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Effects of Alternative Fuels on Ignition
Limits of the J85 Annular Combustor

T. A. Jarymowycz* and A. M. Mellorf
Drexel University, Philadelphia, Pennsylvania

Recent studies on ignition limits in gas-turbine engines have focused on alternative fuels and their effects. New
tests reported here at the Naval Air Propulsion Center (NAPC) utilized five fuels and systematic increments of
combustor inlet conditions to establish data for the General Electric J85-21 gas-turbine combustor. A
characteristic time model for ignition was used to scale inlet conditions to those used by GE and to reduce the
data. The resulting correlation, including both NAPC and GE data, is rearranged to predict loss in engine
altitude for relight with a fuel more viscous than JP-4.

Introduction

RECENT efforts to predict the limits of ignitability in
gas-turbine engines have been focused on alternative

fuels and their effects. The utility of using characteristic time
models for correlating gas-turbine emissions and combusfor
efficiency, as well as the limits of ignition (cold start and
altitude relight) and lean blowoff using standard gas-turbine
fuels has been demonstrated.1'2 The present research will ex-
amine the utility of the spark ignition characteristic time
model with the General Electric J85-21 gas-turbine com-
bustor burning alternative fuels.

Manufacturer's ignition data3 from a J85 combustor were
previously correlated,4 and the results are shown in Fig. 1.
Note that these tests are performed at discrete combustor in-
let conditions leading to groups of data such as those shown
in the figure. New tests reported here used systematic in-
crements of the inlet conditions in order to obtain a full
representation of the possible operating conditions during ig-
nition. Further model validation is required if the ignition
model is eventually to be used as a predictive tool.4

Background
The spark ignition model is based on the premise that the

spark energy heats an initial volume of fuel vapor and air
such that the heat generated within this volume is greater
than the heat lost. In a conventional gas-turbine combustor
employing a recirculation-held, spray diffusion flame, the
physical processes responsible for ignition may be expressed
as three characteristic times.5'6 Heat generation is limited by
droplet evaporation reb and vapor-phase kinetics rhc. At the
ignition limit, the sum of these times equals the turbulent
mixing time rsl. This is represented by the algebraic
expression

Teb (1)

The proportionality and constant weighting factor a is re-
quired because these times are representative of only the ac-
tual physical processes. The times are not expected to be
quantitatively exact. Although definitions for calculation of
these times have been presented elsewhere (e.g., Ref. 6), they
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are repeated to expedite the discussion below on design of
the experimental test matrix.

The turbulent mixing time is estimated as a length scale
divided by a velocity within the combustor

,,. _ fl /!/ O\
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The length scale for ignition is the spark kernel or quenching
diameter dq, the small volume of air and fuel vapor heated
to the stoichiometric adiabatic flame temperature
the minimum ignition energy Emin.

+.I by

(3)

In Eq. (3), pg is the gas density, and cpg is the specific heat
of the gas. The velocity is that at the spark gap; however, the
reference velocity Fref, based on maximum combustor cross-
sectional area, is substituted because it is proportional to the
spark-gap velocity and is known.

The droplet evaporation term is determined by fuel
volatility and Sauter mean diameter d0. It is evaluated using
the d2 law of Godsave7

and

(4)

is thewhere /3 is the evaporation coefficient
equivalence ratio in the spark gap.5

The kinetic time is derived for the ignition of lean fuel and
air mixtures.5'6 For hydrocarbon oxidation

(5)

where b is the preexponential factor (10~5 ms g cm~3), E the
activation energy, and R the universal gas constant. The ac-
tivation energy value of 26,100 cal/mole suggested by Fenn8

is used here because it adequately represents a wide range of
hydrocarbon fuels.6

The ignition modeling approach presented here was
verified using quiescent fuel sprays by Peters and Mellor,5
and by Ballal and Lefebvre9 with flowing mixtures in an ex-
perimental test rig. The application of this model to gas-tur-
bine combustors was performed by Peters and Mellor,6'10

Peters,11 and Moses and Naegeli.12

The combustor available for testing in this program is the
annular General Electric J85. Manufacturer's ignition data3

from the J85 were correlated by Naegeli et al.4 and Moses
and Naegeli.12 Seven fuels were used in a combination of
cold-start and altitude-relight tests.3 The correlated results4'12
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are shown in Fig. 1 with

rsl = . + 0.021 -Teb) +0.00 (6)

and (7^ = 0.063. The region to the left of the correlated line
represents ignition where fuel droplets evaporate and ignite
in time sufficient to sustain a stable flame. The region to the
right is the region of no ignition, with the correlated line
representing the ignition limit.

Although the results in Eq. (6) are satisfactory (correlation
coefficient r = 0.88), the linearity of the model remains
untested. For example, the data in Fig. 1 are collapsed into
three distinct groups corresponding to altitude relight near
the origin and cold start in the upper-right corner, so the
linearity between these groups remains in question. The
grouping results from manufacturers testing at discrete com-
bustor inlet conditions. One of the objectives of this paper is
to vary the inlet conditions more continuously and
systematically.

The slope of the correlated line is also important. If
similar slopes were obtained for all conventional com-
bustors, then an equation like (6) could be used to predict
cold-start and altitude-relight limits for new engines still in
the design phase (for which no data exist) or for older
engines operating on new fuels.11 However, in an extensive
study involving data from 12 different engines,12 the in-
dividual engine correlations fell into three groups, with
slopes in Eq. (6) of approximately 1, 2, and 4. It was not

Fig. 1 Characteristic time model correlation of manufacturer's J85
ignition data.4 Equation of the best-fit line: r£/ = 2.00
(Thc + 0.021 • reb} + 0.00; <yy = 0.063; 42 data.

possible to clarify any correspondence between engine and
combustor design and operation and slope.12 Thus, either
original uniformity of slope for three engines10 is fortuitous,
or the above characteristic time definitions must be revised.
In either case, further model validation is required, which
was the second intent of the present study. The experimental
portion of this validation was conducted at the Naval Air
Propulsion Center (NAPC) in Trenton, New Jersey.

Experimental Apparatus
The NAPC Hot Gas Facility is shown schematically in Fig.

2. Two T56 engines drive a modified T56 compressor, which
provides a maximum airflow of 13.5 kg/s at 7 atm and
530 K constant discharge temperature. The test section is
currently a 0.51-m-i.d. pipe, which houses a J85-21 annular
combustor. Water injection is used to cool the combustor ex-
haust gases to acceptable levels. A bleed valve upstream and
back-pressure valve downstream of the test section control
its airflow and pressure. The airflow through the combustor
and test section is monitored by the pressure drop across a
calibrated screen, as shown in Fig. 2. Appropriate pressures
and pressure drops are sensed in the test section with PSI
transducers. The combustor exhaust-gas temperatures were
monitored by six exit plane thermocouples equally spaced on
an area-averaged basis between the inner and outer annulus.
The thermocouples were mounted on a rake, which could be
rotated around the combustor center line.

The fuel system presently provides a maximum flow of
1590 kg/h of jet fuel at 100 atm at ambient temperature.
Test fuel temperature was monitored just upstream of the in-
jector manifold. Five fuels with properties listed in Table 1
were used for the ignition tests.

The J85 annular cross section is shown in Fig. 3. Com-
pressor discharge air is slowed by the diffuser. The airstream
then splits into three distinct paths. One path flows along the
outer annulus, another along the inner annulus, and the
third into an air scoop, which provides air to a radial swirier
in the combustor dome. The combustor's outer diameter is
0.39 m, the inner diameter is 0.23 m, and the annulus height
is 0.08 m.

The only igniter in the J85 is located at one o'clock facing
upstream and provides 300 ml at a 2-Hz spark rate. The J85
is fueled by 12 dual-orifice, pressure-atomizing nozzles. They
are assembled into single stage swirlers mounted uniformly
around the dome. The flow characteristics of the nozzle are
shown in Fig. 4.

Experimental Approach
In order to reproduce properly the results of Eq. (6)4'12 for

the J85, the corresponding range of rsl from 0.1 to 0.45 ms
or (rhc + 0.021 -reb) from 0.025 to 0.25 ms is required (see
Fig. 1). Because TS! depends primarily on the air inlet condi-
tions for a given combustor and igniter [Eqs. (2) and (3)], it
is clearly the ideal parameter to vary.

The manufacturer's ignition tests were conducted at com-
bustor inlet pressures of 1.5, 1.0, and 0.4 atm and air and
fuel temperatures from about 225 to 340 K, corresponding to

T-56
COMPRESSOR
DISCHARGE COOLING WATER

INJECTION

Fig. 2 NAPC Hot Gas Facility sche-
matic, showing inlet instrumentation,
J85 combustor, and exit plane ther-
mocouple rake locations, and position
of cooling water injection.
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the cold-start and altitude-relight conditions of interest in the
engine.3 Over the duration of testing at NAPC, the (am-
bient) fuel temperatures encountered varied from 274 to 310
K. Further, the air inlet temperature was fixed at the T56
compressor discharge temperature, and the available com-
bustor pressure range was 2-7 atm. Thus, the GE inlet con-
ditions could not be attained in the Hot Gas Facility, which
dictated that rsl be the scaling parameter for the tests in
Trenton. Note that the air density term that appears in Eq.
(3) makes r5/ scaling different from Fref scaling.

By selecting appropriate combinations of airflow and
pressure at the fixed inlet air temperature, the range of TS{
from 0.05 to 0.30 ms was achieved at NAPC. The nominal
values actually used are shown in Table 2 and contrasted
with those of General Electric.3 The different range of fuel
temperatures was accounted for in the data-reduction pro-
cedure predominantly via the fuel viscosity, which strongly
affects the Sauter mean diameter in Eq. (4), as will be
discussed below. The upper limit of 0.30 ms could not be ex-
tended because of large fluctuations in airflow and pressure
at the low operating conditions. As shown in Table 2, the in-
let conditions were chosen such that a small increment of
0.025 ms in rsl was obtained with each succeeding point.
This procedure was selected to step piecewise up the curve
shown in Fig. 1.

NAPC had eight fuels available for the J85 tests. In order
to minimize expense and testing time, fuels estimated to per-
form similarly to those listed in Table 1 were eliminated.
Evaporation times were calculated for all fuels under similar
inlet conditions and grouped by high-, mid-, and low-range
values. A home-heating oil and two diesel fuels with
evaporation times comparable to the Table 1 fuels were thus
not tested because these fuels were expected to perform
similarly.

The ignition limits were measured by setting the inlet con-
ditions of air pressure and airflow, firing the igniter, and
slowly increasing the fuel flow in 2.5-kg/h increments at 30-s
intervals. Ignition was achieved when all six of the rake exit
plane thermocouples registered a sharp temperature increase.
For the duration of the NAPC tests, the rake was positioned
directly in line with the fuel injector at six o'clock.
Altogether, nine operating conditions were tested and
repeated at least once for each fuel.

The calculation of particular importance in the model is
the Sauter mean diameter. In order to be consistent with
previous work on the J85,4'12'13 d0 was calculated using
Jasuja's14 equation for a simplex pressure swirl atomizer.
With the low fuel flows associated with the ignition limits,
the nozzle operates only on the pilot, and the pressure swirl
atomizer assumption is acceptable. For the J85, nozzle flows
below 3.2 g/s signify pilot nozzle operation (see Fig. 4). The
Sauter mean diameter is calculated as

8.88a°-6i;OJ6Ah/22

(7)

where a is the fuel surface tension in dyne/cm, v the fuel
viscosity in centiStokes (cS), mf the fuel flow rate in kg/h,
and A/? the nozzle pressure drop in atm.14

For all calculations, the spark-gap equivalence ratio </> in
Eqs. (4) and (5) was assumed to be unity. This is consistent
with the work of Peters and Mellor.6 Stoichiometric
adiabatic flame temperatures were calculated for Eqs. (3)
and (5) using a constant pressure equilibrium flame
temperature program.15

Hydrogen, wt %
Net heat of

combustion, MJ/kg
50% boiling point, K
Density @ 294.3 K, kg/m3

Viscosity @ 294.3 K, cSb

Surface tension
@ 294.3 K, mN/m

JP-5

13.7

42.91
489.0
821.0

2.23

23.80

JP-7

14.5

43.44
488.0
801.0

2.18

26.01

SUNTECH
A

12.2

42.08
514.0
863.0

2.89

26.98

SUNTECH
B

12.9

42.40
513.0
843.0

2.62

26.79

DFM 3a

13.4

42.57
549.0
848.0

5.16

26.96
aDFM means diesel fuel marine. bCentiStokes.
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Fig. 3 J85 annular combustor schematic.
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Table 2 Comparison of inlet conditions for 7sl

Tsl
Eq. (2), ms

0.050
0.100a

0.125
0.1 50a

0.175
0.200
0.225
0.250
0.300
0.370b

0.450b

ma, kg/s

4.9

1.5

1.33
1.35

GE3

P/n,atm
_

1.45
—

0.40
—
—
—
—
_
1.0
1.0

r/n, K ma, kg/s

13.5
333 6.8

5.4
306 4.5

3.9
3.7
3.3
1.6
1.4

272
223

NAPC

Pin, atm
5.0
5.0
5.0
5.0
5.0
4.0
4.0
2.0
2.0
—
—

*i,,K
530
530
530
530
530
530
530
530
530

aGE altitude relight. bGE cold start.

Results and Discussion
The final correlation of the 164 NAPC J85 data resulted

in

Teb)+0.013 (8)

with r = 0.90 and standard deviation ^ = 0.033. When these
data are correlated with the previous GE data,3 a master cor-
relation of r=0.90, ay = 0.042, and

TSI = 1. + 0.021 -reb) +0.064 (9)

results. These data are depicted in Fig. 5. As desired, over
the range of accessible rsl, the NAPC data have fallen be-
tween the groups of GE data and exhibit considerably less
scatter. However, the fuels available at NAPC for these tests
(Table 1) displayed a 47% narrower variation in viscosity at
standard temperature, which may explain the decrease in
data scatter.

The slope of the NAPC data in Eq. (8) differs from that
of the GE data in Eq. (6). The lower NAPC slope is due to
the concave curvature shown by the widely scattered NAPC
data with rst greater than 0.25 ms in Fig. 5. This data scatter
is attributed to the low airflow conditions (nominally 1.6
kg/s) necessary to achieve the largest mixing times at the
lowest air pressures. At these conditions, the fuel flow is also
erratic and difficult to control.

For the reasons discussed, lower-range fuel flow meters
were installed at NAPC for a portion of the ignition tests
with JP-5. However, no significant decrease in data scatter
was observed. The fuel flows steadied, but the erratic
behavior of the airflow continued. Engine manufacturer's
data in the upper right-hand corner of Figs. 1 and 5 may
reflect similar problems at these rig operating conditions.

To determine the effects of the slope discrepancy in Eqs.
(6) and (8) on the model's predictive capabilities, two J85
altitude-relight conditions3 were examined. The combustor
inlet conditions for these points are given in Table 3. For
each set of conditions, Eq. (1) was reduced to a function of
combustor inlet pressure, fuel viscosity, and slope m. The

Table 3 J85-21 engine combustor
altitude-relight operating conditions3

Point 1 Point 2
Engine operating condition

(Mach no./alt, km) 0.5/7.62 0.6/7.62
Combustor airflow, kg/s 1.02 1.30
Combustor inlet total pressure, atm 0.405 0.434
Combustor inlet total temperature, K - 250 225
Combustor fuel flow, g/s of JP-4 23.9 . 23.9

100
80

60

40 - '

Tast Fluid
Mil-F-7024
Type 21 at 300 K

FUEL NOZZLE PRESSURE DROP, MPa

Fig. 4 Fuel nozzle flow characteristics.3

O . O O O.05 O. 1O O. 15 O.20 O.25 O.3O

T\ +0 .021-T ,_ (msec)he eb

Fig. 5 Characteristic time model correlation of NAPC and
manufacturer's J85 ignition data. Equation of the best-fit line:
Tsl = l.61 (7hc + 0.021 -Teb) + 0.064; 0^ = 0.042; 206 data.
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Table 4 Predicted altitude-relight loss with high-viscosity fuel

Condition

M=0.5

Af=0.6

Fuel,
viscosity,

cS at 311 K
JP-4,

@ 0.85 cS

Alternative fuel,
@ 1.8 cS

JP-4,
@ 0.85 cS

Alternative fuel,
@ 1.8 cS

Pcomb> atm>
actual at
lightoff

0.405

_

0.434

_

m

1.55
1.60
2.00

1.55
2.00

1.54
1.55
2.00

1.55
2.00

Pcomtv atm»
calculated
at lightoff

0.390
0.405
0.530

0.525
0.735

0.434
0.437
0.595

0.604
0.846

%, due to
Ai> fuel

_
—
—

35
39

_
—
—

38
42

Alt, km

7.62

5.49
5.27

7.62

5.29
5.09

resulting equations are as follows: for point 1,

0.5264 'Pcomb
L61= 0.0121.^ + 0.1245- m ./7comb • <A224 (10)

and for point 2,

0.4049 -pcomb
 L67 = 0.0121 - m + 0.1046 • m -pcomb - v° (11)

For point 1, the predicted combustor inlet pressures for
relight corresponding to slopes of 1.55 and 2.00 were 0.39
and 0.53 atm, respectively (see Table 4). The slope cor-
responding to the actual inlet pressure of 0.405 atm was
1.60. The fuel used for this calculation was JP-4, with a
viscosity of 0.85 cS at 311 K.

The same slopes of 1.55 and 2.00 were used to determine
the percent increase in combustor inlet pressure for the J85
burning a higher-viscosity alternative fuel (1.8 cS at 311 K)
with the same heating value under the same windmilling con-
ditions. Both slopes showed nearly the same percent in-
creases (35 and 39%) in inlet pressure. This was also evident
with the point 2 analysis (see Table 4), where the percent in-
creases were 38 and 42%.

More important than combustor pressure for ignition is
the altitude required to relight the engine. Since compressor
windmilling characteristics are not available for the J85, a
procedure recommended by Tingle16 was employed. The
pressure ratio

Pcomb ""Pstatic

^comp "~ Astatic
(12)

where pcomp is the total compressor inlet pressure and /7static is
the static atmospheric pressure at altitude,17 was taken con-
stant to determine the new static pressure and altitude for
the higher-viscosity fuel.

The resulting relight altitudes predicted for the more
viscous fuel are shown as the last column in Table 4. For the
0.5 Mach number operating condition, a loss of 2.24 ±0.11
km in relight altitude is predicted by the model, while at 0.6
Mach number, the predicted loss is 2.43 ±0.10 km. These
results show that losses in altitude performance with a more
viscous fuel are not dependent on the model equation's slope
and can be obtained if other altitude-relight data are
available.

Conclusions
Alter native-fuels ignition data from the J85 annular com-

bustor tests at the Naval Air Propulsion Center were cor-
related successfully using a relatively simple model. Inlet
airflows and pressures to the combustor we're varied in small
increments over a wide range of operating conditions. The

use of the characteristic mixing time rsi as a scaling
parameter for the inlet conditions was shown to assure the
correspondence of the results to the GE cold-start and
altitude-relight data shown in Fig. 1.

The slope of the ignition equation thus established is
slightly lower than previous results for the J85.4 Predictions
in the relative loss in altitude-relight performance with in-
creased fuel viscosity, however, show little sensitivity to the
choice of slope in the ignition correlation. The correlation
developed herein can thus be used to predict the ignition
behavior of the J85 combustor over a wide range of fuels
and conditions.

Acknowledgments
The work reported here was performed under Contract

NOQ140-84-D-37Q4 for the Naval Air Propulsion Center in
Trenton, NJ, under the direction of Mr. Jim Zidzik. The
authors would like to thank Mr. Zidzik and Mr. Peter Kar-
povich for providing information and helpful discussions.

References
r, A. M., "Semi-Empirical Correlations for Gas Turbine

Emissions, Ignition and Flame Stabilization," Progress in Energy
and Combustion Science, Vol. 6, 1980, pp. 347-358.

2Leonard, P. A. and Mellor, A. M., "Correlation of Gas Turbine
Combustor Efficiency," Journal of Energy, Vol. 7, Nov.-Dec. 1983,
pp. 596-602.

3OIler, T. L., Gleason, C. C., Kenworthy, M. J., Cohen, J. A.,
and Bahr, D. W., "Fuel Mainburner/Turbine Effects," AFWAL-
TR-81-2100, May 1982.

4Naegeli, D. W., Moses, C. A., and Mellor, A. M., "Preliminary
Correlation of Fuel Effects on Ignitability for Gas Turbine
Engines," ASME Paper 83-JPGC-GT-8, 1983.

5Peters, J. E. and Mellor, A. M., "An Ignition Model for Quies-
cent Fuel Sprays," Combustion and Flame, Vol. 38, May 1980, pp.
65-74.

6Peters, J. E. and Mellor, A. M., "A Spark Ignition Model for
Liquid Fuel Sprays Applied to Gas Turbine Engines," Journal of
Energy, Vol. 6, July-Aug. 1982, pp. 272-274.

7Godsave, G. A. E., "Studies on the Combustion of Drops in a
Fuel Spray—The Burning of Single Drops of Fuel," Fourth Sym-
posium (International) on Combustion, William and Wilkins,
Baltimore, MD, 1953, pp. 813-830.

8Fenn, J. B., "Lean Flammability Limit and Minimum Spark Ig-
nition Energy," Industrial Engineering Chemistry, Vol. 43, 1951,
pp. 2865-2869.

9Ballal, D. R. and Lefebvre, A. H., "A General Model of Spark
Ignition for Gaseous and Liquid Fuel-Air Mixtures," Eighteenth
Symposium (International) on Combustion, The Combustion In-
stitute, Pittsburgh, PA, 1981, pp. 1737-1746.

10Peters, J. E. and Mellor, A. M., "Characteristic Time Ignition
Model Extended to an Annular Gas Turbine Combustor," Journal
of Energy, Vol. 6, Nov.-Dec. 1982, pp. 439-441.



288 T. A. JARYMOWYCZ AND A. M. MELLOR J. PROPULSION

11 Peters, J. E., "Predicted TF41 Performance with the AGARD
Research Fuel," Journal of Aircraft, Vol. 21, Oct. 1984, pp.
787-791.

12Moses, C. A. and Naegeli, D. W., "Development of an Alter-
nate Test Procedure to Qualify Fuels for Navy Aircraft, Phase II,"
Draft Rept. NAPC-PE-145C, Aug. 1984.

13Jarymowycz, T. A. and Mellor, A. M., "Correlation of Lean
Blowoff in an Annular Combustor," Journal of Propulsion and
Power, Vol. 2, March-April 1986, pp. 190-192.

14Jasuja, A. K., "Atomization of Crude and Residual Fuel Oils,"

ASME Paper 78-GT-83, 1978.
15Svehla, R. A. and McBride, B. J., "FORTRAN IV Computer

Program for Calculations of Thermodynamic and Transport Proper-
ties of Complex Chemical Systems," NASA-TN-D-7056, Jan. 1973.

16Tingle, J., General Electric, Lynn, MA, Personal communica-
tion, Feb. 1986.

17Baumeister, T. and Marks, L., Standard Handbook for
Mechanical Engineers, 7th ed., McGraw-Hill, New York, 1967, pp.
76-77.

From the AIAA Progress in Astronautics and Aeronautics Series...

SHOCK WAVES, EXPLOSIONS, AND DETONATIONS—v. 87
FLAMES, LASERS, AND REACTIVE SYSTEMS—v.

Edited by J. R. Bowen, University of Washington,
N. Manson, Universite de Poitiers,

A. K. Oppenheim, University of California,
andR. I. Soloukhin, BSSR Academy of Sciences

In recent times, many hitherto unexplored technical problems have arisen in the development of new sources of energy,
in the more economical use and design of combustion energy systems, in the avoidance of hazards connected with the use
of advanced fuels, in the development of more efficient modes of air transportation, in man's more extensive flights into
space, and in other areas of modern life. Close examination of these problems reveals a coupled interplay between
gasdynamic processes and the energetic chemical reactions that drive them. These volumes, edited by an international team
of scientists working in these fields, constitute an up-to-date view of such problems and the modes of solving them; both
experimental and theoretical. Especially valuable to English-speaking readers is the fact that many of the papers in these
volumes emerged from the laboratories of countries around the world, from work that is seldom brought to their attention,
with the result that new concepts are often found, different from the familiar mainstreams of scientific thinking in their
own countries. The editors recommend these volumes to physical scientists and engineers concerned with energy systems
and their applications, approached from the standpoint of gasdynamics or combustion science.

Published in 1983, 505 pp., 6x9, illus., $39.00 Mem., $59.00 List
Published in 1983, 436pp., 6x9, illus., $39.00 Mem., $59.00 List

TO ORDER WRITE: Publications Order Dept., AIAA, 1633 Broadway, New York, N.Y. 10019


