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JSRs and Flow Reactors



Proper rate of reaction
 Define as: (1/i)(dni/dt) mol s‐1

where i is a stoichiometric coefficient
+ve for products, – ve for reactants
Example: 2H2 + O2 = 2H2O
 (H2) = – 2, (O2) = – 1 and (H2O) = +2
 At constant volume: [A] = n /V or n = V × [A] 
So: (dn/dt) = V. (d[A]/dt)
Old rate of reaction (was rxn rate per unit volume)
 (d[A]/dt) = (1 / V) (dnA/dt) 



Flow versus batch reactors [A]=[A]0 exp{‐kt}
Stirred flow; perfect mixing
 spherical shape of volume V

[A]outlet = [A]inlet / { 1 + k (V/)}

‘Plug’ flow; no mixing at all at all
 cylindrical shape of volume V

[A]outlet = [A]inlet  exp{ ‐ k (V/)}

NB (V/) has dimensions (m3 / m3 s‐1) = s
A ‘residence’ or ‘contact’ time



Stirred flow; 1st order
‐(dnA/dt) = k nA = k V [A]

 inflow = outflow + reaction
Assume system at constant volume so 
that inlet flow rate is equal to outlet 
flow rate

 [A]i = [A]o ‐ (dnA/dt)

 [A]i = [A]o + k V [A]o
 [A]o = [A]i / {1 + k(V/)}

 Test? vary , measure [A]o & [A]i, is k 
the same?
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Premixed Well Stirred Reactor (JSR)
CNRS Orleans, P. Dagaut

• The zero dimensional 
perfectly system is 
ideal for modeling.

• The products species 
profiles are dependent 
on chemical kinetics 
due to the perfectly 
mixed homogeneous 
environment.



JSR Results
CNRS Orleans, P. Dagaut
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JSR Results
CNRS Orleans, P. Dagaut
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Biodiesel components ignite in order of 
number of double bonds
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Biodiesel component reactivities in JSR
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Variable Pressure Flow reactor 
(Princeton U.) 









ST and RCM contribution to mechanism 
generation and validation



4‐Stroke Engine



Pressure vs CAD in an engine



Flat Flame Burner

Experimental Studies: Engine Relevant

Rapid Compression Machine Shock Tube

Jet Stirred Reactor



Rapid Compression Machine
Galway, Ireland,  Curran group



Rapid Compression Machine



Rapid Compression Machine



The formation of a vortex on the piston face inside the RCM disrupts 
the uniformity of the temperature field.

Roll up vortex



Creviced pistonFlat piston

Piston heads: flat versus creviced
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Step 1: Non-reactive experiment
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Step 2: Volume profile

• A volume profile is deduced from the pressure profile assuming isentropic behaviour 
(isentropic exponent not constant but temperature dependent).
• Heat loss effects are modelled as change in volume (Assumption of adiabatic core in 
RCM chamber).
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Step 3: Reducing number of data points

• Reduction in # of data points to reduce simulation time for reactive simulations.
•Non‐uniform distribution of data points => accurate reproduction of volume profile.
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 Rather than reporting 
polynomial fit parameters or 
providing subroutines for 
modelers to integrate into 
SENKIN, report the effective 
volume history in a tabular 
format

 Advantages:
– Will not diverge if the maximum 

time is exceeded
– Simpler to implement in 

CHEMKIN-Pro 
and CHEMKIN-II or III

– Better agreement with 
experimental pressure profiles

CHEMKIN-Pro 
Volume Profile Input

Data processing for RCM simulation



0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.00 0.05 0.10

p/
p E

OC

time [s]

Normalized 
pressure

Step 4: Simulating reactive experiment
Input for simulation (CHEMKIN PRO): Volume profile, gas mixture, initial 
temperature and pressure.
Perturbation of the constant volume reactor by the given volume profile

0

0.2

0.4

0.6

0.8

1

1.2

0.00 0.10 0.20 0.30 0.40

p/
p E

OC

time [s]

Normalized 
pressure

+

Facility effect Chemistry

Data processing for RCM simulation



Early pressure rise used to estimate Temp rise

Assume Temperature and Pressure are Related by:
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Non-Reactive Mixtures
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Two‐Line Thermometry and H2O Measurements 
in RCM

• Mixture of Ar with 2.87%H2O used in a 
single pass RCM setup.

• Experiments at end of compression 
pressure PC=10 bar.
– Compression ratios of 10.3 and 14.3.

• Comparison of measured temperature 
was done with simulated temperature 
evolution (from RCM simulations).

• Good agreement within ±5 K.
Same non‐reactive mixture used for higher 
pressure experiments for compression 
ratio 10.3 and PC=15 and 20 bar.

• Good agreement of absorbance profiles 
for representative conditions (viz. points 
I, II and III).400
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A.K. Das, M. Uddi, C‐J. Sung
Combust. Flame, 159 (2012) 3493–3501.



Rapid Sampling in Leeds RCM

P. Beeley, J.F. Griffiths, P. Gray, Rapid compression studies on spontaneous
ignition of isopropyl nitrate.2. Rapid sampling, intermediate stages
and reaction‐mechanisms, Combust Flame, 39:269–281, 1980.







Rich mixtures ignite faster than leaner mixtures at 
low temperatures



“Crossover” temperature above 950K



Isomers of heptane – ignition delays
Some of these fuels were also studied in Galway RCM



Simulated ignition under conditions in a rapid 
compression machine

Vanhove, Minetti, 
Ribaucour, and 
coworkers, Lille, France

piston

combustion chamber 



Rapid Sampling in Lille RCM

R. Minetti, M. Ribaucour, M. Carlier, C. Fittschen, L.R. Sochet, Experimental
and modeling study of oxidation and autoignition of butane at

high‐pressure, Combust Flame, 96:201–211, 1994.





Rapid Sampling in UM RCF

D.M.A. Karwat, S.W. Wagnon, P.D. Teini, M.S. Wooldridge
“On the Chemical Kinetics of n‐Butanol: Ignition and Speciation Studies”

J. Phys. Chem. A, 115:4909–4921, 2011.



UM rapid compression facility

UM-RCF design
• Accommodates a wide range of 
experimental conditions (pressures from 
0.25 to 50 atm and corresponding range of 
temperatures through variable 
compression ratios
• Exceptional diagnostic access

– Optical ports in test section for line-of-
sight laser absorption and photon-
emission measurements

– Fast gas and soot sampling systems
– Large transparent end wall and 

transparent cylindrical sections for high-
speed piston view and side-view imaging

Hydraulic Globe 
Valve Assembly



Rapid Sampling in UM RCF

D.M.A. Karwat, S.W. Wagnon, P.D. Teini, M.S. Wooldridge
“On the Chemical Kinetics of n‐Butanol: Ignition and Speciation Studies”

J. Phys. Chem. A, 115:4909–4921, 2011.





Maruta microchannel reactor
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ST and RCM contribution to mechanism 
generation and validation



Shock Tube Ignition Delay Studies
Karlsruhe Inst. For Technology Shock Tube (Olzmann et al.)

Shock Tubes are ideal for 
measuring homogeneous gas 
phase reaction kinetics

Ideally a zero-dimensional system 
after reflected shock departs from 
the end wall 

dP/dt = 3%/ms
dT/dt = 1.2%/ms





ST Ignition Delay Results
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Reactions in shock waves

 Wide range of T’s & P’s accessible; 2,000 K, 50 bar routine
 Thermodynamics of high‐T species eg Ar up to 5,000 K
 Study birth of compounds: C6H5CHO CO* + C6H6

 Energy transfer rxns.: CO2 + M CO2* + M
 Relative rates, use standard rxn as “clock”

Diaphragm
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Test
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Diaphragm
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He
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Mode of action of shock tube

 Fast bunsen‐burner (ns)
 Shock wave acts as a piston 

compressing & heating the 
gas ahead of it

 Study rxns behind incident 
shock wave or reflected 
shock wave (ms‐ms times)

 Non‐invasive techniques
 T & p by computation from 

measured shock velocity

P

DISTANCE

T1
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T3

T
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Shock Tube Operation and New 
Strategies

Advantages of Reflected Shock  Wave Experiments
• Accurately known initial T, P and time-zero
• Lack of transport effects

Weakness
• Non-uniformity in T5, P5 with time and location; we call this the dP5/dt problem

Driver
Section

Driven
Section

UV/Vis/IR
Emission
Detectors

VRS

P5
T5

Pressure
PZT

VS

DRIVER GAS TEST GAS

Slide courtesy of Prof. Ron Hanson Stanford University



Shock Tube Simulation



Time available in ST

Max. Meas. Time ≈ 7 ms
p5 = 19.84 bar, T5= 806 K

Driver gas: 10% Ar / 90% He  Driven gas: air
p4 = 20 bar, p1 = 1 bar

Real available measuring time 
around 5.3 ms (estimation)



CH* Chemiluminescence (431 nm) Detected at Endwall and Sidewall

PMT Detector

Lens

Filter (310 nm)

Slit

Endwall
Shock Tube

Sidewall
O

H
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Time

Ignition

O
H
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Time
Ignition

• Use endwall for ignition

• Use sidewall for profiles

Ignition delay times

Slide courtesy of Prof. E. Petersen



Typical ST experimental record
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Ignition delay times

 Important indicator of fuel reactivity

– T, p, , dilution

» RCM: 600—1100 K, ST: 1100—2000 K

» based on time available

– Problems at intermediate T, High p



0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.01

0.1

1

10

100

 Wales 20 atm
 Wales 40 atm
 NUIG/RCM 30 atm
 Duisberg  30 atm in Ar
 Duisberg  30 atm in N2

 TAMU      30 atm 
 Model prediction

Ig
ni

tio
n 

D
el

ay
 ti

m
e 

(m
s)

1000 K / T

1400 1300 1200 1100 1000 900 800 700
2.1% C3H8,  = 0.5

Propane Results Show Discrepancy between RCM 
and Shock Tube

S. M. Gallagher et al.
Combust. Flame, 153 (2008) 316–333.



0.01

0.1

1

10

100

1000

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

Ig
ni
tio

n 
de

la
y t
im

e 
[m

s]

1000/T [1/K]

propane in air, 30atm, φ=0.5

Shock tube [DLR]

Shock tube [UCF]

RCM [NUIG]

Const. vol. Sim.

Typical data



0 2000 4000 6000 8000 10000

0

20

40

60

80

100

ign

1

827 K
19.7 atm
CH4/C2H6-Air 
 = 0.5

 

 

S
ig

na
l (

A
U

)

Time (s)

 Pressure, atm
 CH* Emission

Lower‐Temp Runs Exhibit Early Pressure Rise

0 1000 2000 3000 4000

0

40

80

ign

1003 K
29.9 atm
C3H8-Air 
 = 0.5

 

 

S
ig

na
l (

A
U

)

Time (s)

 Pressure, atm
 CH* Emission

Standard Ignition Early Pressure Rise

Slide courtesy of Prof. E. Petersen



0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.01

0.1

1

10

100

 Wales 20 atm
 Wales 40 atm
 NUIG/RCM 30 atm
 Duisberg  30 atm in Ar
 Duisberg  30 atm in N2

 TAMU      30 atm 
 Model prediction

Ig
ni

tio
n 

D
el

ay
 ti

m
e 

(m
s)

1000 K / T

1400 1300 1200 1100 1000 900 800 700
2.1% C3H8,  = 0.5

Early Pressure Rise

Lower‐Temp Runs Exhibit Early Pressure Rise



H2 / O2 in Ar

G.A. Pang, D.F. Davidson and R.K. Hanson Proc. Combust. Inst., 32 (2009) 181–188.



Early pressure rise used to estimate Temp rise

Assume Temperature and Pressure are Related by:
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G.A. Pang, D.F. Davidson and R.K. Hanson Proc. Combust. Inst., 32 (2009) 181–188.

H2 / O2 in Ar



Important characteristics for shock tubes

dP/dt = 3%/ms
dT/dt = 1.2%/ms

• Driver inserts modify flow to achieve
uniform T and P at long test times

P5
T5VRS

9



 OH measurement at 306.7 nm
– Peak of R1(5) absorption line in the OH A‐X(0,0) band
– CW laser light at 613.4 nm generated using dye laser
– Light at 306.7 nm generated by intracavity frequency‐doubling, 
using a temperature‐tuned AD*A crystal.

– OH concentration calculated using Beer’s law:
I/Io = exp(‐kvptotalXOHL)

Laser absorption measurements

613.4 nm using 
Spectra Physics 
380 ring Dye laser 

 I and Io are the transmitted and 
incident beam intensities

 kv is the line‐center absorption 
coefficient at 306.7 nm for OH

 ptotal total test gas mixture
 XOH is the OH mole fraction 
 L is the path length



 CO2 measured at 2752.5 nm
 H2O measured at 2550.96 nm
 Concentration calculated using Beer’s law:

I/Io = exp(‐kvptotalXspeciesL)

Laser absorption measurements

Tunable diode laser

 I and Io are the transmitted and 
incident beam intensities

 kv is the line‐center absorption 
coefficient at 2752.5 nm for CO2

 ptotal total test gas mixture
 XCO2 is the CO2 mole fraction 
 L is the path length



A. Farooq, D.F. Davidson, R.K. Hanson, L.K. Huynh, A. Violi
Proc. Combust. Inst. 32 (2009) 247—253.

Laser absorption measurements



A. Farooq, D.F. Davidson, R.K. Hanson, L.K. Huynh, A. Violi
Proc. Combust. Inst. 32 (2009) 247—253.

Laser absorption measurements



 Fuel measurement at 3.39 m
 C2H4 measurement at 10.5 m

Laser absorption measurements



IR Fuel Diagnostic (3.39 m)

 3.39 m strongly absorbed by 
all HC fuels

 Beer’s Law + Absorption cross 
sections →Fuel mole fraction

 Need fuel cross section at 
3.39 m



IR Ethylene Diagnostic (10.5 m)
 CO2 gas laser P14 line is strongly absorbed by C2H4

– but also other alkenes

 Need to measure two wavelengths
– 10.532 m P14 line (on‐line)
– 10.675 m P28 line (off‐line)



IR Ethylene Diagnostic (10.5 m)

 Need ethylene cross sections 
at both lines

 Other alkenes absorb at 10.5 
m

 Interfering species have a 
constant cross section

 Differential absorption at 2 
wavelengths permits isolation 
of C2H4 absorption

Need to check cross sections of interfering species to ensure they 
are constant at 10.5 m



Cross sections of interfering species

 Small absorption by propene and 1‐butene



Cross sections of interfering species

 Small absorption by propene and 1‐butene with nearly 
constant cross‐sections at P14 and P28



Species time‐history measurements
457 ppm n‐Dodecane/O2/Argon

 = 1.0, 1410 K, 2.3 atm

S.S. Vasu, D.F. Davidson, R.K. Hanson
26th Intl. Symp. Shock Waves 1(4) (2009) 293—298.





Species time histories in shock tubes



KAUST Laser Sensors Laboratory
Other diagnostics available in our laboratory:

Species Laser Wavelength
OH Ring‐Dye w/ external doubling 306 nm
CH2O Difference‐frequency‐generation laser 3.6 m
CO2 Quantum‐cascade laser (QCL) 4.3 m
N2O Quantum‐cascade laser (QCL) 4.5 m
CO Quantum‐cascade laser (QCL) 4.6 m
H2O Quantum‐cascade laser (QCL) 7.6 m
H2O2 Quantum‐cascade laser (QCL) 7.7 m
CH4 Quantum‐cascade laser (QCL) 7.7 m
C2H2 Quantum‐cascade laser (QCL) 7.8 m
NH3 Quantum‐cascade laser (QCL) 9.0 m
C2H4 Quantum‐cascade laser (QCL) 10.5 m
C2H2 Quantum‐cascade laser (QCL) 13.3 m



Z. Hong, D.F. Davidson, E.A. Barbour, R.K. Hanson
Proc. Combust. Inst. 33 (2011) 309–316.

Laser absorption measurements



Z. Hong, D.F. Davidson, E.A. Barbour, R.K. Hanson
Proc. Combust. Inst. 33 (2011) 309–316.

Laser absorption measurements



Ḣ + O2 = Ö + ȮH

Z. Hong, D.F. Davidson, E.A. Barbour, R.K. Hanson
Proc. Combust. Inst. 33 (2011) 309–316.

k = 1.04 × 1014 exp(–15286/RT) cm3 mol‐1 s‐1



Diesel relevant n-heptane fuel exhibits low 
temperature ignition
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High temperatures, Metcalfe et al., JPCA 2007
Low temps, Walton et al., PROCI 2009



Premixed low pressure flames

 
 
 

Low pressure (10-100 Torr) premixed burner stabilized 
flames are ideal for measuring combustions intermediates 
and stable products.



Premixed low pressure flames results

T profile for optical or 
MBMS sampling must be 
considered in comparison 
with models – no shifts! 
Example: butanol flames.  
 

 
 

U. Struckmeier et al, Z Phys Chem 223, 2009, 503 
M. Sarathy et al, Combust Flame 159, 2012, 2028 



Premixed Laminar Flame Speed



Premixed Laminar Flame Speed
Univ Southern California, F. Egolfopoulos
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Premixed Laminar Flame Speed for n‐octane
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Fuel Mixture

Oxidizer

Port diameter = 25.4 mm
Port Gap = 20 mm

Opposed-flow Diffusion Flame (OPPDIF)

• The one dimensional flame structure is ideal 
for modeling.

• The emissions  and temperature profiles are 
dependent on chemical kinetics due to the 
non-turbulent flame.



OPPDIF Experimental Setup



OPPDIF Plots
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OPPDIF Results
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OPPDIF Minor Species Results
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Strained extinction 
and ignition

C.K. Law, P. Zhao, Combust. Flame (2011); P. Zhao, C.K. Law Combust. Flame (2013)

• Stable lower and upper 
branches are common in 
diffusive-convective 
reacting flows

• NTC-affected ignition 
phenomenon has also been 
observed



2-methylheptane

Extinction Ignition

Counterflow Extinction/Ignition Results for branched alkanes

Experiments performed at UC San Diego, San Diego, USA (Ulrich Niemann and Kal
Seshadri)

Sarathy et al. Combustion Flame (2011)

3-methylheptane
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Simulating Comprehensive Combustion 
Chemistry



Simulating Comprehensive Combustion 
Chemistry



Simulations of ignition delay in STs and RCMs

• RCM simulations with 
heat loss exhibit longer 
ignition delays than 
constant volume 
simulations at low T and 
shorter ignition delays 
at higher 
temperatures.



Sensitivity analysis on ignition delay time

where
is ign del when rate 
const of rxn i is 
doubled

is the nominal ign del



Perfectly stirred reactor simulations



Reaction flux analysis

110



Flame simulations



Conclusions

 ST and RCM are complementary
 Understanding the kinetics of fuel oxidation

– Ignition delay times
– Speciation data
– Elementary rate coefficients


