has a strong influence on the mixture reactivity with the diluted mix-
ture already located in the transition regime, while the non-diluted fuel blend
remains in the H2 dominated regime. For higher CH4 blending factors, the
influence of N2 dilution is also evident from the need to use higher coflow tem-
peratures to achieve similar flame lift-off heights as compared to the undiluted
cases. This follows from the fact that the maximum feasible flame lift-off height
is reached at much lower fuel blending factors than for the non-diluted cases.
In the extreme example of 100% CH4, the investigated temperature range is
1355 K < Tp < 1425 K for the non-diluted mixture, while the diluted mixture
required a temperature range of 1380 K < Tp < 1480 K.

The auto-ignition delay times, determined as discussed above, are shown in
Fig. 23. The linearity as a function of reciprocal temperature is maintained
with N2 dilution. However, the actual auto-ignition delay time, its slope, and
therefore the relative reactivity Er, is affected by the dilution. A more detailed
comparison between the diluted and non-diluted mixtures can be found below.
The fitted logarithmic Arrhenius functions are shown in Table 15 along with
the determined relative reactivity. The functions indicate a continuous increase
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Tab. 16: Fuel mixtures investigated in the scope of H2/CO blending and further
N2 dilution

Mixture uj [m/s] χH2 χCH4 χCO χN2 χAir

H2 100%−N2 −Air 95.54 0.1581 0.0000 0.0000 0.3715 0.4704
H2 90%− CO 10%−N2 −Air 94.75 0.1423 0.0000 0.0158 0.3715 0.4704
H2 80%− CO 20%−N2 −Air 93.97 0.1265 0.0000 0.0316 0.3715 0.4704
H2 70%− CO 30%−N2 −Air 93.21 0.1107 0.0000 0.0474 0.3715 0.4704
H2 60%− CO 40%−N2 −Air 92.47 0.0949 0.0000 0.0632 0.3715 0.4704
H2 50%− CO 50%−N2 −Air 91.74 0.0791 0.0000 0.0791 0.3715 0.4704
H2 40%− CO 60%−N2 −Air 91.04 0.0632 0.0000 0.0949 0.3715 0.4704
H2 30%− CO 70%−N2 −Air 90.35 0.0474 0.0000 0.1107 0.3715 0.4704

of the gradient, and therefore relative reactivity up to 40% CH4 addition. The
relative reactivity barriers (Er) for mixtures ofH2 ≥ 60% are consistently higher
than the values for the non-diluted cases.
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Fig. 24: Flame lift-off heights for H2 based fuel blends with N2 dilution and
increased CO content.

3.4.9 Hydrogen Blending with Carbon Monoxide and Nitrogen Dilution

The impact of N2 dilution on H2/CO fuel blends was also investigated by ap-
plying the method shown in Eq. (3). The mixture compositions for all cases are
listed in Table 16. The dimensionless flame lift-off heights for the listed mixtures
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are shown in Fig. 24. The impact of CO addition to diluted H2 mixtures sug-
gests a slightly different behaviour compared to the non-diluted counterparts.
It is evident that small quantities of CO (e.g. 10%) have noticeable impact on
the mixture reactivity and, therefore, flame lift-off heights. The curves are also
more spread out, i.e. an increasing CO fraction has a more distinct impact on
the flame lift-off height than observed for the non-diluted counterpart. How-
ever, since the 100% H2/N2 mixture already features a significantly decreased
reactivity it can be suggested that the dilution effect is rather strong in the
current system where the dynamics between mixture reactivity and flow comes
to the fore.
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Fig. 25: Auto-ignition delay times for H2 based fuel blends with N2 dilution and
increased CO content.

The auto-ignition delay times for the H2/CO/N2 mixtures are shown in Fig. 25.
It is evident that, similar to the non-diluted mixtures, low CO fuel fractions have
a very moderate impact on the mixture ignition characteristics. It is obvious
that up to and including the 70% H2/30% CO mixture, the reactivity of hydro-
gen dominates the mixture reactivity. Starting with the 60% H2/40% CO mix-
ture, the slopes of the auto-ignition delay time curves show a slight non-linearity
which indicates the increasing influence of CO on the mixture reactivity. The
fitted Arrhenius functions along with the determined values for the relative re-
activity are shown in Table 17. The relative reactivity increases consistently
with an increasing H2 substitution. It is evident that at a fuel blending ratio of
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Tab. 17: Linear functions fitted to the logarithm of the IDT in μs and calculated
relative reactivity Er for H2/CO/N2 fuel blends

Mixture Arrhenius Fit [μs] Er [J/mol]

H2 100%−N2 −Air log10(τ) = 2947
T
− 0.1358 5.641E + 04

H2 90%− CO 10%−N2 −Air log10(τ) = 3105
T
− 0.2077 5.945E + 04

H2 80%− CO 20%−N2 −Air log10(τ) = 3335
T
− 0.3564 6.384E + 04

H2 70%− CO 30%−N2 −Air log10(τ) = 3449
T
− 0.3909 6.602E + 04

H2 60%− CO 40%−N2 −Air log10(τ) = 3483
T
− 0.3592 6.668E + 04

H2 50%− CO 50%−N2 −Air log10(τ) = 4050
T
− 0.8018 7.754E + 04

H2 40%− CO 60%−N2 −Air log10(τ) = 4436
T
− 1.071 8.492E + 04

H2 30%− CO 70%−N2 −Air log10(τ) = 4952
T
− 1.452 9.479E + 04

60% H2/40% CO/N2 a distinct shift is observed in the increase of the relative
reactivity barrier. The relative reactivity of the mixtures are approximately
governed by Eq. (10):

Er = m · χH2
+ t for H2 ≥ 60%

Er = 3.4 ·m · χH2
+ 1.45 · t for H2 ≤ 60%

(10)

where m and t are the gradient and intercept, respectively, obtained via least
squares linear fit to the data.

3.4.10 The Impact of Dilution on Mixture Reactivity

The N2 dilution effects on the current fuel lean premixed flames of binary H2

based fuel blends are analysed further in the current section. The influence
of N2 dilution on a pure H2 premixed flame is considered first. At the lowest
coflow temperature, the flame corresponding to the non-diluted case is stabilised
at a lift-off height of X/D = 6.846 (τ = 284 μs), while N2 dilution results
in stabilisation at X/D = 11.32 (τ = 492 μs). The corresponding increase is
∼ 65%. The lower reactivity of the diluted cases is the result of a broadening
of the reaction zone due to heat extraction by the inert gas. The effect of N2

dilution on pure H2 is illustrated in Fig. 26 in terms of the auto-ignition delay
time. The results show that the N2 diluted mixture exhibits a significantly lower
reactivity and therefore a longer auto-ignition delay time at a constant coflow
temperature.
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Fig. 26: Effect of N2 dilution on auto-ignition delay times of 100% H2 mixtures.
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Fig. 27: Effect of N2 dilution on auto-ignition delay times of fuel mixtures with
90% H2/10% CH4.
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Tab. 18: Effect of N2 dilution on the relative reactivity and auto-ignition delay
time of fuel blends with 90% H2/10% CH4

Mixture Tp [K] X/D τ [μs]

H2 90%− CH4 10%−Air 1043 10.87 469.9

H2 90%− CH4 10%−N2 −Air 1048 25.98 1076

(a) (b)

Fig. 28: OH∗ Chemiluminescence: (a) H2 90%−CH4 10% at Tp ≈ 1075 K; (b)
H2 90%− CH4 10%−N2 at Tp ≈ 1075 K

A fuel blending fraction of 10% CH4 had a modest effect on the ignition
characteristics of non-diluted mixtures, while the diluted corresponding mix-
ture showed a significant impact. The flame lift-off heights for the cases of
90% H2/10% CH4 and 90% H2/10% CH4/N2 are shown in Fig. 27. The di-
mensionless lift-off height is chosen here as an illustration. A small amount of
CH4 blending introduces a significant shift for the non-diluted case. The effect
is amplified with N2 dilution as the fuel concentrations are significantly reduced
which has a direct impact on the amount of heat release and the auto-ignition
delay time. The earlier discussed effect of the separation of the reaction zones
is more distinct for the N2 diluted case. This finding and the stretching of the
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Tab. 19: Effect of N2 dilution on the relative reactivity and auto-ignition delay
time of fuel blends with 60% H2/40% CO

Mixture Tp [K] X/D τ [μs]

H2 60%− CO 40%−Air 1051 10.79 481.0

H2 60%− CO 40%−N2 −Air 1053 21.97 989.1

reaction zone is illustrated in Fig. 28. To quantify the difference in reactivity,
Table 18 lists the dimensionless flame lift-off height and the determined auto-
ignition delay time for both mixtures. An increase in the auto-ignition delay
time by a factor of ∼ 2.5 is observed for the N2 diluted scenario.
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Fig. 29: Effect of N2 dilution on auto-ignition delay times for fuel mixtures with
60% H2/40% CO.

Results for the case with CO blending is shown in Fig. 29 shows the effect of
N2 dilution on a mixture of 60% H2/40% CO. As discussed previously, the
ignition characteristics of CO becomes more predominant as indicated by the
extended reaction zone. At higher temperatures, the evident linearity suggests a
predominant H2 ignition regime, while at lower temperatures the impact of CO
becomes apparent and the mixture is transferred into the transition regime. A
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reason for this behaviour might be the difference in auto-ignition temperatures
of the separate components or a failure by the hydrogen component to release
sufficient energy on a suitable time scale to trigger ignition of the carbon con-
taining fuel mixture component. Such an observation is consistent with noted
differences in behaviour between CO and CH4 and should ideally be investi-
gated further. The effect can be inferred from the emerging non-linearity at
lower temperatures which indicates the increasing impact of CO blending on
the ignition characteristics of the mixture. Therefore, dilution appears to have
an indirect influence on the ignition characteristics of H2/CO mixtures through
a delayed auto-ignition. The actual auto-ignition delay times and dimensional
flame lift-off heights are shown in Table 19. The auto-ignition delay time in-
creases by a factor of ∼ 2 for the N2 diluted case. The OH∗ chemiluminescence
of the 60% H2/40% CO is shown in Fig. 30 which supports the discussion of an
extended reaction zone for the diluted case.

(a) (b)

Fig. 30: OH∗ Chemiluminescence: (a) H2 60%− CO 40% at Tp ≈ 1051 K; (b)
H2 60%− CO 40%−N2 at Tp ≈ 1053 K

As detailed in the discussion above, the N2 dilution of turbulent lean premixed
flames has a significant impact on the flame lift-off height. This is primarily
due to the extraction of heat from the reaction zone by the diluent which,
consequently, slow down the reaction progress and results in a broadening effect
of the reaction zone. In terms of the auto-ignition delay time, the introduction of



4 Discussion of Ignition Delay Times and Auto-ignition in Turbulent Flows 46

a diluent reduces the concentration of fuel components which, in turn, affect the
ignition delay. Overall, the current experimental series has served to emphasise
the importance of dilution effects in the context of flowing systems.

4 Discussion of Ignition Delay Times and Auto-ignition in
Turbulent Flows

The current study has investigated the impact on fuel reactivity of the gradual
dilution of hydrogen with either methane or carbon monoxide. To this effect,
ignition delay times and times to auto-ignition were obtained, respectively, in a
shock tube and in a turbulent shear driven flow. The shock tube experiments
were conducted at Stanford University under conditions corresponding to mea-
surements normally used to determine chemical rate constant data as outlined
in Section 2. The turbulent flow experiments were conducted using a Cabra
burner geometry with auto-ignition occurring in a turbulent shear layer formed
between a fuel jet and hot combustion products as outlined in Section 3 The re-
sults obtained under turbulent conditions suggest that the reactivity of CH4/H2

blends becomes dominated comparatively rapidly by the CH4 component. By
contrast, CO mixtures remain much more reactive over the entire range of con-
ditions and a CO content of up to 50% has a modest impact on the time to
ignition. The impact of nitrogen dilution was also studied and results suggest
that dilution effects become particularly important in the context of triggering
the heat release from carbon containing species.

Both studies show that the difference between dilution with CO and CH4 is
significant to the point where it becomes a primary parameter in any safety
assessment associated with the risk of ignition - irrespective of the flow field
conditions. It has also been shown that comparatively small amounts of added
CH4 cause a decline in mixture reactivity when mixed with hydrogen. As well as
excellent qualitative agreement between the two studies, quantitive comparisons
of the time to ignition in both configurations reveal a surprisingly good level of
agreement. However, firm conclusions can only be made after extrapolation of
the Stanford shock tube data from 1.7 atm to 1 atm as ignition delay times are
pressure dependent and tend to reduce with an increase in pressure. Such an
extrapolation should ideally be preceded by improvements to the arguably best
available chemical reaction mechanisms as already applied. Irrespective of such
concerns, the purely chemical kinetic data shows that hydrogen addition to CO
mixtures essentially provides a synergetic effect with mixtures of up to 60% CO
effectively providing the same ignition delay as pure hydrogen mixtures down
to temperatures around 940 K. Furthermore, the studies of auto-ignition in the
turbulent shear layer has revealed the case dependent presence of two reaction
zones with the hydrogen content important in triggering the subsequent heat
release associated with the methane component. By contrast, mixtures featur-
ing carbon monoxide do not appear to exhibit such behaviour.
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5 Turbulent Burning Velocities for Hydrogen Mixtures with
Methane and Carbon monoxide

The propensity of fuel mixtures to ignite is a key aspect of any assessment of
their reactivity. However, it is not sufficient in the current context where the
strength of the subsequent deflagration and the propensity to cause a deflagra-
tion to detonation transition also needs to be assessed. The current part of the
report investigates the strength of the resulting deflagrations as characterised
by the turbulent burning velocity. The fuel mixtures investigated are nearly
identical to the blends covered in Section 3. The H2/CH4 fuel blends cover
the full range between the pure components and with intermediate steps of
90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 20/80. The H2/CO blends cover
mixtures of 90/10, 80/20, 70/30, 60/40, 50/50, 40/60 and 30/70. The impact
of dilution with nitrogen on the reactivity of the fuel blends was also studied.
The currently used opposed jet configuration [47] is arguably the ideal geom-
etry to determine turbulent burning velocities, see Section 1, and the current
report includes a summary of the experimental configuration along with the se-
lected conditions. The post-processing techniques are also outlined along with
a discussion of the experimental results and their relationship to the studies of
ignition delay time and auto-ignition data discussed in Sections 2 and 3.

Given the extreme reactivity range covered, from pure hydrogen-air to pure
methane-air mixtures, an effort is also made to generalise the experimental re-
sults by investigating comparatively simple normalisation factors derived from
theoretical studies of turbulent flame propagation. To this effect, the corre-
sponding laminar flame properties have also been computed.

Fig. 31: The current opposed jet configuration.
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5.1 Experimental configuration

5.1.1 Burner configuration

The opposed jet configuration is shown in Fig. 31 and a schematic given in
Fig. 32. The current burner arrangement has previously been used by Geipel et
al. [35] and Goh et al. [47, 69] and is a development of that used in preceding
studies by Sardi et al. [30], Geyer et al. [41] and Lindstedt et al. [70, 71]. The
burner configuration consists of two identical opposing nozzles with an inner
diameter D = 30 mm and a length L = 50 mm. Both nozzles are water cooled
to avoid preheating of the reactants and to prevent nozzle damage. The nozzle
separation (H), the distance between the two nozzle exits, is set to one nozzle
diameter following the parametric studies of Luff [72] in order to remove flow
instabilities. Enhanced turbulence levels are generated by the introduction of
grids located 50 mm upstream of the nozzle exit. The characteristics of the
grids are discussed further below.
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Fig. 32: Schematic opposed jet burner configuration.

The current part of the investigation seeks to clarify the impact of differences
in fuel reactivity caused by increasing H2 addition on the strength of turbu-
lent deflagrations. Given the wide range of reactivities, it was found necessary
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Tab. 20: Conditions in lower nozzle featuring hot combustion products

Parameter Value Unit
Blockage ratio TGP 0.45 −
Hole diameter TGP 4.00 mm
Blockage ratio FCG 0.65 −
Thickest fractal bar 2.00 mm
Thinnest fractal bar 0.50 mm

to carefully consider the applied configuration in order to provide a consistent
comparison basis. A preheat configuration, previously performed by Geipel et
al. [73] and Goh et al. [47] was chosen over the conventional twin flame config-
uration used by Geyer et al. [41] and Lindstedt et al. [70]. The configuration
has been shown [47] to provide consistent turbulent burning velocities and offer
some considerable advantages in the current context:

• Cases can be compared on a basis of identical flow conditions with a
constant exit bulk velocity from the upper nozzle generating a narrow
range of turbulent velocity fluctuations.

• Constant conditions of the hot combustion products emerging from the
lower nozzle further enhances the comparability of results.

• The point of transition of a self-sustaining propagating turbulent flame to
distributed reaction in the hot combustion products can be assessed as a
function the mixture stoichiometry and hence provide a further indicator
of mixture reactivity.

• All fuel gases injected from the upper nozzle are combusted which is a
safety requirement when investigating mixtures with H2 and CO.

The hot combustion products merging from the lower nozzle were generated
using premixed H2 − CH4 flames stabilised on a turbulence generating (perfo-
rated) plate (TGP) fitted into the lower nozzle (LN). The composition of the
combustion products, including the oxygen residual, has been shown not to exert
a strong impact on the combustion behaviour [74] even for non-self-sustaining
flames. The principal impact is hence to provide a source of heat to deliver the
advantages discussed above. Furthermore, for self-sustaining flames propagat-
ing away from the hot combustion products, the case of greatest interest in the
current study, the impact can be expected to be minimal [47].

A sintered plate with mean and maximum pore sizes of 37 μm and 155 μm was
installed upstream of the perforated plate as an additional safety measurement
and acts as flame arrestor should flashback occur. A fractal cross grid (FCG)
with a blockage ratio of approximately 65%, based on a design of Hurst and
Vassilicos [46], was installed in the upper nozzle (UN). Geipel et al. [35] have
shown that fractal grids can provide a strong increase in turbulence intensity
as compared to conventional perforated plates and hence provide a distinct
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advantage in the current context. The perforated plate and the fractal grid are
shown in Fig. 33 and details given in Table 20.

Fig. 33: Turbulence generating grids; Left: Conventional turbulence generating
plate; Right: Fractal cross grid.

5.1.2 Flow control system

To control experimental parameters and perform shutdown, if required, a pur-
pose designed LabView [58] interface was programmed in similar manner to
that reported previously [75]. The interface allows an accurate setting of oper-
ating conditions, the monitoring of flow rates and temperatures and also writes
essential parameters to a log file. The velocities, equivalence ratios, unburned
gas densities and molecular weights (MW) of the reactant streams, as well as
the estimated residual O2 concentration in the hot combustion products, are
also calculated during operation and are displayed for monitoring purposes. All
flow rates were accurately regulated using nine mass flow controllers (MFCs)
from the Bronkhorst EL-FLOW Select series [59] each with an error of less
than ±0.5% of full scale. The communication between the MFCs and the Lab-
View interface was established through a Readout/Control unit Type E-7000
that provides power and signal transfer to each MFC via a flow-bus system.
All gases, including air delivered from Howden compressors, were supplied at a
pressure of 4.0 bar(g).

All mass flow controllers, with the exception of the air supply for the upper
nozzle, were directly connected to the gas mixing manifolds for the lower and
upper nozzles to minimise the number of connections. Helium pressure tested
stainless steel flexible tubing was used for all fuels (H2, CH4, and CO) while
Polytetrafluoroethylene (PTFE) hoses were used for air and nitrogen. The MFC
for the air supply to the upper nozzle was connected to a custom built fluidised
bed solid particle seeder with an additional bypass control. The seeded flow
was subsequently passed into the gas mixing manifold of the upper nozzle. The
Al2O3 particles exhibit a diameter of ∼ 3 μm and the characteristics have been
discussed by Goh et al. [47] among others. The purposed designed gas mixing
manifolds allow for the injection of five separate gases along with a carrier gas.
The inlet pipes into the gas mixer are equipped with non-return valves for each
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inlet stream in order to eliminate back flow into the supply pipes. The non-
return valves were obtained from Swagelok [76] and feature a cracking pressure
of ∼ 69 kPa or ∼ 172 kPa depending on the stream. In the lower nozzle, the
gas mixture is directed from the mixing manifold to the burner nozzle via the
sintered and perforated plates. The perforated plate, used to stabilised the lean
premixed flames in the lower nozzle, was mounted downstream of the sintered
plate and 50 mm upstream of the nozzle exit. The upper nozzle is prepared
with a similar gas mixing system with only a difference in pipe length due the
available space and the absence of the non-return valve of the air supply line.
The latter is inevitable as the air of the upper nozzle carries aluminium oxide
Al2O3 seeding particles for the turbulence measurements. However, for safety
reasons a non-return valve for the air supply pipe is installed before the seeding
of the flow. The use of solid particles in the upper stream also prevents the
use of a sintered plate in the upper nozzle. Hence, the flow after the gas mixer
is injected into the nozzle and exits directly through the fractal turbulence
generating grid. A typical flame location for this experimental configuration is
shown in Fig. 34.

Fig. 34: Typical flame position of the reactants injected from the upper nozzle
stabilised against the hot combustion products emerging from the lower
nozzle.

5.2 Experimental conditions and procedure

The primary objective of the current work package is to determine the turbu-
lent burning velocity (ST ) for different binary H2/CH4 and H2/CO fuel blends.
Initial investigations were performed to define the boundary conditions for the
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mixture with highest and lowest reactivity in order to specify appropriate oper-
ating conditions. The mixture with the lowest reactivity, pure CH4, limits the
minimum temperature of the combustion products emerging from the lower noz-
zle. A further reduction in temperature results in non-self-propagating flames
and a regime transition to flameless combustion. The point of transition is of
interest as it provides additional information concerning the reactivity of the
mixture, but does not constitute the main topic of the current investigation.
The most reactive mixture, pure H2, determines the minimum outflow velocity
required in the upper nozzle to avoid flashback. The determined conditions are
listed in Table 21 and were applied for the whole mixture matrix. The operating
procedure was defined as follows:

1. The air flow rates for the lower and upper nozzles were set to obtain
unburnt gas velocities of 1 m/s and 4 m/s, respectively.

2. Ignite the mixture after injecting CH4 into the lower nozzle to achieve an
equivalence ratio of Φ = 0.80 while scaling the flow rates to maintain an
unburnt gas velocity of 1 m/s.

3. Increase the unburnt gas velocities in the lower and upper nozzles in a
stepwise manner while gradually substituting CH4 with H2 in the lower
nozzle with only air injected into the upper nozzle. To avoid flashback in
the lower nozzle, the equivalence ratio is adjusted to achieve the operating
conditions specified in Table 21.

4. Once the operating condition has been reached, the required fuel mixture
is introduced in the upper nozzle. Initially, a very lean mixture with the
correct fuel ratio (e.g. 50% H2/50% CH4) is introduced using a signifi-
cantly lower flow rate.

5. Subsequently, the equivalence ratio is gradually increased until a self-
propagating flame is stabilised. This condition defines the first measure-
ment point for each mixture.

6. The equivalence ratio is then increased until the flashback limit is reached,
which defines the last measurement point for each mixture.

The above procedure was repeated for all mixtures.

5.3 Measurement and Analysis Arrangements

A particle image velocimetry (PIV) system (LaVision FlowMaster) [58] was
applied to investigate the axial and radial velocity components of the flow. A
Litron Nano LG 175-10 PIV Nd:YAG laser [77] was used to illuminate the central
plane between the two nozzles. The near and far field of the laser beam was
adjusted by means of two mirrors and subsequently parallelised using a set of
convex and concave spherical lenses with a focal length of +125 and −100 mm
respectively. The beam was passed through light sheet optics from LaVision
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Tab. 21: Conditions in lower nozzle featuring hot combustion products.

Parameter Value Unit
Ub,LN 3.000 m/s
Tb,LN 1638 K
T ′
b,LN 7.124 K

ΦLN 0.600 −
χAir,LN 90.79 %
χH2,LN 4.605 %

χCH4,LN 4.605 %

with an adjustable focus between 0.3− 2 m using a cylindrical lens with a focus
length of −20 mm. The light sheet is directed by a third mirror which mounted
on a precision linear adjuster onto the vertical central plane between the nozzles.
The laser sheet thickness was approximately 0.3 mm in the interrogation region.
The optical setup, shown in Fig. 35, allows a high level of flexibility and accurate
adjustment of the laser sheet. The flow field was recorded using an interline-
transfer CCD-camera (LaVision Intense Camera [57]) with an acquisition size
of 1376×1040 pixels. The interrogation region, using a 100 mm Nikon lens, was
approximately 40x30 mm. The aperture of the lens was set to f5.6, optimising
the depth of view and the captured light. In addition, a 99% optical filter plus
a 3 nm bandwidth filter for a wavelength of 532 nm were mounted in front of
the lens to minimise noise (e.g. from CH-chemiluminescence).
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Fig. 35: Optical setup to perform PIV, with M1, M2, M3 indicating mirrors to
direct the laser beam while LSO represents the light sheet optics. The
light sheet is vertical but is here, for illustration purposes, rotated by
90 degrees.
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Tab. 22: Reynolds number and turbulent Reynolds number range, where Re =
(Ub.UN ·D)/νu and Ret = (u′ · LI)/νu and Ub,UN = 9.0 m/s.

Mixture Φ νu Re Ret
[−] [m2/s] [−] [−]

H2 100%−Air 0.35 1.776E − 05 1.521E + 04 285.9
H2 0%− CH4 100%−Air 0.80 1.585E − 05 1.704E + 04 320.4

LaVision software (Davis 8.0) was used to control the timing of the laser
and the camera. The timing between the double laser pulses was found to be
optimum at Δt = 25 μs for the current flow conditions. Following the data
acquisition, a dark image subtraction was performed to enhance the signal to
noise ratio and a purpose derived algorithmic mask was applied to segregate
the upper stream from the lower stream. The PIV vectors were obtained via a
multipass cross-correlation with decreasing interrogation window size starting
from 128 × 128, via 64 × 64 down to 32 × 32 pixels. A 50% overlap of the
windows resulted in a vector spacing of 0.45 mm. For each set of conditions,
1000 double frame images were captured to assure statistically independent
data. The limiting corresponding Reynolds numbers are given in Table 22.

5.4 Post-processing

The turbulent burning velocity was determined using a purpose written line
based flame front detection algorithm applied along the burner centreline. The
algorithm involves the following steps:

1. Import instantaneous velocity vector profiles to calculate the mean axial
(U) and radial (V ) velocities.

2. Determine the velocity fluctuations u′u′, v′v′ and u′v′ via Eq. (11).

3. Import the instantaneous Mie scattering intensity profiles along the cen-
treline and binarise the occurrence of reactants (1) and products (0).

4. The location of the instantaneous flame front is subsequently found iter-
atively by applying a moving average filter with a decreasing smoothing
span from 64 down to 8 neighbouring pixels.

5. The mean flame front location is determined from the probability of the
instantaneous locations.

6. Determine the reaction rate progress (c) variable using the obtained in-
stantaneous flame front location.

7. The calculation of the reaction progress allows the determination of condi-
tional velocities along the centreline with the mean reactant axial Ur and
radial velocity Vr profiles obtained along with the conditional velocity
fluctuations u′

ru
′
r, v

′
rv

′
r, u

′
rv

′
r, u

′
pu

′
p, v

′
pv

′
p and u′

pv
′
p (see Eq. (12)).
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8. The turbulent burning velocity was determined using the isocontour c =
0.50 by mapping the reaction rate progress variable onto the velocity field
with the turbulent burning velocity inferred from the matching reactant
velocity.

The equations corresponding to the the above procedure as used in the data
processing are shown below.

U =
∑

Ui

N

V =
∑

Vi

N

u′u′ =
∑

(Ui−U)2

N

v′v′ =
∑

(Vi−V )2

N

u′v′ =
∑

(Ui−U)·(Vi−V )
N

(11)

The values obtained for the turbulent burning velocity directly provide an indi-
cation of the reactivity of the mixture and is also used as basis for the assessment
of scaling relationships in the following section.

Ur =
∑

(1−ci)·Ui

N

Up =
∑

ci·Ui

N

Vr =
∑

(1−ci)·Ui

N

Vp =
∑

ci·Ui

N

u′
ru

′
r =

∑
((1−ci)·(Ui−Ur)

2

N

u′
pu

′
p =

∑
ci·(Ui−Up)

2

N

v′rv′r =
∑

(1−ci)·(Vi−Vr)
2

N

v′pv′p =
∑

ci·(Vi−Vp)
2

N

u′
rv

′
r =

∑
(1−ci)·(Ui−Ur)·(1−ci)·(Vi−Vr)

N

u′
pv

′
p =

∑
ci·(Ui−Up)·ci·(Vi−Vp)

N

(12)

5.5 Scaling relationships for the turbulent burning velocity

Significant differences in mixture and burning properties, e.g. the unburned gas
density (ρu), laminar burning velocity, diffusivity, are inherent in the current
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investigation due to the wide range of mixture reactivities. A detailed summary
of all investigated gas mixtures is presented in Section 5.7.

Classical theories for turbulent combustion resulting in eddy breakup based
models for the reaction rate source term (e.g. Spalding [78, 79]) only provide a
scaling of the turbulent burning velocity based on the velocity fluctuations. The
latter is kept constant in the current set of experiments and hence the current
results provide a direct indication of the deviation from the classical limit. It
should be pointed out that eddy break up based models are still frequently ap-
plied in the context of turbulent combustion and that such models are strictly
limited to cases to fuels with similar chemistry.

Multiple definitions of the turbulent burning velocity (e.g. Bray [80]) have
been advanced and Driscoll [81] showed that the definitions of Shepherd and
Cheng [82] and Lawn and Schefer [83] are not equivalent. Goh et al. [69] de-
termined the local displacement speed of twin premixed opposed jet turbulent
flames, from lean methane and propane flame measurements, using velocity-
scalar statistics along the burner centreline derived from density segregation
technique of Goh et al. [84]. The different definitions introduced by Bray [80],
as well as Lawn and Schefer [83], were implemented. Driscoll [81] also proposed
using the local minimum in the mean velocity profile in the opposed jet geom-
etry as an indication of the leading edge location. However, local minima tend
to be less prominent for lean flames with φ ≤ 0.8. Hence, the local minima
in the gradient of the axial velocity was used to determine the burning veloc-
ity [69]. The resolved values of turbulent burning velocities can normalised with
corresponding values of axial velocity fluctuations in accordance with classical
theories [78, 79]. All experimental methods of determining turbulent velocities
were shown to agree with differences of ± 10%, which was considered reasonable
as the profile of progress variable was asymptotic at the leading edge, and hence
relatively difficult to determine [69].

The turbulent burning velocity has also been analysed theoretically using a
Kolmogorov, Petrovskii and Piskunov (KPP) type approach [85] and an eigen-
value analysis [86]. The resulting scaling is given in Eq. (13) for the fractal
rate expression of Lindstedt and Sakthitharan [87], which introduces the ratio
of the laminar burning (SL) and the Kolmogorov (Vκ) velocities. The following
customary constant values [37] are compatible with an eddy viscosity approx-
imation for the flow: Cμ = 0.09, and CR 	 4. The customary KPP limit
eigenvalue (Λ = 2) is also applied. σSc is the Schmidt number, and u′ the tur-
bulent velocity fluctuations. The Kolmogorov velocity can be calculated from
the kinematic viscosity (ν) and the dissipation (ε) of the turbulent kinetic en-
ergy. The dissipation was estimated applying the method developed by George
and Hussein [88]. The same method was used by Goh et al. [69], and it was
shown that this approximation produced reasonable agreement with experimen-
tal values, with maximum differences 	20%.
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Tab. 23: Lewis Number Data - H2/CH4 Mixtures.

Mixture Φ LeCH4
LeH2

LeCO

H2 100%−Air 0.35 1.3261 0.3739 1.4311
H2 90%− CH4 10%−Air 0.35 1.2232 0.3506 1.3275
H2 80%− CH4 20%−Air 0.35 1.1589 0.3355 1.2622
H2 80%− CH4 20%−Air 0.50 1.2235 0.3529 1.3344
H2 70%− CH4 30%−Air 0.50 1.1604 0.3381 1.2701
H2 70%− CH4 30%−Air 0.60 1.1900 0.3465 1.3045
H2 60%− CH4 40%−Air 0.50 1.1129 0.3266 1.2212
H2 60%− CH4 40%−Air 0.60 1.1349 0.3333 1.2480
H2 60%− CH4 40%−Air 0.70 1.1558 0.3398 1.2736
H2 50%− CH4 50%−Air 0.60 1.0918 0.3228 1.2034
H2 50%− CH4 50%−Air 0.70 1.1069 0.3279 1.2231
H2 50%− CH4 50%−Air 0.80 1.1214 0.3328 1.2420
H2 40%− CH4 60%−Air 0.70 1.0674 0.3181 1.1821
H2 40%− CH4 60%−Air 0.80 1.0774 0.3219 1.1963
H2 20%− CH4 80%−Air 0.80 1.0104 0.3049 1.1262
H2 0%− CH4 100%−Air 0.80 0.9624 0.2925 1.0756

ST,KPP = Λ
√

CRCμ

σSc

SL

Vκ
u′ Vκ = (νuε)

1/4

(13)

Lindstedt et al. [89] also evaluated different correction factors [90, 91] aimed at
taking into account transport effected related to the Lewis number and showed
that the expression given in Eq. (13) can be modified to account approximately
for such effects. The derived correction [91] amounts to a modified value for
CR = 4.0/eσLe−1 and the implications for the current hydrogen rich mixtures
are evaluated below. The generalisation of the functional dependency of the
turbulent burning velocity presents a major challenge. Hence, this aspect is
covered extensively below for a substantial range of hydrogen enrichment levels
applicable to both CCGT and CCGE operating conditions with stoichiometries
from 0.35 to 0.80 and H2 contents from 100% to 0% (H2/CH4) and 100% to
30% (H2/CO). It is expected that the developed correlation will be applica-
ble with reasonable accuracy to conditions in exhaust systems following further
evaluation using data from subsequent larger scale experiments.

Given the predominant scaling of the turbulent burning velocity ST with the tur-
bulence fluctuations, the current approach of keeping this value approximately
constant is of particular importance. However, given the very large range of
reactivities considered it can be expected that fuel reactivity effects need to be
taken into account. Indeed, if this was not the case, all flames would behave
the same in a turbulent flow environment. It well known in the context of
turbulence enhanced DDT that this is not true. For example, Lindstedt and
Michels [92, 93] have shown by comparing DDT data for gaseous hydrocarbons
obtained in smooth tubes with cases featuring strong turbulence enhancement
using Schechlkin spirals, that while the influence of chemistry upon relative det-
onability is reduced in strongly turbulent environments, the intrinsic reactivity
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Tab. 24: Lewis Number Data - H2/CO Mixtures.

Mixture Φ LeCH4
LeH2

LeCO

H2 100%−Air 0.35 1.3260 0.3739 1.4310
H2 90%− CO 10%−Air 0.35 1.2885 0.3647 1.3910
H2 80%− CO 20%−Air 0.35 1.2506 0.3553 1.3505
H2 80%− CO 20%−Air 0.40 1.2823 0.3630 1.3841
H2 70%− CO 30%−Air 0.35 1.2124 0.3458 1.3096
H2 70%− CO 30%−Air 0.40 1.2396 0.3525 1.3384
H2 60%− CO 40%−Air 0.40 1.1967 0.3417 1.2923
H2 60%− CO 40%−Air 0.45 1.2185 0.3471 1.3154
H2 50%− CO 50%−Air 0.40 1.1533 0.3307 1.2456
H2 50%− CO 50%−Air 0.45 1.1708 0.3350 1.2641
H2 50%− CO 50%−Air 0.50 1.1876 0.3391 1.2818
H2 40%− CO 60%−Air 0.50 1.1353 0.3258 1.2253
H2 40%− CO 60%−Air 0.60 1.1590 0.3316 1.2503
H2 30%− CO 70%−Air 0.50 1.0824 0.3121 1.1681
H2 30%− CO 70%−Air 0.60 1.0981 0.3160 1.1843

of the fuel remains a factor. Hence, it is likely that the classical scaling of tur-
bulent burning velocities is necessary but not sufficient in the current context.
The thermochemical properties related to the laminar flames are determined as
outlined in the following section.

5.6 Laminar flame properties

The laminar flame data required for the evaluation of the above scaling rela-
tionship were obtained using the chemistry applied by Lindstedt et al. [89] in
a study of predictions of turbulent burning velocities of methane and hydro-
gen mixtures via the application of a transported probability density function
method. The chemistry is based on the recommendations of CEC data evalua-
tion group and has been used in a number of studies of laminar [94, 95, 96] and
turbulent [9, 97, 98, 99] flames with the transient behaviour of laminar H2 and
CH4 flames reproduced with good accuracy [96]. Ignition delay times are more
sensitive to errors in the chemistry (see Section 2) than the laminar burning
velocity with the impact further reduced due to the functional form of Eq. (13).

The laminar burning velocities were calculated with differential diffusion effects
included using an in-house FORTRAN code (e.g. [89]). Mixture properties such
as kinematic viscosity (ν), density (ρ), Schmidt number (σSc) and Lewis number
(σLe) were also extracted from the same simulations. The results of the calcu-
lations are summarised in Tables 27 to 30. The corresponding Lewis numbers
for the deficient reactants (i.e. the fuel components for lean mixtures and for
simplicity denoted LeH2 etc.) are given in Tables 23 to 26. The impact of such
corrections are discussed further below. The temperature boundary conditions
in the laminar flame calculation was set to room temperature (298 K) and the
pressure to 101325 Pa.
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Tab. 25: Lewis Number Data - H2/CH4/N2 Mixtures.

Mixture Φ LeCH4
LeH2

LeCO

H2 100%−N2 −Air 0.60 1.3189 0.3734 1.4229
H2 100%−N2 −Air 0.65 1.3419 0.3789 1.4471
H2 90%− CH4 10%−N2 −Air 0.65 1.2384 0.3555 1.3430
H2 90%− CH4 10%−N2 −Air 0.75 1.2715 0.3640 1.3789
H2 90%− CH4 10%−N2 −Air 0.85 1.3025 0.3718 1.4125
H2 80%− CH4 20%−N2 −Air 0.75 1.1948 0.3462 1.3012
H2 80%− CH4 20%−N2 −Air 0.85 1.2183 0.3525 1.3275
H2 80%− CH4 20%−N2 −Air 0.95 1.2408 0.3586 1.3527
H2 70%− CH4 30%−N2 −Air 0.85 1.1578 0.3381 1.2657
H2 70%− CH4 30%−N2 −Air 0.95 1.1748 0.3430 1.2855
H2 70%− CH4 30%−N2 −Air 1.00 1.1830 0.3454 1.2951
H2 60%− CH4 40%−N2 −Air 0.95 1.1249 0.3309 1.2342
H2 60%− CH4 40%−N2 −Air 1.00 1.1311 0.3328 1.2417
H2 50%− CH4 50%−N2 −Air 1.00 1.0903 0.3228 1.1996
H2 40%− CH4 60%−N2 −Air 1.00 1.0576 0.3146 1.1657
H2 20%− CH4 80%−N2 −Air 1.00 1.0082 0.3020 1.1141
H2 0%− CH4 100%−N2 −Air 1.00 0.9736 0.2931 1.0780

Tab. 26: Lewis Number Data - H2/CO/N2 Mixtures.

Mixture Φ LeCH4
LeH2

LeCO

H2 100%−N2 −Air 0.60 1.3189 0.3734 1.4229
H2 100%−N2 −Air 0.65 1.3419 0.3789 1.4471
H2 90%− CO 10%−N2 −Air 0.60 1.2825 0.3644 1.3843
H2 90%− CO 10%−N2 −Air 0.65 1.3031 0.3694 1.4060
H2 90%− CO 10%−N2 −Air 0.70 1.3231 0.3742 1.4271
H2 80%− CO 20%−N2 −Air 0.65 1.2641 0.3598 1.3647
H2 80%− CO 20%−N2 −Air 0.70 1.2816 0.3640 1.3833
H2 70%− CO 30%−N2 −Air 0.65 1.2245 0.3499 1.3226
H2 70%− CO 30%−N2 −Air 0.70 1.2397 0.3536 1.3386
H2 70%− CO 30%−N2 −Air 0.75 1.2545 0.3572 1.3543
H2 60%− CO 40%−N2 −Air 0.70 1.1974 0.3429 1.2935
H2 60%− CO 40%−N2 −Air 0.75 1.2098 0.3460 1.3066
H2 60%− CO 40%−N2 −Air 0.85 1.2336 0.3518 1.3320
H2 50%− CO 50%−N2 −Air 0.75 1.1647 0.3345 1.2583
H2 50%− CO 50%−N2 −Air 0.85 1.1838 0.3392 1.2786
H2 50%− CO 50%−N2 −Air 0.95 1.2021 0.3437 1.2981
H2 40%− CO 60%−N2 −Air 0.85 1.1335 0.3263 1.2245
H2 40%− CO 60%−N2 −Air 0.95 1.1472 0.3297 1.2391
H2 40%− CO 60%−N2 −Air 1.00 1.1537 0.3313 1.2461
H2 30%− CO 70%−N2 −Air 0.85 1.0827 0.3131 1.1697
H2 30%− CO 70%−N2 −Air 0.95 1.0917 0.3153 1.1792
H2 30%− CO 70%−N2 −Air 1.00 1.0960 0.3164 1.1838
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Fig. 36: Laminar flame calculation for the mixture 80% H2 − 20% CH4 at an
equivalence ratio Φ = 0.50. Top: Species concentrations; Middle: The
corresponding reaction rates; Bottom: Temperature profile.

A sample computation is shown in Fig. 36 to provide an illustration of the ap-
plied numerical resolution. The markers are used just for illustration purposes
as the computational domain was much better resolved using 550 nodes fea-
turing a mesh size of ∼ 10 μm. The results of the laminar burning velocity
are discussed in Section 5.7. The illustrative species profiles shown in Fig. 36
include H2, CH4 and CO as well as O2 which are consumed in the oxida-
tion process. Carbon monoxide is formed during the combustion process and
subsequently further oxidized to CO2. Hence, the CO profile shows a peak
within the reaction zone. For cases where CO is included as a fuel in place
of CH4, the time scale for the formation of CO2 in the final oxidation step is
correspondingly reduced with a direct impact on the reactivity of the mixture.
The final products (e.g. H2O and CO2) show a steady increase throughout the
domain. The middle row has been included to show the formation (positive)
and consumption (negative) rates of selected species. The net rate of CO illus-
trates both formation and consumption and it is evident that the temperature
continues to rise during the further oxidation of CO as shown in the bottom row.

The primary objective of the laminar flame calculations is to determine burning
velocities and other thermo-physical properties using the scaling of the turbulent
burning velocities for the investigated mixtures. Stable flames were established
for all mixtures. The computed laminar burning velocities are shown in Fig. 37
and it is evident that the values are highly dependent on the fuel blending com-
ponent and the equivalence ratio. The effect of fuel blending is also obvious.
While the addition of CH4 to H2 results in a rather steep decrease in lami-
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Tab. 27: Summary results for H2/CH4 mixtures, where Φ is the equivalence ra-
tio and u indicates reactants, ρu the density, νu the kinematic viscosity,
σSc,u the Schmidt number, Tad the adiabatic flame temperature and
SL the laminar burning velocity

Mixture Φ ρu νu σSc,u Tad SL

[−] [kg/m3] [m2/s] [−] [K] [m/s]
H2 100%−Air 0.35 1.0396 1.7758E − 05 0.8319 1291 0.0768
H2 90%− CH4 10%−Air 0.35 1.0756 1.7127E − 05 0.8256 1258 0.0323
H2 80%− CH4 20%−Air 0.35 1.0977 1.6757E − 05 0.8218 1230 0.0165
H2 80%− CH4 20%−Air 0.50 1.0661 1.7194E − 05 0.8270 1519 0.1641
H2 70%− CH4 30%−Air 0.50 1.0880 1.6824E − 05 0.8232 1501 0.1214
H2 70%− CH4 30%−Air 0.60 1.0717 1.7037E − 05 0.8258 1655 0.2402
H2 60%− CH4 40%−Air 0.50 1.1044 1.6557E − 05 0.8205 1487 0.0961
H2 60%− CH4 40%−Air 0.60 1.0911 1.6711E − 05 0.8226 1644 0.1943
H2 60%− CH4 40%−Air 0.70 1.0777 1.6876E − 05 0.8246 1768 0.3084
H2 50%− CH4 50%−Air 0.60 1.1058 1.6475E − 05 0.8201 1635 0.1645
H2 50%− CH4 50%−Air 0.70 1.0947 1.6595E − 05 0.8217 1761 0.2631
H2 50%− CH4 50%−Air 0.80 1.0841 1.6709E − 05 0.8233 1859 0.3649
H2 40%− CH4 60%−Air 0.70 1.1084 1.6375E − 05 0.8195 1755 0.2314
H2 40%− CH4 60%−Air 0.80 1.0994 1.6461E − 05 0.8208 1854 0.3222
H2 20%− CH4 80%−Air 0.80 1.1227 1.6093E − 05 0.8170 1846 0.2672
H2 0%− CH4 100%−Air 0.80 1.1391 1.5847E − 05 0.8143 1816 0.2280

nar burning velocity, blending with an equal amount of CO leads to only a
moderate change. The determined adiabatic flame temperatures are shown in
Tables 27 to 30 and further illustrated in Fig. 38. It is obvious that a reduction
in equivalence ratio results in a significant decrease in the combustion product
temperature. In the case of CH4 blending, a slight decrease in temperature is
notable with increasing CH4 fraction. The heat of combustion of the pure fuel
components is 241.8 [kJ/kmol], 802.4 [kJ/kmol] and 283.0 [kJ/kmol] for H2,
CH4 and CO respectively. At a constant equivalence ratio, the energy content
of the fuel is affected as indicated by the adiabatic flame temperature.

5.7 Results and Discussion

The flow field conditions are maintained constant in order to separate out the ef-
fect of mixture reactivity on the turbulent burning velocity. The example shown
in Fig. 39 corresponds to the mean velocity field for mixture of 80%H2−20% CO
at an equivalence ratio of Φ = 0.4. The horizontal red and blue lines illustrate
the locations of the upper and lower nozzle respectively. The vertical green line
depicts the location of the centre axis. A sample Mie scattering image for same
mixture is depicted in Fig. 40. The region with high seeding density, on the
centre line above the red circle, shows the location of the reactants. The area
with the lower seeding density, on the centre line below the red circle, specifies
the location of products. The red circle depicts the detected flame front on
the centre axis of this instantaneous image. The corresponding instantaneous
vector field is shown in Fig. 41.
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Tab. 28: Summary results for H2/CO mixtures, nomenclature as for Table 27.

Mixture Φ ρu νu σSc,u Tad SL

[−] [kg/m3] [m2/s] [−] [K] [m/s]
H2 100%−Air 0.35 1.0396 1.7759E − 05 0.8319 1292 0.0770
H2 90%− CO 10%−Air 0.35 1.0532 1.7528E − 05 0.8294 1301 0.0727
H2 80%− CO 20%−Air 0.35 1.0670 1.7297E − 05 0.8270 1312 0.0690
H2 80%− CO 20%−Air 0.40 1.0528 1.7521E − 05 0.8293 1418 0.1420
H2 70%− CO 30%−Air 0.35 1.0806 1.7077E − 05 0.8246 1322 0.0657
H2 70%− CO 30%−Air 0.40 1.0683 1.7263E − 05 0.8266 1429 0.1304
H2 60%− CO 40%−Air 0.40 1.0836 1.7016E − 05 0.8239 1439 0.1201
H2 60%− CO 40%−Air 0.45 1.0734 1.7167E − 05 0.8255 1536 0.1917
H2 50%− CO 50%−Air 0.40 1.0986 1.6784E − 05 0.8213 1450 0.1105
H2 50%− CO 50%−Air 0.45 1.0903 1.6898E − 05 0.8226 1547 0.1733
H2 50%− CO 50%−Air 0.50 1.0819 1.7019E − 05 0.8238 1632 0.2465
H2 40%− CO 60%−Air 0.50 1.1004 1.6730E − 05 0.8207 1642 0.2194
H2 40%− CO 60%−Air 0.60 1.0878 1.6900E − 05 0.8226 1779 0.3668
H2 30%− CO 70%−Air 0.50 1.1181 1.6470E − 05 0.8176 1652 0.1930
H2 30%− CO 70%−Air 0.60 1.1092 1.6571E − 05 0.8190 1789 0.3191

Tab. 29: Summary results for H2/CH4/N2 mixtures, nomenclature as for Ta-
ble 27.

Mixture Φ ρu νu σSc,u Tad SL

[−] [kg/m3] [m2/s] [−] [K] [m/s]
H2 100%−N2 −Air 0.60 1.0311 1.7684E − 05 0.8323 1266 0.0681
H2 100%−N2 −Air 0.65 1.0213 1.7846E − 05 0.8341 1328 0.1102
H2 90%− CH4 10%−N2 −Air 0.65 1.0572 1.7201E − 05 0.8273 1290 0.0462
H2 90%− CH4 10%−N2 −Air 0.75 1.0423 1.7429E − 05 0.8301 1405 0.0979
H2 90%− CH4 10%−N2 −Air 0.85 1.0282 1.7647E − 05 0.8327 1508 0.1599
H2 80%− CH4 20%−N2 −Air 0.75 1.0688 1.6967E − 05 0.8252 1379 0.0574
H2 80%− CH4 20%−N2 −Air 0.85 1.0573 1.7130E − 05 0.8273 1484 0.0953
H2 80%− CH4 20%−N2 −Air 0.95 1.0462 1.7290E − 05 0.8293 1575 0.1349
H2 70%− CH4 30%−N2 −Air 0.85 1.0782 1.6776E − 05 0.8235 1465 0.0659
H2 70%− CH4 30%−N2 −Air 0.95 1.0690 1.6896E − 05 0.8251 1559 0.0919
H2 70%− CH4 30%−N2 −Air 1.00 1.0646 1.6954E − 05 0.8259 1592 0.1041
H2 60%− CH4 40%−N2 −Air 0.95 1.0863 1.6608E − 05 0.8220 1546 0.0696
H2 60%− CH4 40%−N2 −Air 1.00 1.0825 1.6654E − 05 0.8227 1580 0.0781
H2 50%− CH4 50%−N2 −Air 1.00 1.0965 1.6427E − 05 0.8202 1570 0.0628
H2 40%− CH4 60%−N2 −Air 1.00 1.1078 1.6247E − 05 0.8182 1561 0.0528
H2 20%− CH4 80%−N2 −Air 1.00 1.1245 1.5988E − 05 0.8154 1548 0.0403
H2 0%− CH4 100%−N2 −Air 1.00 1.1351 1.5838E − 05 0.8133 1531 0.0335
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Tab. 30: Summary results for H2/CO/N2 mixtures, nomenclature as for Ta-
ble 27.

Mixture Φ ρu νu σSc,u Tad SL

[−] [kg/m3] [m2/s] [−] [K] [m/s]
H2 100%−N2 −Air 0.60 1.0311 1.7684E − 05 0.8323 1266 0.0681
H2 100%−N2 −Air 0.65 1.0213 1.7846E − 05 0.8341 1328 0.1102
H2 90%− CO 10%−N2 −Air 0.60 1.0443 1.7461E − 05 0.8296 1276 0.0650
H2 90%− CO 10%−N2 −Air 0.65 1.0355 1.7603E − 05 0.8312 1338 0.1028
H2 90%− CO 10%−N2 −Air 0.70 1.0269 1.7743E − 05 0.8328 1397 0.1478
H2 80%− CO 20%−N2 −Air 0.65 1.0495 1.7370E − 05 0.8284 1349 0.0963
H2 80%− CO 20%−N2 −Air 0.70 1.0419 1.7489E − 05 0.8297 1408 0.1365
H2 70%− CO 30%−N2 −Air 0.65 1.0636 1.7141E − 05 0.8256 1359 0.0904
H2 70%− CO 30%−N2 −Air 0.70 1.0571 1.7238E − 05 0.8268 1418 0.1264
H2 70%− CO 30%−N2 −Air 0.75 1.0504 1.7344E − 05 0.8279 1474 0.1671
H2 60%− CO 40%−N2 −Air 0.70 1.0720 1.6999E − 05 0.8240 1429 0.1172
H2 60%− CO 40%−N2 −Air 0.75 1.0662 1.7089E − 05 0.8249 1484 0.1534
H2 60%− CO 40%−N2 −Air 0.85 1.0555 1.7247E − 05 0.8268 1582 0.2370
H2 50%− CO 50%−N2 −Air 0.75 1.0824 1.6830E − 05 0.8220 1494 0.1406
H2 50%− CO 50%−N2 −Air 0.85 1.0732 1.6965E − 05 0.8235 1592 0.2143
H2 50%− CO 50%−N2 −Air 0.95 1.0643 1.7097E − 05 0.8249 1666 0.2973
H2 40%− CO 60%−N2 −Air 0.85 1.0906 1.6697E − 05 0.8204 1601 0.1928
H2 40%− CO 60%−N2 −Air 0.95 1.0838 1.6789E − 05 0.8215 1674 0.2651
H2 40%− CO 60%−N2 −Air 1.00 1.0799 1.6849E − 05 0.8220 1695 0.3025
H2 30%− CO 70%−N2 −Air 0.85 1.1082 1.6433E − 05 0.8173 1610 0.1710
H2 30%− CO 70%−N2 −Air 0.95 1.1028 1.6503E − 05 0.8181 1682 0.2336
H2 30%− CO 70%−N2 −Air 1.00 1.1008 1.6522E − 05 0.8185 1703 0.2657

An example of velocity statistics along the centreline is shown in Fig. 42 for
a mixture of 60% H2 − 40% CH4. An increased equivalence ratio results in a
faster propagating flame which stabilises further upstream leading to a thick-
ened product zone. Furthermore, a higher equivalence ratio leads to an increase
in heat release which also contributes to an earlier acceleration of the flow due to
combustion. The influence of the reaction zone on the flow field is also reflected
by the axial velocity fluctuations as shown in Fig. 43. The heat release within
the reaction zone results in an acceleration of the flow due to the difference in
density between reactants and products. This instantaneous acceleration of the
flow leads to an increased axial velocity fluctuations within the flame brush. As
a consequence, the location of the mean reaction zone is indicated by the peak
in the axial velocity fluctuations as shown in Fig. 43.

Further information regarding the flame brush thickness and the mean flame
front location can be inferred from conditional velocities obtained via Eq. (12).
The conditional axial velocity along the burner centreline shown in Fig. 44 and
a significant increase for the higher equivalence ratio is readily apparent.



5 Turbulent Burning Velocities for Hydrogen Mixtures with Methane and Carbon monoxide 64

0.0 0.2 0.4 0.6 0.8 1.0
0.0

10.0

20.0

30.0

40.0

Hydrogen Fraction [−]

S
L [c

m
/s

]

H
2
−CH

4

 

 

Φ=0.35

Φ=0.40

Φ=0.45

Φ=0.50

Φ=0.60

Φ=0.65

Φ=0.70

Φ=0.75

Φ=0.80

Φ=0.85

Φ=0.95

Φ=1.00

0.0 0.2 0.4 0.6 0.8 1.0
0.0

10.0

20.0

30.0

40.0

Hydrogen Fraction [−]

S
L [c

m
/s

]

H
2
−CO

0.0 0.2 0.4 0.6 0.8 1.0
0.0

10.0

20.0

30.0

40.0

Hydrogen Fraction [−]

S
L [c

m
/s

]

H
2
−CH

4
−N

2

0.0 0.2 0.4 0.6 0.8 1.0
0.0

10.0

20.0

30.0

40.0

Hydrogen Fraction [−]

S
L [c

m
/s

]

H2−CO−N2

Fig. 37: Laminar burning velocities for all mixtures.
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Fig. 38: Adiabatic flame temperatures for all mixtures.
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Fig. 39: Mean velocity vectors for the mixture of 80% H2 − 20% CO at an
equivalence ratio of Φ = 0.40. The red and green line illustrate the
location of the upper nozzle and centre axis, respectively.
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Fig. 40: Instantaneous Mie scattering image for the mixture of 80% H2 −
20% CO at Φ = 0.40. The red circle illustration the flame front on
the centre axis, separating reactants above from products below.
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Fig. 41: Instantaneous velocity vector field for the mixture of 80% H2−20% CO
at Φ = 0.40. The red circle illustration the flame front on the centre
axis, separating reactants above from products below.
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Fig. 42: Normalised axial velocity along the centreline for the mixture 60% H2−
40% CH4 for different equivalence ratios.
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Fig. 43: Normalised axial velocity fluctuations along the centreline for the mix-
ture 60% H2 − 40% CH4 for different equivalence ratios.
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Fig. 44: Conditional normalised axial velocity along the centreline for the mix-
ture 60% H2−40% CH4 for different equivalence ratios. Top: Reactant
velocity Ur; Bottom: Product velocity Up.
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Fig. 45: Conditional normalised axial velocity as a function of reaction progress
variable for the mixture 60% H2 − 40% CH4 for different equivalence
ratios. Top: Reactant velocity Ur; Bottom: Product velocity Up.

In Section 3.4, the propensity to auto-ignition was evaluated for H2 fuel blends
using CH4 and CO as fuel blending components. The lifted flame results sug-
gest that a significant reduction in reactivity of the mixture for CH4 blending
and a modest reduction in reactivity when CO is used as fuel blending compo-
nent. The observed differences in reactivity suggest the definition of a variable
parameter. In contrast to the shock tube and lifted flame experiments, where
the temperature was adjusted to quantify the differences in reactivity, the equiv-
alence ratio of the gas mixture of the upper nozzle is varied in the present case.
Varying the equivalence ratio has the advantage of maintaing constant flow field
conditions and consequently turbulence levels for all mixtures. The equivalence
ratio is accordingly adjusted between the lower limit of flame extinction and the
upper limit flashback.

5.7.1 Hydrogen Blending with Methane

The principal scaling of the turbulent burning velocity rests with the velocity
fluctuations, as discussed above, and not with the chemical time scale repre-
sented by the laminar burning velocity and associated transport parameters.
However, results can be expected to be influenced by such parameters. The
tested H2 mixtures with increasing amounts of CH4 are shown in Table 31.
The laminar flame data for H2/CH4 mixtures, see Table 32, show the strong
influence of CH4 on the laminar burning velocity (SL). At higher equivalence
ratios (e.g. Φ = 0.8), SL reduces by approximately 50% for the tested mix-
tures. By comparison, a 10% CH4 addition to a H2 mixture with Φ = 0.35
reduces the laminar burning velocity by ∼ 140%. In order to estimate the im-
pact on turbulent deflagrations, the normalised turbulent burning velocity (S∗

T )
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Tab. 31: Fuel mixtures investigated for H2/CH4 blends.

Mixture ΦUN χH2
χCH4

χCO χN2
χAir

H2 100%−Air 0.3500 0.1282 0.0000 0.0000 0.0000 0.8718
H2 90%− CH4 10% 0.3500 0.0915 0.0102 0.0000 0.0000 0.8984
H2 80%− CH4 20% 0.3500 0.0673 0.0168 0.0000 0.0000 0.9158
H2 80%− CH4 20% 0.5000 0.0929 0.0232 0.0000 0.0000 0.8839
H2 70%− CH4 30% 0.5000 0.0697 0.0299 0.0000 0.0000 0.9004
H2 70%− CH4 30% 0.6000 0.0820 0.0351 0.0000 0.0000 0.8829
H2 60%− CH4 40% 0.5000 0.0523 0.0349 0.0000 0.0000 0.9128
H2 60%− CH4 40% 0.6000 0.0617 0.0411 0.0000 0.0000 0.8972
H2 60%− CH4 40% 0.7000 0.0708 0.0472 0.0000 0.0000 0.8821
H2 50%− CH4 50% 0.6000 0.0458 0.0458 0.0000 0.0000 0.9084
H2 50%− CH4 50% 0.7000 0.0526 0.0526 0.0000 0.0000 0.8947
H2 50%− CH4 50% 0.8000 0.0593 0.0593 0.0000 0.0000 0.8815
H2 40%− CH4 60% 0.7000 0.0380 0.0570 0.0000 0.0000 0.9049
H2 40%− CH4 60% 0.8000 0.0429 0.0643 0.0000 0.0000 0.8928
H2 20%− CH4 80% 0.8000 0.0180 0.0720 0.0000 0.0000 0.9100
H2 0%− CH4 100% 0.8000 0.0000 0.0775 0.0000 0.0000 0.9225

was obtained using Eq. (14) with the Le number evaluated as shown in Eq. (15).

S∗
T =

ST

ST,KPP
, where ST,KPP 	 1.2

√
1

eσLe−1

1

σSc

SL

Vκ
· u′ (14)

The evaluation of the Le number in Eq. (14) is not trivial. Law et al. [100]
suggested a complex formula based on the Zel’dovich number and a weighted
average featuring the heat release associated with each fuel component. Subse-
quent work [101] showed that such correlations are not yet fully accurate. For
example, hydrocarbons tend to show a linear dependency as a function of hydro-
gen addition, while the impact of CO is anomalous due to the strong catalytic
effect on its oxidation. Hence, the simplified version given in Eq. (15) is used to
estimate the impact for mixtures with CH4.

σLe =
χH2

χH2
+ χCH4

LeH2
+

χCH4

χH2
+ χCH4

LeCH4
(15)

The expression assumes that the deficient reactant is formed by the dominant
fuel component. The results are given in Table 32 and in Fig. 46 for theH2/CH4

fuel blends. As the amount of CH4 is increased, a higher equivalence ratio is
required to stabilise a self propagating flame. For the pure H2 − Air mixture,
a flame was stabilised at an equivalence ratio of Φ = 0.35 with the upper limit
determined such as to avoid flashback. A CH4 blending of merely 20% resulted
in a significant decrease in reactivity, which is reflected by the increase the
equivalence ratio to Φ = 0.50. A 50% blending with CH4 allowed an increase in
equivalence ratio up to Φ = 0.80 demonstrating the strong impact of CH4 addi-
tion on the mixture reactivity. It is evident that the addition of small quantities
of CH4, i.e. 10 − 20% CH4, have a strong impact on the mixture reactivity.
However, some caution is required as the current scaling departs appreciably
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Tab. 32: Results obtained for H2/CH4 fuel mixtures where S∗
T is the scaled

value given by Eq. (14).

Mixture ΦUN SL σLe u′ ST S∗
T

[−] [m/s] [−] [m/s] [m/s] [−]
H2 100%−Air 0.35 0.0832 0.3739 1.5527 3.3320 2.3150
H2 90%− CH4 10%−Air 0.35 0.0346 0.4379 1.5281 2.6376 2.8274
H2 80%− CH4 20%−Air 0.35 0.0177 0.5002 1.7264 2.3289 3.4510
H2 80%− CH4 20%−Air 0.50 0.2341 0.5271 1.6830 3.3583 1.5017
H2 70%− CH4 30%−Air 0.50 0.1336 0.5848 1.6173 2.7990 1.5453
H2 70%− CH4 30%−Air 0.60 0.2611 0.5996 1.6105 3.2696 1.3663
H2 60%− CH4 40%−Air 0.50 0.1065 0.6411 1.6680 2.5009 1.6562
H2 60%− CH4 40%−Air 0.60 0.2135 0.6540 1.6882 2.7389 1.3656
H2 60%− CH4 40%−Air 0.70 0.3340 0.6662 1.8025 3.5850 1.2460
H2 50%− CH4 50%−Air 0.60 0.1823 0.7073 1.6684 2.4098 1.2557
H2 50%− CH4 50%−Air 0.70 0.2875 0.7174 1.6615 3.0387 1.2509
H2 50%− CH4 50%−Air 0.80 0.3925 0.7271 1.6473 3.2926 1.1593
H2 40%− CH4 60%−Air 0.70 0.2548 0.7677 1.7107 2.7997 1.2089
H2 40%− CH4 60%−Air 0.80 0.3488 0.7752 1.7376 3.0310 1.0756
H2 20%− CH4 80%−Air 0.80 0.2921 0.8693 1.7348 2.8165 1.2662
H2 0%− CH4 100%−Air 0.80 0.2578 0.9624 1.6873 2.3406 1.1276

from a linear relationship for H2 contents ≥ 60%. The use of such H2 contents
is not recommended in the current context in light of the increased propensity
to auto-ignition and the corresponding reduction in the ignition delay time as
discussed above. It should also be noted that the derivation of the expression
given in Eq. (14) assumes the existence of a ”flamelet related” burning mode.
For very lean cases it can be expected this assumption becomes less reliable.
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Fig. 46: Normalised turbulent burning velocity for H2/CH4 mixtures.
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Tab. 33: Fuel mixtures investigated for H2/CO blends.

Mixture ΦUN χH2
χCH4

χCO χN2
χAir

H2 100%−Air 0.3500 0.1282 0.0000 0.0000 0.0000 0.8718
H2 90%− CO 10%−Air 0.3500 0.1154 0.0000 0.0128 0.0000 0.8718
H2 80%− CO 20%−Air 0.3500 0.1026 0.0000 0.0256 0.0000 0.8718
H2 80%− CO 20%−Air 0.4000 0.1151 0.0000 0.0288 0.0000 0.8561
H2 70%− CO 30%−Air 0.3500 0.0897 0.0000 0.0385 0.0000 0.8718
H2 70%− CO 30%−Air 0.4000 0.1007 0.0000 0.0432 0.0000 0.8561
H2 60%− CO 40%−Air 0.4000 0.0863 0.0000 0.0576 0.0000 0.8561
H2 60%− CO 40%−Air 0.4500 0.0954 0.0000 0.0636 0.0000 0.8410
H2 50%− CO 50%−Air 0.4000 0.0719 0.0000 0.0719 0.0000 0.8561
H2 50%− CO 50%−Air 0.4500 0.0795 0.0000 0.0795 0.0000 0.8410
H2 50%− CO 50%−Air 0.5000 0.0868 0.0000 0.0868 0.0000 0.8264
H2 40%− CO 60%−Air 0.5000 0.0694 0.0000 0.1042 0.0000 0.8264
H2 40%− CO 60%−Air 0.6000 0.0805 0.0000 0.1208 0.0000 0.7987
H2 30%− CO 70%−Air 0.5000 0.0521 0.0000 0.1215 0.0000 0.8264
H2 30%− CO 70%−Air 0.6000 0.0604 0.0000 0.1409 0.0000 0.7987

5.7.2 Hydrogen Blending with Carbon Monoxide

The mixtures featuring H2 and CO include hydrogen concentrations down to a
mixture of 30% H2 − 70% CO as listed in Table 33. Experimental results for
the turbulent burning velocities and velocity fluctuations are given in Table 34
along with results obtained from laminar flame calculations and the normalised
turbulent burning velocity S∗

T . The expression used to derive the Le number
for CO blends follows directly by replacing the CH4 parameters in Eq. (15).

σLe =
χH2

χH2
+ χCO

LeH2
+

χCO

χH2
+ χCO

LeCO (16)

The determined values for the laminar burning velocity (SL) suggest that the
effect of CO blending is much less pronounced than for CH4 addition. An sub-
stitution of 10% and 20% of H2 with CO reduces the laminar burning velocity
by ∼ 6% and ∼ 10%, while same CH4 blending factor lead to a reduction of
∼ 59% and ∼ 79%. At higher blending fractions, i.e. CO ≥ 50%, the effect of
CO addition causes a moderate change as SL decreases by ∼ 11% and ∼ 21%
from the case 50% H2−50% CO, via 40% H2−60% CO and 30% H2−70% CO
at Φ = 0.50. The results for S∗

T are shown in Fig. 47. As shown in the auto-
ignition experiments, see Section 3, and as is evident from Fig. 47, the blending
with CO exhibits a significantly different effect on the mixture reactivity as
compared to CH4 addition. While the substitution of small quantities H2 with
CH4 has a strong effect on the mixture reactivity, the influence of CO blending
is much less profound. This is also readily apparent by a comparison of Figs. 46
and 47. While the addition of CH4 exhibits a good correlation for H2 contents
≤ 60%, blending with CO shows an offset followed by an approximately linear
deviation from the theoretical value (ST,KPP ).
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Tab. 34: Results obtained for H2/CO fuel mixtures where S∗
T is the scaled value

given by Eq. (14).

Mixture ΦUN SL σLe u′ ST S∗
T

[−] [m/s] [−] [m/s] [m/s] [−]
H2 100%−Air 0.35 0.0834 0.3739 1.5997 3.1171 2.2558
H2 90%− CO 10%−Air 0.35 0.0786 0.4674 1.5549 3.0283 2.1786
H2 80%− CO 20%−Air 0.35 0.0747 0.5544 1.5929 2.8417 2.1926
H2 80%− CO 20%−Air 0.40 0.1525 0.5673 1.5086 3.4774 1.9594
H2 70%− CO 30%−Air 0.35 0.0711 0.6349 1.6013 2.6486 2.0857
H2 70%− CO 30%−Air 0.40 0.1404 0.6483 1.7200 3.1389 1.8332
H2 60%− CO 40%−Air 0.40 0.1296 0.7219 1.6095 2.9213 1.9248
H2 60%− CO 40%−Air 0.45 0.2052 0.7344 1.6443 3.2652 1.6724
H2 50%− CO 50%−Air 0.40 0.1194 0.7881 1.8083 3.1261 2.0379
H2 50%− CO 50%−Air 0.45 0.1861 0.7995 1.8262 3.4345 1.7291
H2 50%− CO 50%−Air 0.50 0.2619 0.8105 1.7347 3.4894 1.5804
H2 40%− CO 60%−Air 0.50 0.2337 0.8655 1.5848 3.4615 1.7630
H2 40%− CO 60%−Air 0.60 0.3790 0.8828 1.5299 3.8388 1.6197
H2 30%− CO 70%−Air 0.50 0.2059 0.9113 1.7794 3.0418 1.5897
H2 30%− CO 70%−Air 0.60 0.3286 0.9238 1.5343 3.1376 1.5580
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Fig. 47: Normalised turbulent burning velocity for H2/CO mixtures.

5.7.3 Hydrogen Blending with Methane and Nitrogen Dilution

The effect of N2 dilution on H2 −CH4 mixtures was also investigated following
the same detailed operation procedure as described in Section 3. The mixtures
tested are listed in Table 35 and Table 36 summarises the results obtained from
laminar flame calculations and the experimental study. As shown in Table 36,
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Tab. 35: Fuel mixtures investigated for H2/CH4 blends with N2 dilution.

Mixture ΦUN χH2
χCH4

χCO χN2
χAir

H2 100%−N2 −Air 0.6000 0.1235 0.0000 0.0000 0.3868 0.4897
H2 100%−N2 −Air 0.6500 0.1324 0.0000 0.0000 0.3829 0.4847
H2 90%− CH4 10%−N2 −Air 0.6500 0.0945 0.0105 0.0000 0.3950 0.5000
H2 90%− CH4 10%−N2 −Air 0.7500 0.1073 0.0119 0.0000 0.3887 0.4920
H2 90%− CH4 10%−N2 −Air 0.8500 0.1198 0.0133 0.0000 0.3826 0.4843
H2 80%− CH4 20%−N2 −Air 0.7500 0.0793 0.0198 0.0000 0.3976 0.5033
H2 80%− CH4 20%−N2 −Air 0.8500 0.0887 0.0222 0.0000 0.3924 0.4967
H2 80%− CH4 20%−N2 −Air 0.9500 0.0979 0.0245 0.0000 0.3873 0.4903
H2 70%− CH4 30%−N2 −Air 0.8500 0.0665 0.0285 0.0000 0.3994 0.5056
H2 70%− CH4 30%−N2 −Air 0.9500 0.0735 0.0315 0.0000 0.3950 0.5000
H2 70%− CH4 30%−N2 −Air 1.0000 0.0770 0.0330 0.0000 0.3928 0.4973
H2 60%− CH4 40%−N2 −Air 0.9500 0.0552 0.0368 0.0000 0.4007 0.5073
H2 60%− CH4 40%−N2 −Air 1.0000 0.0578 0.0386 0.0000 0.3988 0.5048
H2 50%− CH4 50%−N2 −Air 1.0000 0.0429 0.0429 0.0000 0.4034 0.5107

Tab. 36: Results obtained for H2/CH4/N2 fuel mixtures where S∗
T is the scaled

value given by Eq. (14).

Mixture ΦUN SL σLe u′ ST S∗
T

[−] [m/s] [−] [m/s] [m/s] [−]
H2 100%−N2 −Air 0.60 0.0719 0.3734 1.5850 2.7978 1.9927
H2 100%−N2 −Air 0.65 0.1161 0.3789 1.5424 3.0307 1.7828
H2 90%− CH4 10%−N2 −Air 0.65 0.0491 0.4438 1.6317 2.0931 1.8574
H2 90%− CH4 10%−N2 −Air 0.75 0.1040 0.4547 1.6003 2.4682 1.4769
H2 90%− CH4 10%−N2 −Air 0.85 0.1688 0.4649 1.6073 2.6139 1.2617
H2 80%− CH4 20%−N2 −Air 0.75 0.0614 0.5159 1.6605 2.1120 1.6079
H2 80%− CH4 20%−N2 −Air 0.85 0.1020 0.5257 1.5897 2.0784 1.3449
H2 80%− CH4 20%−N2 −Air 0.95 0.1439 0.5350 1.6376 2.2298 1.1478
H2 70%− CH4 30%−N2 −Air 0.85 0.0710 0.5840 1.8270 1.7691 1.2955
H2 70%− CH4 30%−N2 −Air 0.95 0.0992 0.5926 1.7162 2.0870 1.3379
H2 70%− CH4 30%−N2 −Air 1.00 0.1118 0.5967 1.6747 2.1875 1.3717
H2 60%− CH4 40%−N2 −Air 0.95 0.0756 0.6485 1.7237 1.8820 1.3750
H2 60%− CH4 40%−N2 −Air 1.00 0.0843 0.6521 1.6907 2.0362 1.4774
H2 50%− CH4 50%−N2 −Air 1.00 0.0680 0.7066 1.9137 2.0572 1.5750

the dilution with N2 necessitates a significant increase in equivalence ratio to
achieve flame stabilisation. For H2 concentrations below 50% flames appeared
to be on the borderline of a flameless combustion mode and results are hence
excluded. For the case of a pure H2-air mixture, the N2 dilution requires an
increase in equivalence ratio from Φ = 0.35 to Φ = 0.65. The N2 dilution effect
is significant throughout the entire mixture matrix. Stoichiometric conditions
could be achieved for the mixture of 70% H2−30% CH4 while the highest real-
isable equivalence ratio without N2 was found to be Φ = 0.60 prior to flashback.

The determined values for the laminar burning velocity also reveal, despite
the increase in equivalence ratio, the significant reduction in mixture reactivity
when N2 added. The normalised turbulent burning velocities for this data set
are shown in Fig. 48. Low H2 concentrations, i.e. H2 fuel fraction smaller
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than 50%, show acceptable agreement with the theoretical correlation for the
mixture reactivity under the evaluated conditions. Furthermore, it is evident
that the addition of small quantities of CH4 again has a strong impact on
the reduction in mixture reactivity. For H2 fuel fractions ≥ 80% the mixture
reactivity shows a similar behaviour to that observed in the non-diluted case.
Overall, it is evident that there is a significant impact of dilution on the strength
of the turbulent deflagration. It is also of relevance to note that the theoretical
correlation appears to work well for a significant range of H2/CH4 mixtures.
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Fig. 48: Normalised turbulent burning velocity for H2/CH4/N2 mixtures.

5.7.4 Hydrogen Blending with Carbon Monoxide and Nitrogen Dilution

The impact of N2 dilution on the reactivity of H2/CO fuel blends was also
investigated using the same methodology as for the H2/CH4/N2 case. The
investigated mixture compositions are listed in Table 37 and the results obtained
from the corresponding laminar flame calculations, the raw experimental data
and the normalised turbulent burning velocity are summarised in Table 38.
As the equivalence ratio was varied to obtain a self propagating flame for each
mixture, it was found that the stoichiometric range varies from Φ = 0.6 · · · 1.0 as
was the case of H2/CH4/N2 blends. However, while in the case of H2/CH4/N2

stoichiometric conditions could be used at a blending fraction of 70% H2, the
corresponding H2 content with a CO blend was reduced to 40%. Again, the
higher reactivity of CO mixtures is readily evident.

The normalised burning velocities for the diluted H2/CO/N2 mixtures are
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Tab. 37: Fuel mixtures investigated for H2/CO blends with N2 dilution.

Mixture ΦUN χH2
χCH4

χCO χN2
χAir

H2 100%−N2 −Air 0.6000 0.1235 0.0000 0.0000 0.3868 0.4897
H2 100%−N2 −Air 0.6500 0.1324 0.0000 0.0000 0.3829 0.4847
H2 90%− CO 10%−N2 −Air 0.6000 0.1111 0.0000 0.0123 0.3868 0.4897
H2 90%− CO 10%−N2 −Air 0.6500 0.1191 0.0000 0.0132 0.3829 0.4847
H2 90%− CO 10%−N2 −Air 0.7000 0.1270 0.0000 0.0141 0.3790 0.4798
H2 80%− CO 20%−N2 −Air 0.6500 0.1059 0.0000 0.0265 0.3829 0.4847
H2 80%− CO 20%−N2 −Air 0.7000 0.1129 0.0000 0.0282 0.3790 0.4798
H2 70%− CO 30%−N2 −Air 0.6500 0.0927 0.0000 0.0397 0.3829 0.4847
H2 70%− CO 30%−N2 −Air 0.7000 0.0988 0.0000 0.0423 0.3790 0.4798
H2 70%− CO 30%−N2 −Air 0.7500 0.1048 0.0000 0.0449 0.3752 0.4750
H2 60%− CO 40%−N2 −Air 0.7000 0.0847 0.0000 0.0565 0.3790 0.4798
H2 60%− CO 40%−N2 −Air 0.7500 0.0898 0.0000 0.0599 0.3752 0.4750
H2 60%− CO 40%−N2 −Air 0.8500 0.0998 0.0000 0.0665 0.3679 0.4658
H2 50%− CO 50%−N2 −Air 0.7500 0.0749 0.0000 0.0749 0.3752 0.4750
H2 50%− CO 50%−N2 −Air 0.8500 0.0832 0.0000 0.0832 0.3679 0.4658
H2 50%− CO 50%−N2 −Air 0.9500 0.0912 0.0000 0.0912 0.3608 0.4568
H2 40%− CO 60%−N2 −Air 0.8500 0.0665 0.0000 0.0998 0.3679 0.4658
H2 40%− CO 60%−N2 −Air 0.9500 0.0729 0.0000 0.1094 0.3608 0.4568
H2 40%− CO 60%−N2 −Air 1.0000 0.0760 0.0000 0.1141 0.3574 0.4525
H2 30%− CO 70%−N2 −Air 0.8500 0.0499 0.0000 0.1164 0.3679 0.4658
H2 30%− CO 70%−N2 −Air 0.9500 0.0547 0.0000 0.1276 0.3608 0.4568
H2 30%− CO 70%−N2 −Air 1.0000 0.0570 0.0000 0.1331 0.3574 0.4525

Tab. 38: Results obtained for H2/CO/N2 fuel mixtures where S∗
T is the scaled

value given by Eq. (14).

Mixture ΦUN SL σLe u′ ST S∗
T

[−] [m/s] [−] [m/s] [m/s] [−]
H2 100%−N2 −Air 0.60 0.0719 0.3734 1.5850 2.7978 1.9927
H2 100%−N2 −Air 0.65 0.1161 0.3789 1.5424 3.0307 1.7828
H2 90%− CO 10%−N2 −Air 0.60 0.0686 0.4664 1.5470 2.3424 1.9404
H2 90%− CO 10%−N2 −Air 0.65 0.1083 0.4731 1.5140 2.8632 1.9301
H2 90%− CO 10%−N2 −Air 0.70 0.1549 0.4795 1.6592 3.1326 1.6244
H2 80%− CO 20%−N2 −Air 0.65 0.1015 0.5608 1.6855 2.6695 1.8961
H2 80%− CO 20%−N2 −Air 0.70 0.1431 0.5679 1.6133 3.0965 1.8565
H2 70%− CO 30%−N2 −Air 0.65 0.0953 0.6417 1.6718 2.9054 2.0199
H2 70%− CO 30%−N2 −Air 0.70 0.1327 0.6491 1.6291 2.9956 1.7219
H2 70%− CO 30%−N2 −Air 0.75 0.1747 0.6563 1.6409 3.2496 1.6479
H2 60%− CO 40%−N2 −Air 0.70 0.1230 0.7231 1.7401 2.7054 1.6557
H2 60%− CO 40%−N2 −Air 0.75 0.1604 0.7302 1.6944 2.4990 1.2960
H2 60%− CO 40%−N2 −Air 0.85 0.2450 0.7439 1.5659 2.6554 1.2652
H2 50%− CO 50%−N2 −Air 0.75 0.1470 0.7964 1.5847 2.3589 1.4858
H2 50%− CO 50%−N2 −Air 0.85 0.2213 0.8089 1.6007 2.6552 1.3654
H2 50%− CO 50%−N2 −Air 0.95 0.3021 0.8209 1.4754 2.9236 1.3245
H2 40%− CO 60%−N2 −Air 0.85 0.1986 0.8652 1.5518 2.4051 1.3765
H2 40%− CO 60%−N2 −Air 0.95 0.2682 0.8753 1.5405 2.6204 1.2799
H2 40%− CO 60%−N2 −Air 1.00 0.3031 0.8802 1.3149 2.5808 1.3402
H2 30%− CO 70%−N2 −Air 0.85 0.1756 0.9127 1.5956 2.2729 1.3002
H2 30%− CO 70%−N2 −Air 0.95 0.2345 0.9200 1.5329 2.3325 1.1943
H2 30%− CO 70%−N2 −Air 1.00 0.2639 0.9236 1.5296 2.5388 1.2345
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shown in Fig. 49. It can again be observed that the normalised values (S∗
T )

imply an approximately linear deviation from the theoretical values as a func-
tion of the hydrogen fuel blending fraction as also observed for the non-diluted
counterpart. The absolute value of the normalised turbulent burning velocity
is also slightly reduced throughout the whole range. It is again apparent that
the CO system shows an anomaly that can possibly be related to the catalytic
effect [101] of hydrogen on blends with carbon monoxide. Such a conclusion can
also be drawn from the purely kinetic shock tube experiments used to determine
ignition delay times by Stanford University as reported in Section 2.
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Fig. 49: Normalised turbulent burning velocity for H2/CO/N2 mixtures.

6 The Potential of DDT via Turbulence Induced Confined
Explosions

The objective of the experimental flame tube investigation is to measure the
propensity to deflagration to detonation transition (DDT) as characterised by
over-pressures and flame speeds for binary fuel blends of H2/CH4 and H2/CO.
The findings are also related to the strengths of the turbulent deflagrations as
characterised by the turbulent burning velocity discussed in Section 5 and the
ignition propensity determined in Sections 2 and 3. The data is reported in
absolute terms as well as relative to the case of methane-air mixtures in the
absence of hydrogen addition. The latter was added to the study to provide a
reference point to the common operation of CCGT and CCGE plant.
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6.1 Experimental Setup

The section below describes the instrumentation and experimental procedure
used for the determination of flame induced pressures and flow velocities in an
investigation of confined explosions in binary H2/CH4 and H2/CO fuel blends.

6.1.1 The Flame Tube

The present study is focussed on flame-obstacle interactions in an initially quies-
cent medium with turbulence developing as the result of advancing flame fronts
interacting with obstacles. The obstacle configuration was chosen on the basis
of earlier studies [48, 50] considering single and multiple obstacles in order to
ensure significant (≥ 150 kPa) over-pressures and flame speeds (≥ 200 m/s) for
the least reactive cases. A schematic of the experimental facility is shown in
Figure 50. The setup consist of a closed flame tube made of two interchangeable
rectangular sections (72 mm x 34 mm) of length 1.825 m and two optical sections
0.385 m in length. The flame tube is equipped with four solenoid valves, an ab-
solute pressure transducer, vacuum and recirculation pumps and five mass flow
controllers that allow remote operation. The flame tube has ports along the top
and bottom of the first window section and along the sides of the longer flame
tube sections. The ports can be used for either flame speed measurements, using
ionisation probes, or pressure transducer measurements. The applied locations
and corresponding measurement taken from each port are shown in Table 39,
while the port positions together with the position of the two baffle configura-
tion used in the current study can be seen in Fig. 51. The first obstacle was
mounted on the top of the tube at a distance of 120 mm from the closed igni-
tion end, while the second was mounted on the bottom of the tube 402.5 mm
from the same end. The current staggered obstacle arrangement was used to
encourage flow curvature. Each obstacle provides 50 % blockage ratio, i.e. re-
ducing the tube height from 72 mm down to 36 mm. The width of each obstacle
was 5 mm. The large length/height ratio (= 60) of the flame tube allows the
investigation of flame-obstacle interactions without the interference of acoustic
waves reflected off the non-ignition end plate.

6.1.2 Gas Preparation and Mixing Procedure

The nature of the present investigation required the preparation of homogeneous
gas mixtures of known composition to generate reproducible data. The method
of partial pressure mixing provides high accuracy and has been used in the past
(e.g. Lindstedt and Sakthitharan [50]) for the current flame tube. Hence, this
method was used in the current work to prepare gas mixture of various equiva-
lence ratios using the flame tube as the mixing chamber.

For each experiment the flame tube was evacuated to a pressure below 0.5 kPa
using a vacuum pump (RZ6, Vacuubrand) and the required proportions of fuel(-
s) and air for the desired target pressure were calculated using the partial pres-
sure method. The pressure was monitored by a pressure transducer (model
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UNIK 5000, GE Measurement & Control) interfaced to a computer via a 16-bit
data acquisition card (PCIe-7842R, National Instruments) and LABVIEW soft-
ware. Starting with the fuel(-s) and with air the final component, the reactants
were fed into the flame tube using a purpose written LABVIEW routine that
controls each fuel/gas mass flow controller individually.

The fuel-air mixture was subsequently circulated in a closed loop using an explo-
sion proof pump (MD 4C EX, Vacuubrand) for 5 min - the equivalent of 28 flame
tube volumes to ensure mixture homogeneity. The circulation time adopted in
this study was based on the investigation of Sakthitharan [48] which showed
that the displacement of 25 flow tube volumes produced consistently repeatable
results. Moreover, both the accuracy in the equivalence ratio, as well as the
mixture homogeneity, were validated by means of comparing the over-pressure
and pressure rise times observed for a stoichiometric methane-air mixture with
previous studies concerned with similar obstacle configurations [48, 49, 50].

Tab. 39: Ports Locations and Fitted Devices

Probe Distance (m) Position Type
P1 0.03 Top −
P2 0.03 Bottom −
P3 0.12 Top −
P4 0.12 Bottom −
P5 0.23 Top −
P6 0.23 Bottom −
P7 0.885 Side Pressure Transducer
P8 0.885 Side Ionisation Probe
P9 1.115 Side −
P10 1.115 Side IonisationProbe
P11 1.345 Side Pressure Transducer
P12 1.345 Side Ionisation Probe
P13 1.575 Side −
P14 1.575 Side Ionisation Probe
P15 1.805 Side −
P16 1.805 Side Ionisation Probe
P17 2.035 Side −
P18 2.035 Side Ionisation Probe
P19 2.035 Side −
P20 2.035 Side −
P21 2.265 Side Pressure Transducer
P22 2.265 Side −
P23 3.180 Side Pressure Transducer

6.1.3 The Ignition System

The ignition system used in the current work consisted of a 12V power supply; an
inductance coil (Lucas coil); a purpose build capacitive ignition device; a custom
made spark plug and electrode arrangement (spark gap distance 10 mm). The
ignition was initiated by a TTL pulse, sent from the PC via a selected counter
output port of the data acquisition card (PCI-6115, National Instruments). It
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Fig. 51: Schematic of the ignition end of the flame tube showing the applied
obstacle configuration and positions of ports.

should also be noted that before ignition, the fuel-air mixture was left to settle
for two minutes to achieve quiescent condition.

6.2 Basic Instrumentation

The basic instrumentation included 4 piezo electric pressure transducers and
six coaxial ionisation probes located at various ports along the flame tube, as
shown in Table 39, in order to record the propagation wave. The piezo-electric
pressure transducers (3xPCB-113B21 and 1xPCB-113A21; PCB Piezotronics
Inc.) were used due to their proven durability under highly reactive conditions
as shown in previous investigations (e.g. [50]). The transducers have a sensitiv-
ity of 3.6 mV/kPa (113B21) and 2.9 mV/kPa (113A21), a resonant frequency
of 500 kHz and a rise time of 1 ns. A silicone rubber insulating coating was
applied on the surface of the transducer to protect it from thermal variations
during the combustion event [48]. The pressure records were interfaced to the
PC via a 12-bit simultaneous sampling data acquisition card (PCI-6115, Na-
tional Instruments) at a rate of 1 MHz after conditioning using a four-channel
signal conditioner (PCB 482C05; PCB Piezotronics Inc).

The ionisation probes serve as flame detection devices providing information on
the combustion wave propagation process. The probes were made of coaxial
stainless steel and connected in parallel with an oscilloscope and a 9V alkaline
battery. The positive ions in the reaction region induce a current flow between
the core and the sheath of the probe triggering a fall of the open circuit volt-
age. The design has been used extensively in the past and found to operate
reliably [50, 92, 93].
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The data acquisition devices, as well as ignition, were triggered using TTL pulses
generated from the PCI-6115 counters ensuring the synchronisation of events -
the time delay between each pulse is less than 100 ns. A diagram of the routine
used for the synchronisation of the different diagnostic systems can be seen in
Fig. 52.
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Fig. 52: Diagram of the routine used for the synchronisation of different diag-
nostic systems.

6.2.1 High Speed Particle Image Velocimetry

A high speed PIV setup controlled using LaVision software Davis High Speed 8.0
was used to obtain flow velocities. An external high speed programmable timing
unit (PTU) from LaVision was used to control the timing and synchronisation of
the high speed laser and camera. An Edgewave INNOSLAB Nd:YAG laser with
a wavelength of 532 nm, pulse length of 10 ns and a pulse energy of 4 mJ at a
maximum repetition rate of 10 kHz was used. The high speed camera, Photron
Fastcam SA3, features a maximum repetition rate of 1000 double frame images
per second at full resolution of 1024 × 1024 pixels with an increased rate at
lower resolution. A 105 mm Nikkor camera lens was used with a 3 nm narrow
bandwidth filter for a wavelength 532 nm installed to increase the signal to noise
ratio and filter out any other sources of light (e.g. chemiluminescence). The
optical setup consist of:

• Four mirrors to direct and make the laser beam parallel.

• A set of convex and concave spherical lenses with a focal length of +200
and −100 mm to reduce the beam diameter.

• Light sheet forming optics from LaVision. The light sheet optics features
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an adjustable focus from 0.3 m to 2 m using a cylindrical lens with a focus
length of −20 mm.

Part of optical setup, as well as the optical section, is shown in Fig. 53. The
field of view was set to 65.85 mm x 65.85 mm. The light sheet was directed
vertically from the top into the optical section of the flame tube. The light
sheet illuminates the particle laden flow and a silicon oil seeder from Palas was
installed. The seeding was introduced along with the flow through the inlet
pipe. The flow field is viewed through a quartz glass window using the high
speed camera which is installed at a 90 degree angle to the light sheet. The
glass window was mounted shortly after the second obstacle.

Fig. 53: Optical section of the flame tube along with the optical setup (final
three mirrors, telescope and light sheet optics).

The recording rate was set to 3 kHz featuring a resolution of 512 × 512 pixels.
Hence, the timing between two double frame is fixed to 0.33 ms. The timing
between the double laser pulses was found to be optimum at Δt = 20 μs. Sub-
sequent to the data acquisition, a dark image subtraction was performed to
enhance the signal to noise ratio.

The PIV vectors were calculated using a multipass cross-correlation with de-
creasing interrogation window size starting from 128 × 128, via 64 × 64 down
to 32× 32 pixels. A 50% overlap of the interrogation windows lead to a vector
spacing of 2.06 mm.
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6.3 Operational Procedure

A flow control system, detailed in Section 6.3.1, feeds each gas separately into
the tube. Solenoid valves were installed to facilitate remote control if required.
A purpose written LABVIEW interface was used to control the mass flow con-
trollers and to drive the solenoid valves as also outlined in detail in Section 6.3.1.
Each mixture is created using a partial pressure method, starting with fuel com-
ponents and filled up to atmospheric pressure with air. The same procedure was
used if lower final pressures were required. Once the separate mixture compo-
nents are injected into the tube, the tube and circulation loop is isolated from
the environment. The circulation loop is connecting the following:

• Circulation connection to inlet circulation pump

• Circulation pump

• Outlet circulation pump to the inlet of the tube

• The tube volume

Solid stainless steel pipes were used throughout with stainless steel flexible hoses
connecting vibrating equipment such as the two pumps and the tube inlet and
outlet. The flexible hoses remove any stresses from the piping system which may
be introduced from pump vibrations or other sources. Moreover, the flame tube
is fixed onto optical tables which feature vibration isolation therefore protecting
the optical setup from the combustion processes. The tube outlet is connected
to the vacuum pump as well as the exhaust. Depending on the state of the
experiment, Swagelok ball valves connect either to the exhaust or the vacuum
pump. All connection to the vacuum pump are made of stainless steel with one
stainless steel flexible hose installed to assure required flexibility.

6.3.1 Flow Control System

A purpose written LABVIEW interface was used to control and operate the
experiment with the interface featuring the following functionalities:

• Control Bronkhorst mass flow controllers.

• Define mixture components, monitor component flow rates and partial
pressures.

• Control venting of the flame tube to eject combustion product gases into
the laboratory extraction system.

• Activate and deactivate the solenoid valves.

• Monitor the pressure within the flame tube.

• Send trigger signal to the ignition system.

The full operational procedure is available upon request.
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6.3.2 Mixture Preparation

The operational procedure is detailed below:

1. Flushing of the flame tube: Before the start of an experiment, the flame
tube is flushed with 10 times the tube volume using air.

2. Flushing of the circulation loop: Subsequently the circulation loop is
flushed for same amount of time. This cleaning procedure assures the
removal of remaining fuel and combustion product gases from the entire
system.

3. Evacuation: The flame tube is evacuated including pipes, except the pipes
connected to the circulation pump. A vacuum pressure of ∼ 5 mbar is
obtained. Leak rate measurement revealed a leakage of ∼ 3.5 mbar/min.

4. Mixture creation: The mixture is created using a partial pressure method.
First, the required fuel blending fractions, dilution and equivalence ratio
are specified in the Labview interface. The required partial pressures are
calculated based on the specified values. An automated filling procedure
activates the corresponding mass flow controller, feeding first the separate
fuel components, then diluent and followed by air. The flow rates are set
dynamically, depending on the difference between measured pressure and
required partial pressure. The flow rate of the mixture component stops
automatically when the calculated partial pressure is obtained. Subse-
quently, the filling of the next mixture component is initialised using same
procedure. Once all mixture components are injected into the tube, the
inlet valves of the supply lines are closed to isolate the pure gases from
the mixture.

5. Mixing: The mixing of the gas mixture is performed by circulating the
gases through the circulation loop for 5 min. This corresponds to a flow
through of approximately 30 times the tube volume and was found to
be sufficient to create a homogeneous mixture. For further increase in
repeatability, the mixture is subsequently allowed to settle for 2 min before
the ignition.

6. Ignition: A custom build capacitive ignition circuit is triggered via a TTL
pulse from the Labview interface. This circuit initiates a single spark at
the rising edge of the TTL signal. The ignition circuit is connected to a
Lukas ignition coil which is further connected to the electrode. The spark
gap is modified to ∼ 10 mm.

7. Experiment: Detailed below.

8. Venting: After successful ignition, first the exhaust is opened to release
the combustion products into the exhaust tract. Subsequently, the flame
tube and the circulation loop is flushed again with ∼ 20 times the tube
volume using air.
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The actual experiments, e.g. the activation of the dynamic pressure transducers,
starts by sending a trigger pulse to the ignition circuit. The experimental run
is detailed below:

1. Sending the TTL ignition signal starts the internal clock and defines there-
fore the reference time.

2. The flame front, initiated by the spark, deflagrates along the tube. When
it passes the obstacles, the flame front is accelerated due to the turbulence
generation.

3. The pressure wave, generated by the flame, is detected by the dynamic
pressure transducers which are installed along the tube and the flame
speed is measured using the ionisation probes.

A minimum of three runs per mixture was used in order to assess the repro-
ducibility.
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Fig. 54: Flame speed for CH4 mixtures without H2 addition.

6.4 Results

6.4.1 Initial Conditions

Experience of previous work using CH4-air mixtures (e.g. [50]) as well as the
data obtained on the strength of the turbulent deflagrations outlined in Section 5
was taken into account when formulating the initial matrix of test conditions. As
a reference experiment, stoichiometric CH4-air mixtures at an equivalence ratio
Φ = 1.0 were used and over-pressure traces compared with previous work [48].
The comparison was made to ensure the accuracy of the measuring equipment
and the updated operation methodology. The results of the comparisons were
very satisfactory with only a marginal changes observed.
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Fig. 55: Flame image obtained using high speed PIV for a CH4 mixture without
H2 addition. The image shows the flame (top) moving over the second
obstacle.
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Fig. 56: Flame image obtained using high speed PIV for a CH4 mixture without
H2 addition. The image shows the further breakup of the flame in the
shear layer formed by the second obstacle and starting to engulf the
re-circulation zone. The image is taken 0.33 ms later than that shown
in Fig. 55.
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Fig. 57: Flame image obtained using high speed PIV for a CH4 mixture without
H2 addition. The image shows a point close to the middle point of the
explosion in the re-circulation zone behind the second obstacle. The
extreme contortion of the flame is readily apparent
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Fig. 58: Flame image obtained using high speed PIV for a CH4 mixture without
H2 addition. The image shows the final stage of the explosion behind
the second obstacle.

The experimental conditions for all mixtures features an equivalence ratio of
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0.80, temperature of 298 K and an initial pressure of 1.0 atm. Starting from
the least reactive case of each mixture, e.g. pure CH4-air in the instance of
H2/CH4 mixtures, H2 was gradually added to the fuel mixture. An example
of the measured flame speed for the least reactive mixture of CH4 without H2

addition is shown in Fig. 54. The large variation close to the obstacle at the first
measuring point is due to the stochastic nature of the turbulent explosion. High
speed PIV images obtained at the reduced initial pressure of 0.475 atm, due to
the high over-pressures discussed below, are shown in Figs. 55 to 58. The data
presented is quantitative with the magnitude of the velocity vectors indicated
at the top of each figure. The same applies for all PIV data. The light parts of
the images are reactants and the dark parts the products. The images belong
to the same experiment with the first two separated by 0.33 ms in time and
the final two by 2 ms. The applied time resolution was 1 ms and the breakup
of the flame front along with the violent distortion of the flame is readily visible.

0 5 10 15 20 25 30 35 40

0

50

100

150

200

250

300

350

400

450

Time [ms]

O
ve

rp
re

ss
ur

e 
[k

P
a]

CH4+H2, H2= 0 % , probe 1 at x =  90 cm

CH4+H2, H2= 20 % , probe 1 at x =  90 cm

CH4+H2, H2= 40 % , probe 1 at x =  90 cm

CH4+H2, H2= 60 % , probe 1 at x =  90 cm

CH4+H2, H2= 80 % , probe 1 at x =  90 cm

Fig. 59: Maximum over-pressures for turbulent explosions in stoichiometric
H2/CH4 mixtures at 1 atm initial pressure.

Throughout the experimental series, the maximum overpressure and minimum
pressure rise time Δt (0.9 m from ignition end) was monitored and defined the
cut-off point for the mixture with highest reactivity to be investigated. The
maximum required overpressure was defined to 200 kPa and the minimum Δt
between the ignition on the pressure rise on the first pressure transducer was
defined to be Δt = 10 ms. The sharp onset of further increases in peak pres-
sures is illustrated for stoichiometric H2/CH4 mixtures in Fig. 59, which shows
that over-pressures around 400 kPa can readily be generated for hydrogen rich
mixtures. Such reactivity is unlikely to be compatible with the safe operation
of CCGT and CCGE engine based installations.
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Tab. 40: Fuel mixtures investigated for H2/CH4 blends.

Mixture Φ Pinit [kPa] Composition
1 0.80 101.3 0% H2/100% CH4

2 0.80 101.3 20% H2/80% CH4

3 0.80 101.3 40% H2/60% CH4

4 0.80 101.3 50% H2/50% CH4

5 0.80 101.3 60% H2/40% CH4

6 0.80 101.3 70% H2/30% CH4

Tab. 41: Summary velocity data obtain from high speed PIV for three selected
mixtures.

Mixture Φ Pinit Upeak Umean Ustd

[−] [kPa] [m/s] [m/s] [m/s]
H2 40%− CH4 60%−Air 0.80 47.5 218.7 179.8 39.41
H2 20%− CH4 80%−Air 0.80 47.5 234.5 210.0 21.46
H2 0%− CH4 100%−Air 0.80 47.5 276.1 227.6 46.07
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Fig. 60: Maximum over-pressures for fuel lean (Φ = 0.80) H2/CH4 mixtures at
1 atm initial pressure.

6.4.2 Hydrogen-Methane Fuel Blends

The investigated fuel blends for the H2/CH4 system ranges from 100% H2 to
100% CH4 with incremental steps of 10% on the high reactivity side and 20%
on the low reactivity side. The highest reactivity mixture investigated was a
mixture of 70% H2 − 30% CH4. A list of the investigated H2/CH4 blends is
shown in Table 40 and pressure traces at a selected measuring station in Fig. 60.
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The pressure data obtained at a distance of 90 cm corresponds to a turbulent
explosion (not DDT) and was selected as representative of peak pressures with
only modest reductions observed at other locations.
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Fig. 61: Flame speeds for CH4 mixtures with H2 addition at conditions corre-
sponding to Table 41.
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Fig. 62: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the flame (top) moving over the
second obstacle after around 15.5 ms.
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Fig. 63: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the flame flame breakup over the
second obstacle 0.33 ms later than shown in Fig. 62.
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Fig. 64: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the flame breakup over the second
obstacle 0.33 ms later than shown in Fig. 63.
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Fig. 65: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the flame breakup over the second
obstacle 0.33 ms later than shown in Fig. 64.
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Fig. 66: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the explosion in the re-circulation
zone behind the second obstacle 0.33 ms later than shown in Fig. 65.
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Fig. 67: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the explosion in the re-circulation
zone behind the second obstacle 0.33 ms later than shown in Fig. 66.
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Fig. 68: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the explosion in the re-circulation
zone behind the second obstacle 0.33 ms later than shown in Fig. 67.
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Fig. 69: Flame image obtained using high speed PIV for a CH4 mixture with
40% H2 addition. The image shows the final stages of the explosion in
the re-circulation zone behind second obstacle 0.33 ms later than shown
in Fig. 68.

Table 41 shows the peak mean velocities measured using high speed PIV for
selected mixtures. The mean is built from the three peak values of three runs
for each mixture, Ustd is the standard deviation and Upeak is the absolute peak
value from the three runs. The pressure was reduced to 0.475 atm in these cases
in order to reduce the strain on the optical sections. The recorded flame speeds
are shown in Fig. 61 at the same conditions as for the high speed PIV measure-
ments. It is evident that the wide flame brush does influence the determined
flame speed through reduced triggering times at some measurement locations.

6.4.3 Hydrogen-Carbon Monoxide Fuel Blends

The mixture matrix for the H2/CO fuel blends includes mixtures up 70% H2 −
30% CO with incremental steps of 10%. The experience gained for the H2/CH4

blends and the correspondingH2/CO auto-ignition experiments outlined in Sec-
tions 2 and 3 along with the strength of the turbulent deflagration studies out-
lined in Section 5 suggest the need to significantly modify the experimental
conditions as much higher over-pressures can be expected. Hence, a blend of
moderate reactivity 30% H2 − 70% CO was initially investigated at the lower
initial pressure of 50 kPa using further diluted mixtures. The stoichiometry was
subsequently gradually increased to the target of Φ = 0.80 and subsequently
the mixture was varied from 30% H2 − 70% CO to 70% H2 − 30% CO at
sub-atmospheric initial pressures. Finally, three H2/CO fuel blends were in-
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vestigated at an initial pressure of 101.3 kPa with compositions ranging from
10% H2−90% CO to 30% H2−70% CO. The fuel blends and initial conditions
can be found in Table 42. Pressure traces at a selected measuring station are
shown in Fig. 71.
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Fig. 70: Maximum over-pressures for H2/CH4 mixtures.
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Fig. 71: Maximum over-pressures for fuel lean (Φ = 0.80) H2/CO mixtures at
0.5 atm initial pressure.
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Tab. 42: Fuel mixtures investigated for H2/CO blends.

Mixture Φ Pinit [kPa] Composition
1 0.50 50.0 30% H2/70% CO
2 0.60 50.0 30% H2/70% CO
3 0.70 50.0 30% H2/70% CO
4 0.80 50.0 30% H2/70% CO
5 0.80 50.0 40% H2/60% CO
6 0.80 50.0 50% H2/50% CO
7 0.80 50.0 60% H2/40% CO
8 0.80 50.0 70% H2/30% CO
9 0.80 101.3 10% H2/90% CO
10 0.80 101.3 20% H2/80% CO
11 0.80 101.3 30% H2/70% CO

6.4.4 Recorded Peak Pressures

Methane-hydrogen fuel blends with up to 70% hydrogen were used for a full
testing cycle. The equivalence ratio was set to 0.80 and atmospheric pressure
used for all mixtures. Carbon monoxide-hydrogen fuel blends were used at the
same conditions, but with the hydrogen content reduced to between 10% and
30% as outlined above. Carbon monoxide-hydrogen fuel blends were also inves-
tigated for the full range of hydrogen contents from 30% to 70% at the reduced
initial pressure of 0.5 atm.
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Fig. 72: Flame speeds for CO mixtures with H2 addition at 1 atm pressure.

Peak over-pressures for the H2/CH4 mixtures are shown in Fig. 70 and for
the H2/CO mixtures in Fig. 73. The flame speeds corresponding to the CO
mixtures are shown in Fig 72. The stochastic nature of the explosion in the re-
circulation zone is apparent by the large variations at the first measuring station.
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Methane-hydrogen fuel mixtures produced maximum over-pressures ranging
from around 100 kPa for pure methane to about 210 kPa for fuels contain-
ing 70% hydrogen. The normalised values for carbon monoxide-hydrogen fuel
mixtures were higher at 1 atm compared to equivalent mixtures at 0.5 atm
suggesting that the absolute value of pressure plays a role in determining the
explosion strength. It can also be observed that the normalised maximum pres-
sures for carbon monoxide-hydrogen fuel blends at 0.5 atm were up to around
10% higher than equivalent methane-hydrogen fuel mixtures at 1 atm. Also,
the effects of hydrogen addition are more pronounced for carbon monoxide mix-
tures, which correlates well with the trends in the turbulent burning velocities
discussed in Section 5. Overall, the results obtained on explosion trends for the
two binary systems confirm the findings outlined using the other three method-
ologies.
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Fig. 73: Maximum over-pressures for H2/CO mixtures.

The DDT studies discussed above were selected to cover the upper reactivity
band of relevance to CCGE applications and show a good correlation with the
corresponding turbulent burning velocity data. Data relating to the CCGE and
CCGT applications is already available for the latter as outlined above. It is,
however, recognised that verification using DDT studies for the lower stoichio-
metric band relating to CCGT applications is desirable. Such experiments have
been included in the medium scale programme for the next phase and could also
be included in an extended laboratory program.
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7 Findings and Recommendations

The current report details all aspects of the work performed. Thus the ob-
jectives have been set out, the methods and experimental facilities described
and illustrated, the results quantified with the recognition of clear trends in
the behaviour of characteristic flame development, intensity and propagation
parameters for the fuel mixtures to be investigated. Modelling techniques for
turbulent burning velocity predictions have been assessed and consequences of
the findings for the testing and use of the fuel mixtures in large CCGT/CCGE
models and practical systems have been identified. Furthermore, a good cor-
relation was observed between the pressure rise/flame speed in the confined
experiments and the turbulent burning velocity measured in the opposed jet
configuration. For example, unacceptable over-pressures were obtained with
70/30 (H2/CH4) and 30/70 (H2/CO) mixtures in the DDT studies with both
points corresponding to a normalised turbulent burning velocity (S∗

T ) of 1.5.

As in the context of the whole project, the purpose of the Work Package 2 (Task
1) was to obtain primary information for the execution of Tasks 2 and 3 such
that findings and recommendations may appropriately be mentioned together.
The investigation found generally parallel trends for each of the four assessment
methodologies. The main observations are:

1. Enriching high methane concentration in binary systems with hydrogen
will proportionally enhance reactivity. For industrial scale installations it
is not recommended to use more than 40% hydrogen in the fuel mixture
unless accompanied with significant inert dilution.

2. The enhancement of the explosivity of carbon monoxide with hydrogen is
more than twice that of comparableH2/CH4 mixtures and carbon monox-
ide enriched with only some 30% (i.e. 1/3rd) hydrogen will ignite as read-
ily with air as 100% hydrogen. There is also a substantial difference in
the over-pressures generated by the two types of mixtures. For practical
systems extreme caution and reservation towards hydrogen enrichment is
therefore imperative in the context of CO blends.

3. Where moderation by dilution with inert is employed, there is always a
high chance that any premixed fuel mixture ejected unburned will ignite
on the hot exhaust surfaces. Assurance must therefore be incorporated in
designs that the flow will be fully mixed and/or combusted before it meets
major turbulence generating obstructions, such as at the entry into heat
exchangers. The current study has shown that significant over-pressures
can be generated by explosion kernels using very simple obstacle configu-
rations.

4. Within the range of fuel mixture compositions deemed appropriate for
large scale experimentation and/or practical use, in-house modelling based
on the parameters obtained from this work support the experimental find-
ings and conclusions.
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The work has identified scope for important further investigations.

1. The first is an extension of the experimental programme at Imperial Col-
lege to ternary mixtures of hydrogen, carbon monoxide and methane, from
which it is expected that the potential for moderation (or otherwise) by
CH4 of the aggressive influence of CO will be identified. In particular, it
is expected to confirm that reactivity will not be proportional to composi-
tion, which would have important consequences for large scale experiments
and/or industrial operations.

2. A second objective would be to obtain a better understanding and thereby
control of the carbon monoxide behaviour by a more thorough study of
the chemistry of pure and diluted H2/CO blends. Each and both of these
two recommended options for further work will increase the scope and
clarify further the boundaries for expansion of hydrogen enrichment of
COG and/or bio-syngas systems.

3. It has additionally become evident from the work that for the critical as-
pect of carbon monoxide/hydrogen composition a much better distinction
and understanding must be obtained between its influence on ignitability
and on subsequent explosion strength. These are distinctive differences in
reactivity and energetics that have important implications for the design
and local temperature control of different power generation applications.

4. From a rather fundamental chemical, but also industrially important as-
pect, it is evident that hydrogen catalyses the reactivity/combustion of
carbon monoxide. The natural question arises as to if this will apply
equally (or even more) for larger and more reactive hydrocarbons such as
ethylene and propane.

5. It has also been shown that inconsistencies in the treatment of the chem-
istry of pure hydrogen and mixtures with methane and carbon monoxide
prevail and that it would be strongly beneficial to resolve such issues in
order to extrapolate the ignition delay time data obtained by Stanford
University to atmospheric pressure with increased confidence.

While a priority of such options would have to be debated, their recognition is
a direct result of the work of Work Package 2, Task 1 and they are all relevant
to the main objective of the current contract.
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B Supplementary Figures

B.1 Hydrogen Blends with Methane
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(a) (b) (c)

Fig. 74: OH∗ Chemiluminescence for H2 100%: (a) at Tp ≈ 1040 K; (b) at
Tp ≈ 1070 K; (c) at Tp ≈ 1095 K;



B Supplementary Figures 143

(a) (b) (c)

Fig. 75: OH∗ Chemiluminescence for H2 90%−CH4 10%: (a) at Tp ≈ 1040 K;
(b) at Tp ≈ 1070 K; (c) at Tp ≈ 1095 K;
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(a) (b) (c)

Fig. 76: OH∗ Chemiluminescence for H2 80%−CH4 20%: (a) at Tp ≈ 1040 K;
(b) at Tp ≈ 1100 K; (c) at Tp ≈ 1160 K;
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(a) (b) (c)

Fig. 77: OH∗ Chemiluminescence for H2 70%−CH4 30%: (a) at Tp ≈ 1070 K;
(b) at Tp ≈ 1110 K; (c) at Tp ≈ 1190 K;
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(a) (b) (c)

Fig. 78: OH∗ Chemiluminescence for H2 60%−CH4 40%: (a) at Tp ≈ 1140 K;
(b) at Tp ≈ 1175 K; (c) at Tp ≈ 1230 K;
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(a) (b) (c)

Fig. 79: OH∗ Chemiluminescence for H2 50%−CH4 50%: (a) at Tp ≈ 1160 K;
(b) at Tp ≈ 1200 K; (c) at Tp ≈ 1255 K;
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(a) (b) (c)

Fig. 80: OH∗ Chemiluminescence for H2 40%−CH4 60%: (a) at Tp ≈ 1200 K;
(b) at Tp ≈ 1240 K; (c) at Tp ≈ 1275 K;
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(a) (b) (c)

Fig. 81: OH∗ Chemiluminescence for H2 25%−CH4 75%: (a) at Tp ≈ 1210 K;
(b) at Tp ≈ 1275 K; (c) at Tp ≈ 1320 K;
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(a) (b) (c)

Fig. 82: OH∗ Chemiluminescence for H2 0%−CH4 100%: (a) at Tp ≈ 1355 K;
(b) at Tp ≈ 1395 K; (c) at Tp ≈ 1425 K;
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B.2 Hydrogen Blends with Carbon Monoxide
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(a) (b) (c)

Fig. 83: OH∗ Chemiluminescence for H2 100%: (a) at Tp ≈ 1040 K; (b) at
Tp ≈ 1070 K; (c) at Tp ≈ 1095 K;
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(a) (b) (c)

Fig. 84: OH∗ Chemiluminescence for H2 90% − CO 10%: (a) at Tp ≈ 1040 K;
(b) at Tp ≈ 1070 K; (c) at Tp ≈ 1095 K;
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(a) (b) (c)

Fig. 85: OH∗ Chemiluminescence for H2 80% − CO 20%: (a) at Tp ≈ 1040 K;
(b) at Tp ≈ 1075 K; (c) at Tp ≈ 1095 K;
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(a) (b) (c)

Fig. 86: OH∗ Chemiluminescence for H2 70% − CO 30%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1075 K; (c) at Tp ≈ 1095 K;
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(a) (b) (c)

Fig. 87: OH∗ Chemiluminescence for H2 60% − CO 40%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1075 K; (c) at Tp ≈ 1100 K;
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(a) (b) (c)

Fig. 88: OH∗ Chemiluminescence for H2 50% − CO 50%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1095 K; (c) at Tp ≈ 1115 K;
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(a) (b) (c)

Fig. 89: OH∗ Chemiluminescence for H2 40% − CO 60%: (a) at Tp ≈ 1045 K;
(b) at Tp ≈ 1090 K; (c) at Tp ≈ 1140 K;
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(a) (b) (c)

Fig. 90: OH∗ Chemiluminescence for H2 30% − CO 70%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1100 K; (c) at Tp ≈ 1150 K;
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B.3 Hydrogen Blends with Methane and Nitrogen Dilution
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(a) (b) (c)

Fig. 91: OH∗ Chemiluminescence for H2 100% − N2: (a) at Tp ≈ 1040 K; (b)
at Tp ≈ 1070 K; (c) at Tp ≈ 1090 K;
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(a) (b) (c)

Fig. 92: OH∗ Chemiluminescence for H2 90% − CH4 10% − N2: (a) at Tp ≈
1045 K; (b) at Tp ≈ 1075 K; (c) at Tp ≈ 1125 K;
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(a) (b) (c)

Fig. 93: OH∗ Chemiluminescence for H2 80% − CH4 20% − N2: (a) at Tp ≈
1100 K; (b) at Tp ≈ 1140 K; (c) at Tp ≈ 1185 K;
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(a) (b) (c)

Fig. 94: OH∗ Chemiluminescence for H2 70% − CH4 30% − N2: (a) at Tp ≈
1140 K; (b) at Tp ≈ 1160 K; (c) at Tp ≈ 1210 K;
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(a) (b) (c)

Fig. 95: OH∗ Chemiluminescence for H2 60% − CH4 40% − N2: (a) at Tp ≈
1170 K; (b) at Tp ≈ 1210 K; (c) at Tp ≈ 1250 K;
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(a) (b) (c)

Fig. 96: OH∗ Chemiluminescence for H2 50% − CH4 50% − N2: (a) at Tp ≈
1230 K; (b) at Tp ≈ 1270 K; (c) at Tp ≈ 1310 K;
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(a) (b) (c)

Fig. 97: OH∗ Chemiluminescence for H2 40% − CH4 60% − N2: (a) at Tp ≈
1250 K; (b) at Tp ≈ 1290 K; (c) at Tp ≈ 1330 K;
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(a) (b) (c)

Fig. 98: OH∗ Chemiluminescence for H2 0% − CH4 100% − N2: (a) at Tp ≈
1400 K; (b) at Tp ≈ 1450 K; (c) at Tp ≈ 1485 K;
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B.4 Hydrogen Blends with Carbon Monoxide and Nitrogen
Dilution



B Supplementary Figures 170

(a) (b) (c)

Fig. 99: OH∗ Chemiluminescence for H2 100%: (a) at Tp ≈ 1040 K; (b) at
Tp ≈ 1070 K; (c) at Tp ≈ 1090 K;
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(a) (b) (c)

Fig. 100: OH∗ Chemiluminescence for H2 90%−CO 10%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1070 K; (c) at Tp ≈ 1085 K;
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(a) (b) (c)

Fig. 101: OH∗ Chemiluminescence for H2 80%−CO 20%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1080 K; (c) at Tp ≈ 1125 K;
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(a) (b) (c)

Fig. 102: OH∗ Chemiluminescence for H2 70%−CO 30%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1090 K; (c) at Tp ≈ 1150 K;
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(a) (b) (c)

Fig. 103: OH∗ Chemiluminescence for H2 60%−CO 40%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1090 K; (c) at Tp ≈ 1150 K;
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(a) (b) (c)

Fig. 104: OH∗ Chemiluminescence for H2 50%−CO 50%: (a) at Tp ≈ 1045 K;
(b) at Tp ≈ 1085 K; (c) at Tp ≈ 1160 K;
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(a) (b) (c)

Fig. 105: OH∗ Chemiluminescence for H2 40%−CO 60%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1085 K; (c) at Tp ≈ 1155 K;
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(a) (b) (c)

Fig. 106: OH∗ Chemiluminescence for H2 30%−CO 70%: (a) at Tp ≈ 1050 K;
(b) at Tp ≈ 1085 K; (c) at Tp ≈ 1150 K;
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Summary	
Ignition properties of syngas fuel mixtures have been measured using shock tube methodologies at the 

Mechanical Engineering Department at Stanford University.  In particular ignition delay times were 

measured behind reflected shock waves using endwall emission (OH*) and sidewall pressure signals.  

Data is presented graphically and tabular format.  

 
Conditions of interest are covered by the temperature range of 950 to 1200 K, near 1 atm, with fuel 

mixtures of H2/CH4, (80/20, 60/40, 40/60, 20/80) H2/CO (80/20, 60/40, 40/60) and neat H2 at a single 

stoichiometry of 0.8 in oxidizer mixtures up to 21% O2/79% argon.  

 

Methodology	
Ignition delay times were measured using emission at both a sidewall (2 cm from end wall) and end wall 

locations from the OH band near 306 nm, and using side wall pressure at the same location.  Ignition 

delay times from all methods were nearly identical and end wall emission values are reported.  The 

shock emission diagnostic setup us shown in Figure 1.  Further details on shock tube ignition delay times 

can be found in D. F. Davidson, R. K. Hanson, “Interpreting Shock Tube Ignition Data,” in the 

International Journal of Chemical Kinetics, Volume 36, pp. 510‐523, (2004). 

The ignition delay time was defined as the time interval between the arrival of the reflected shock at the 

observation point and the extrapolation of the most rapid signal rise to the pre‐ignition baseline.  

Representative data are shown in Figure 2. 

 

 

Figure 1.  Shock tube emission diagnostic setup. 
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Figure 2.  Example shock tube emission and pressure data. 

 

Results	and	Conclusions.	
The  ignition delay  times are shown  in  final  form  in Figures 3‐5 and  in Table 1.   Figures 3‐5 also show 

simulations  of measurements  using  constant  volume  simulations  and  the  JetSurF  2.0 mechanism  of 

Wang et al. or the Hydrogen mechanism of Hong et al.  Excellent agreement is seen with the Hong et al. 

mechanism for the neat Hydrogen results and good agreement with the JetSurF 2.0 mechanism for the 

H2/CO and H2/CH4 mixture results.   

H. Wang, E. Dames, B. Sirjean, D. A.  Sheen, R. Tangko, A. Violi,  J. Y. W.  Lai, F. N. Egolfopoulos, D. F. 

Davidson, R. K. Hanson, C. T. Bowman, C. K. Law, W. Tsang, N. P. Cernansky, D. L. Miller, R. P. Lindstedt, 

A high‐temperature chemical kinetic model of n‐alkane (up to n‐dodecane), cyclohexane, and methyl‐, 

ethyl‐, n‐propyl and n‐butyl‐cyclohexane oxidation at high temperatures, JetSurF version 2.0, September 

19, 2010 (http://melchior.usc.edu/JetSurF/JetSurF2.0). 

Z.  Hong,  D.  F.  Davidson,  R.  K.  Hanson,  “An  improved  H2/O2  mechanism  based  on  recent  shock 
tube/laser absorption measurements,” in Combustion and Flame volume 158 pp. 633–644 (2011). 
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Figure 3.  Neat Hydrogen Ignition Delay Time Measurements. 
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Figure 4.  Hydrogen/Carbon Monoxide Mixture Ignition Delay Time Measurements. 
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Figure 4.  Hydrogen/Methane Mixture Ignition Delay Time Measurements. 
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Table	1:	Ignition	Delay	Time	Measurements	
 

Neat H2 in O2/Argon, (O2/Argon = 21/79), phi = 0.8 

T5 [K]  P5 [atm]   tau (us)
985  1.68  365.1

1008  1.66  179.6

1010  1.66  182.3

996  1.70  275.9

990  1.77  347.2

1021  1.59  148.3

1013  1.67  188.9

992  1.72  256.4

1008  1.62  180.6

1044  1.57  105.0

1034  1.59  126.4

998  1.65  235.6

987  1.74  261.7

H2/CO 40/60 in AR Phi = 0.8 (O2/AR = 21/79) 
968  1.87  236.6

953  1.95  498.2

995  1.90  141.6

979  1.87  197.2

937  1.93  749.9

H2/CO 60/40 in AR Phi = 0.8 (O2/AR = 21/79) 
987  1.81  143.5

971  1.87  213.2

935  1.85  624.8

950  1.85  326.6

H2/CO 80/20 in AR Phi = 0.8 (O2/AR = 21/79) 
975  1.76  254.8

1012  1.76  119.2

1004  1.76  174.0

979  1.72  241.0

953  1.80  532.4

951  1.86  399.3

945  1.89  894.4
   


























































































































































































































































































































































