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High-Pressure High-
Temperature
Flow Reactor Studies



Experimental Apparatus for
Measuring Ignition Delay

« Shock Tubes

* Flow Reactors
— Most like a premixer in a gas turbine

« Rapid Compression Machines
* Constant volume bombs

* Literature
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Ignition Time (us)
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Petersen 2007 “New syngas/air ignition data at lower
temperature and elevated pressure and comparison
to current kinetics models”



Current Experimental Apparatus

 Flow reactor
* Preburner
* |nstrumentation

* Injector
— Radial
— Axial
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Air Heater
Max 800K

Clamshell

/ Heater

P N P e

Nozzle

Flow reactor Tube

Preburner (1.779 in. Diameter, 2-7ft. Length)
H2/O2/N,

~1250K
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Controlled Variables

 Residence time
— nozzle
« Composition
— Fuel flow rate and air flow rate

Pressure
— Total mass flow rate

Temperature
— Air heater
— preburner
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Flow Reactor Test Section

Main Injector Nozzle
s —— —

10| 36 | 24 | 1212 | 30

Inner Diameter: 1.779 In

Cold Test Section Length: 84.3 in

Reynolds Number: ~100,000
10/4/2012 Total mass flow rate: ~0.2 Ibm/s
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Flow Reactor Design

* Instrumented test section before nozzle

« Sonic nozzle and water quenching to isolate test section from
afterburner

* Injector design
— Venturi design for rapid mixing with minimal recirculation zones
— 7 venturis with 3 fuel injection holes just upstream of throat

Re# (Max) = 5x105 to 3x108




Thermocouple Array

Wall thermocouple positions
T7 T10 T12
T T2 T3 T4 T5 T6e \ T8 T9 \ TIN\ T13  T14

g R VU BT

\ AL J
/ e Y %/_j \_Y_/
36” section 24’ section test section exit section
injector 12” section nozzle

LI

\
air inlet

Array of thermocouples located 0.2 inches from the wall that
provides for detection of the autoignition event in the flow reactor
tube



Detection of an Ignition Event

Detector (TC,PD)
T = L/v for all these events

Tube Length, L



Detection of an Ignition Event

T =L, /v for these events where | =1,2, and 3

Multiple Detectors (TC,PD)

Tube Length, L



Nominalized velocity
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Study of H,-O, Autoignition
by Beerer and McDonnel

Pressure | Equivalence Ignition Residence Flow
(atm) ratio Temperature| Time, Tt |Velocity,v
(K) (ms) (m/s)
6.4 0.31 778 451 8.4
5.8 0.37 780 178 21.3
T,/T, = 2.53 v,/v; = 2.54

D. J. Beerer & V. G. McDonell J. of Engr. Gas Turbine and Power
(20NK)




Iso-0Octane Autoignition Study
Dr. Michelle Christensen 2012
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Figure 4-1. Iso-octane autoignition results from shock tubes [51], rapid compression machines [21, 66, 73, 74]. and the current
flow reactor stodies. All data points are from 14-16 atm and have been normabized to 15 atm



Iso-0Octane Autoignition Study
Dr. Michelle Christensen 2012
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Description of Injectors
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Axial Injector

Fuel Manifold
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Radial Injector

Fuel inlet

| Fuelinjection sites

_Fuel Manifold
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Fuel Inlet

Orifice Preburner Preburnerigniter port

Coupling
adapter

Arinlets
(4) DE inlets
| (4)
» Mixing Section

Adapterto main flow reactortube
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Experimental Method

» Set initial conditions required
— Pressure, temperature, residence time,
equivalence ratio

* Inject fuel using a high speed valve
system

* Determine if ignition occurred or did not
occur

* Incrementally increase temperature until
ignition occurs

10/4/2012
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Temperature [K)
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Temperatune [K)
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Identifying ignition location

» Location is identified by high speed
temperature measurements
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Calculating ignition delay

L is distance to location of ignition
(thermocouple location) from the injection
point

Tresidence — L’T

p Rmi rture T
mixture —
P

Miotal

ﬂ’rf!-?:.’ﬂf’f.f.ir'(ﬂ "4

‘Xr =
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Mixture Temperature

» Calculated by performing energy balance
on preburner and air streams

Conservation of energy
Air:
N2, O —*
T, P
Heated Fuel: —  ”
H-0, Ar, H;
T2, P

Nz, O3, H;0, Ar, H
Mixing Control Volume —> Tz-li 2, An, 2
T mixs

10/4/2012 27



Results
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Interpreting Data

* Use the highest temperature no-ignition
experiment for mixture temperature.
— Can measure fuel and air temperatures
reliably
* Use only ignition experiments that occur
between thermocouple T9 and T13 when
comparing results.

— Need ignitions that occur near the end of the
flow reactor (residence time)

10/4/2012 30
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Syngas Results

1000 Li p = 15atm f.‘fI'H,nn:cﬂ =1 Xpue u:';r= 0.25 Xyp =005 |
i ——-Lip=15atm ¢g,anaco = 0.5 Xpuer co = 0.25 Xy, =0.05 ]
-------- Burke p = 15atm ¢y, = 0.75 X0 = 0.05

R D Burke p = 15atm dpy, = 0.375 X .o = 0.05 l

@ Current Data Hydrogen Only .

m Current Data Hydrogen and Carbon Monoxide )
—
L

£ 100 T

o p(atm) = 15.1 p(atm) = 15.7 p[a‘m]_z 156 p(atm) = 15.9 -

E ¢ = 0.383 & = 0.378 _ci- =0.746 ¢ = 0.763 ]

- ; T(K) — 887 T(K) = 864 T(K) = B47 o T(K) = 839 ]

I time(ms) — 127 time(ms) = 126 me(sre) Tl tme(m) =115 _

Nozzle(in) = 0.375 Nozzle(in) — 0.375 | \oeielin) = 037 Nozzle(in) = 0.375
i Xoo of fuel = 0.281 Xoo of fuel = 0.248 .
10 ' '
101472012 1.15 1.2 341.25

1000/ Temperature (1/K)



Axial Comparison to Radial Injectors
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Additional Comments
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Ignition Delay (us)

Interpreting Experimental Ignition Delay Observations
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« Chemical induction is very important for ignition delay time in the H,-O,
system at temperatures below 1000K and is very sensitive to chemical
perturbations from any source, e.g., pre-ignition pressure increases
(left).

» Use of constant U,V constraint to calculate predictions to test models
leads of erroneous results andThe volume as a function of time (VTIM)
constraint is the proper one to use.



Conclusions

These results agree with the homogeneous one-
dimensional simulations within a factor of 5.

Model comparisons were better for the lower
equivalence ratio, 0.375, studied than the higher
equivalence ratio, 0.750, case.

The expected trends between results were consistent
with expected pressure and equivalence ratio
behavior.

Measurements made using the axial injector indicated
that autoignition does not occur below 800 K for the
residence time studied. This result is in disagreement
with previous work with respect to homogenous
chemical kinetic models predictions.
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Questions?
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