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This part II report on air-
craft engine ignition
dynamics, presents compre-
hensive results of flight tests
comparing conventional air-
craft magneto ignition to an
electronic ignition system
that is in popular use in home-
built aircraft.  The reader is
encouraged to review Igni-
tion Dynamics I to help
interpret these discusssions.
More detailed results can be
found at:

www.cafefoundation.org

THE EIS-1  ELECTROAIR®

IGNITION SYSTEM

The EIS-1 ignition system
uses high energy, battery-
powered ignition coils.  It
delivers a single, relatively
long duration spark whose
timing is programmed to vary
with RPM and manifold pres-
sure.  It is not a capacitive or
multiple spark discharge sys-
tem.  The spark plug gap
determines the arc voltage

and duration.  A smaller gap
requires lower voltage and
produces a longer duration
spark, while a larger gap re-
sults in a higher voltage,
shorter duration spark.

For aircraft engines with
two spark plugs per cylinder,
the EIS-1 can be installed in
two different configurations:
1) as a single electronic unit
(“SE”) firing the bottom
spark plug in each cylinder
(with a standard aircraft mag-
neto firing the top plugs), or,
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The high energy
dual electronic
ignition system
from Electroair.



2) as dual electronic units (“DE”) that
replace both aircraft magnetos. In the
DE configuration, one unit fires the
top spark plugs and the other fires the
bottom plugs.   This report compares
both the SE and DE systems with that
of standard dual magnetos (“DM”).
The DE system, being entirely depen-
dent on the aircraft battery, requires
that a backup battery be installed.

Each EIS-1 system consists of 2
components; a timing unit and the di-
rect ignition unit (DIU).  The timing
unit mounts like a magneto on the en-
gine accessory case.  It consists of an
axial shaft onto which is mounted a
standard Lycoming magneto drive
gear.  The shaft has a 60-tooth, iron
gear that rotates inside the timing
unit’s case past a magnetic pulse gen-
erator.  This pulse generator is
mounted on the perimeter of the case
and delivers its triggering signal to the
direct ignition unit (DIU).  To set the
timing to zero degrees (TDC) for start-
ing, the timing unit is inserted into the
magneto mounting pad with its shaft
rotation locked with a pin after posi-
tioning the crankshaft to TDC for
cylinder #1.

The EIS-1 modulates timing ad-
vance using sensors for both RPM and
relative manifold pressure.  For re-
search purposes, a switch can be
installed to turn on and off the mani-
fold pressure sensor's timing advance
function.  As manifold pressure drops
below 24" Hg., the unit begins to ad-
vance the timing by 2° for each inch
Hg. of manifold pressure reduction,
reaching a maximum of 42° advance
at about 16.5" Hg.

The DIU sets and maintains timing
at 16° BTDC as soon as the engine
reaches 650 RPM after starting.  As
RPM increases above 1000 RPM, the
unit advances the timing in a linear
fashion with RPM to reach 25° BTDC
timing at 2500 RPM.  The typical ig-
nition timing observed at idle is about
16-17° BTDC with the manifold pres-
sure sensor advance turned off and
about 35° BTDC with the manifold
pressure sensor advance turned on.  At
takeoff power of 2700 RPM and 29"
Hg. manifold pressure, the timing is
25° BTDC, the same as with dual mag-
netos.  The timing settings can be
customized by Electroair for different
engine applications and can be ground
adjusted by the aircraft owner.

A small LCD digital ignition timing

indicator is mounted to the aircraft in-
strument panel to monitor the ignition
timing.

Each DIU fires one spark plug for
each cylinder and has two high volt-
age General Motors 'Dual Tower' coils.
Each coil 'tower' attaches to its respec-
tive cylinder's spark plug wire.  The
Dual Tower coil actually fires two
spark plugs each time it discharges,
one in the cylinder that is completing
its compression stroke and one in the
opposite cylinder that is completing its
exhaust stroke.  One spark plug fires
from barrel to tip electrode and the
other, wired in series, fires from tip to
barrel.  This 'wasted spark' configura-
tion obviates the need for a distributor
and its moving parts and only slightly
reduces the ignition energy delivered
to the plug in the firing cylinder.  Ac-
cording to Jeff Rose, "We use high
energy GM coils that generate 65,000
volts.  The EIS-1 spark discharge is
sustained over about 18° of crankshaft
rotation when using a 0.030" spark
plug electrode gap."

Electroair specifications state that
the average electrical current con-
sumption of each electronic ignition
unit is 0.75 amps with an instanta-
neous coil current that is programmed
to reach 8.5 amps at the exact point at
which a plug must be fired, regardless
of RPM.

Each DIU with spark plug harness
weighs 4.4 pounds and each timing
unit weighs 1.5 pounds.  This 5.9
pound total does not include the addi-
tional 7 pounds added by a spare 4 a.h.
sealed lead-acid motorcycle battery,
battery diode isolation device, ignition
operation switch panel and attendant
wiring.  Each Bendix 1200 Series
magneto with plug harness weighs
about 6.8 pounds.  A single EIS-1, if
used in place of one Bendix 1200 mag-
neto would result in no significant
change in aircraft weight.

The EIS-1 uses special heavy duty
automotive 'resistance type' spark plug
wires in order to reduce electrical
noise, produce less spark plug elec-
trode erosion and to conduct the high
voltages involved without arc leakage.
Electroair's product brochure claims
that the EIS-1 reduces spark plug foul-
ing, can deliver as much as 120 mJ of
spark energy and has a timing resolu-
tion of 0.5°.  Jeff Rose states that there
are about 1400 EIS-1 units in opera-
tion and that 150 of these are installed

in the dual (DE) configuration. 

THE TESTBED ENGINE

The experimental IO-360A1B6X
engine used in these tests has an 8.7 to
one compression ratio.  It is a highly
modified, experimental version of the
4 cylinder, 200 hp counterweighted
Lycoming engine.  It has ported, pol-
ished and flow-balanced intake and
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exhaust ports, a 4-into-1 tuned exhaust
system, as well as a low resistance air-
cleaner with good ram recovery.
Filtered induction air enters a custom
velocity stack mounted on the inlet of
the forward-facing Ellison Throttle
Body.

The test engine’s modified induc-
tion system has small extensions
welded onto each of the four individ-
ual induction tubes to better equalize
their access to the fuel fog emitted by
the Ellison Throttle Body.  Photos A,
B, C.  The EGT spread among the four
cylinders was reduced to as little as
15-20° F by this technique, when mea-
sured at wide open throttle.

The unpressurized Bendix 1200 Se-
ries magnetos used in this study are a
'high altitude’ model that uses a larger
distributor and coil than the smaller
Bendix S4LN magnetos.  The larger
coil affords a higher spark voltage that
is better suited for high altitudes and
lean mixtures.  The larger distributor
provides better resistance to internal
arc/carbon tracking at these high volt-
ages.

The test engine’s tuned exhaust sys-
tem provides substantial negative

The rate of climb and cruise fuel
economy in smooth air were tested us-
ing the same density altitudes, humidity,
center of gravity, power settings, cowl
flap settings, and aircraft configuration.
Aircraft weight was kept as similar as
practicable on each flight.  

The CAFE wing-mounted Barograph
#3 was used for all airspeed and altitude
data collection and the Vetter/CAFE
Digital Acquisition Device (“DAD”)
was used to collect engine performance
data.  Calibrated KS Avionics EGT
probes and Alcor CHT probes were
used on all cylinders.  All CHT’s were
corrected to a 100° F day.  A PropTach
digital tachometer was used to monitor
RPM.  Cowl flaps were left fully open
at all times.  Each flight was conducted
with a clean but not waxed aircraft.  All
data were recorded once per second.  A
camcorder continuously recorded a
view of the instrument panel and crew
comments.  Video recordings were syn-
chronized to the data clock.  Twenty
two parameters were recorded.  These
included:  Clock time, pressure altitude,
density altitude, IAS, TAS, rate of
climb, OAT, fuselage incline angle,
RPM, manifold pressure, instantaneous
aircraft weight, four cylinder EGTs and
CHTs, oil temperature, fuel flow in gal-
lons per hour and cowl exit temperature.

A stroboscopic ignition timing light
was used to verify that the LCD timing
panel indicator was accurate to within
1° at both 16° BTDC and 35° BTDC.

CAFE measurement of the EIS-1
current consumption showed the fol-
lowing:

0.040 amps @ 13.0V, zero RPM
0.230 amps @ 12.7V, 1020 RPM
0.260 amps @ 11.8V, 1040 RPM
0.340 amps @ 10.5V, 1055 RPM
0.560 amps @ 13.0V, 2700 RPM

ATIS information was recorded onto
videotape before each flight.  Dew point
spreads were 18°, 17° and 15° on the
flights with the DE, SE and DM igni-
tion systems, respectively.  

All ignition systems used REM37BY
'extended reach' spark plugs in these
tests, with the plug gap set at 0.031" for
electronic ignition and 0.018" for mag-
neto ignition.

Each flight began with a full power,
full rich mixture, and wide open throttle
(w.o.t.) takeoff followed by a climb at
125 IAS mph (panel) at 2600 RPM to

8500' density altitude.  This equated to
117 mph CAS.  As the aircraft reached
5,000' density altitude in climb, mixture
was leaned from full rich to 15.0 gph
(panel).  Next, level at 8500', the RPM
was set to 2550 and the cruise speeds
were noted at intervals of 0.5 gph fuel
flow reductions from very rich to very
lean settings.  A climb to 12,500' den-
sity was then made, again at 117 mph
CAS, w.o.t. and 2600 RPM, leaning as
appropriate to remain at least 150° rich
of peak EGT.  Level at 12,500' density
altitude, the RPM was again set to 2550
and the cruise speeds were noted at in-
tervals of 0.5 gph fuel flow reductions
from very rich to very lean settings.  Fi-
nally, another climb at 117  mph CAS,
w.o.t. and 2600 RPM was made to
15,000' density where the cruise set-
tings were repeated.

Uniform inclusion criteria from sta-
bilized level flight data were used in
selecting the comparative results.   The
criteria were:  non-turbulent air, stable
OAT, stable altitude and airspeed, on-
target RPM and fuel flow, stable
fuselage incline angle and no ballistic
effects.

Detailed tests of the SE system were
conducted at 12,500’ density altitude
using the standard settings of w.o.t. and
2550 RPM, cowl flaps open.  These in-
cluded operation at 2 different ignition
advance settings, 2 different spark plug
gaps, and turning off each ignition unit
to collect data while firing either top
spark plugs only (Bendix 1200 mag-
neto) or bottom spark plugs only (EIS-1
electronic ignition).  Toggling the EIS-1
ignition from standard to advanced ig-
nition timing allowed observation of
timing effects on speed, EGT and en-
gine smoothness.  The effects of rotating
the spark plug electrode gap of the lean-
est cylinder’s (#4) bottom spark plug
were evaluated on three short, consecu-
tive flights on 2/09/02 using the SE
ignition with the magneto both on and
off.

The data for this report were ob-
tained on different days and are subject
to variations in lapse rate, rising or
sinking airmass effects, etc..  Careful
data point selection was used to mini-
mize the influence of these variables.
Performance differences that exceed 1.0
mph in TAS and 50 fpm in rate of climb
are considered significant and real in
this study.

FLIGHT TEST METHOD

Photo A.  This view looks straight into the induc-
tion plenum through the throat of the Ellison
Throttle Body on the test engine, showing how
the 4 induction pipes are positioned to compete
for fuel mixture. 
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Photo B.  The stock
geometry of induction
inlet tubes #2 and #4.
Photo C.  The inlet
mouth of the modified
#4 intake tube was
moved inboard 0.25”
to be more in line
with the incoming
fuel fog from the
Ellison Throttle Body.
Despite the modifica-
tion, cylinder #4
remained the leanest. 

B
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backpressure during the overlap stroke
when measured by exhaust pressure
graph.1 Service experience with this
exhaust system has shown reduced

plug fouling, chamber coking, and oil
contamination suggestive of effective
scavenging of exhaust residuals.

FLIGHT TEST PREPARATION

Because of the engine cooling chal-
lenges of conducting full throttle
climbs at best rate of climb airspeed
(Vy) in summer air, several FAA climb
cooling tests were conducted before
taking actual cruise performance data.

With the dual electronic ignition
system operating at advanced ignition
timing, a significant increase in engine
cooling demand was observed.  Sev-
eral changes to the engine cowl and
induction system were made to assure
adequate cooling.  Cowl exit area was
increased for both cylinder cooling
and oil cooler.  A large aft-facing air
extractor bluff body was installed at
the oil cooler exit, which lowered oil
temperatures by 35° F.  See Photo D.
Baffle exit path openings around the
bottom of the cylinder head cooling
fins were selectively enlarged.  Induc-
tion tube geometry was further
modified to selectively enrich cylinder
#4.  Although these induction modifi-
cations gave the desired reduction in
CHT, they somewhat widened the oth-
erwise narrow EGT spread among
cylinders.  There was a noticeable loss
of aircraft top speed as a result of the
increased drag from these cooling sys-
tem modifications.

An instability of propeller RPM re-
quired an overhauling of the propeller
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WARNING TO ALL PILOTS:

Severe engine damage or engine
failure leading to possibly fatal
and destructive aircraft accidents
can occur when lean mixtures or
advanced ignition timing are used
inappropriately.  The power, igni-
tion timing and mixture settings
used by the CAFE Foundation in
these experimental flight tests are
not safe to be used on all engines
or in all flight conditions.

Advancing ignition timing rela-
tive to that recommended by the
engine manufacturer is extremely
hazardous for turbocharged air-
craft engines, and can be unsafe
for normally aspirated engines
during operation at more than
70% power.  Even when operating
at below 70% power, excessive ig-
nition timing advance may, under
some circumstances, pose the seri-
ous risks cited above.
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Mooney N6057Q

Figure 11a.  DE System

Figure 11b.  DM System



and governor to allow RPM to be held
more constant during flight tests.  The
newly overhauled Hartzell prop HCE-
2YR-1BF with 8467-7R blades was
dynamically balanced using the ACES
system just prior to the flight program.

All three ignition configurations
were tested only after all of these
modifications were completed.

RESULTS

The results of the DE, DM and SE
ignition systems tests are presented in
spreadsheet form in Figures 11a,b and

c, and are graphically shown in Fig-
ures 12a and 12b. Temperature data
are included along with the true air-
speeds to facilitate interpretation of
the results.

Figure 12a shows that the DE igni-
tion, when operated at the leanest fuel
flows with its ignition timing at 41°
BTDC at 15,000' density altitude, per-
formed better than the DM ignition
whose timing was set at 25° BTDC.
Their respective airspeeds at 6.0 gph
are 168.7 mph DE, 168.8 mph SE and
155.5 mph with DM, a more than 13
mph advantage for the electronic igni-
tion.  This represents an 8.5% increase
in airspeed with the electronic igni-
tion.  The 4 channel EGT data at these
very lean mixtures (130°-200° F lean
of peak) show that the DM system ex-
hibits some lean misfiring at the 6.0
gph setting, accompanied by  some
engine roughness.  When enriched to a
fuel flow of 6.5 gph, the DM system
gives 170.3 mph at 15,000' and the
roughness is eliminated.

In Figure 12b, at 12,500' density al-
titude, 6.5 gph yields 173.4 mph with
DE ignition timing at 36° BTDC and
156.9 mph with the DM system timed
at the standard 25° BTDC setting, a
16.5 mph advantage for the electronic
ignition.  However, the DM system at
6.5 gph again exhibits the rise in EGT
that indicates lean misfiring that is not
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Figure 12a.  TAS and EGT of 3 ignition systems at 15,000 feet

Mooney N6057Q at 15,000' density altitude, wide open throttle, 2550 RPM, wing
Barograph #3.  Cowl flaps fully opened.  Mags @ 25° BTDC.  Electroair EIS-1
electronic @ 41° BTDC.  EGT from cylinder #4 (leanest).
DE = dual electronic.  SE = single electronic.  DM = dual magnetos.
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Photo D.  Enlarged oil
cooler extractor exit.
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acceptable for continuous operation.
A

t 7.0 gph, w
here no m

isfiring w
as

evident, the D
M

 system
 show

s a TA
S

of 167.8 m
ph, 5.6 m

ph slow
er than

D
E

 system
, w

hile using 7.7%
 m

ore
fuel.  T

hese figures apply to operation
at about 130-200°

F lean of peak E
G

T,
i.e., very lean.

B
y interpolation, at 12,500' den-

sity altitude, the dual m
agneto system

w
ould require about 7.2 gph to m

atch
the D

E
’s speed of 173.4 m

ph on 6.5
gph-- a 10.7%

 fuel savings for the D
E

system
.

T
he speed advantage of the elec-

tro
n

ic ig
n

itio
n

 d
isap

p
ears w

h
en

operating at less radically lean m
ix-

tures.  F
or exam

ple, at 15,000', w
hen

operating betw
een 50-100°

lean of
peak E

G
T

at 7.0 gph, all three ignition
sy

stem
s d

eliv
er ab

o
u

t 1
7

9
 m

p
h

,
though the ignition tim

ings are 41
°

B
T

D
C

 for the D
E

/S
E

 and 25°
B

T
D

C
for the D

M
 at this altitude.  A

t rich
m

ixtures, the D
M

 system
 show

ed a
slight speed advantage.  See 12a.

F
igure 12c

show
s the results of op-

eratio
n

 at 8
,5

0
0

’
d

en
sity

 altitu
d

e.
H

ere, the D
E

 and S
E

 system
s operate

w
ith 30°

ignition tim
ing w

hile the D
M

rem
ains fixed at 25°

B
T

D
C

.  T
he TA

S
w

ith the D
M

 system
 essentially equals

or surpasses that of the D
E

/S
E

 at all
fuel flow

s leaner than peak E
G

T.  T
he

differences are sm
all.

F
igures 13A

, B
, C

 and D
show

 the
changes in E

G
T

in the S
E

 configura-
tion during several different m

odes of
operation.  T

he responses of both the
leanest (#4) and richest (#2) cylinder’s
E

G
T

s are plotted. D
epicted are the

changes that occur w
hen the tim

ing
advance is reduced from

 40°
to 25°

B
T

D
C

 o
n

 th
e E

IS
-1

 u
n

it w
h

ile th
e

m
agneto rem

ains at 25°
advance.  T

he
effects of extrem

e leaning, turning off
the E

IS
-1 altogether or of turning off

the m
agneto are also show

n.
F

igure 14
show

s a detailed com
-

parison of the D
E

 and D
M

 system
s at

8,500' density altitude, w
here the elec-

tronic ignition tim
ing is 30°

B
T

D
C

versus 25°
B

T
D

C
 for the m

agneto.
Figure 15

tabulates the rate of clim
b

test results.  A
t the rich m

ixtures used
in clim

b tests, the D
M

 perform
ance

surpasses that of both the S
E

 and D
E

system
s.

F
igure 16

graphically com
pares the

C
H

T
's and E

G
T

's of cylinder #4 for
the D

E
, S

E
, and D

M
 configurations at

a density altitude of 15,000 feet.  A
s
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6
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12
F

uel flow
, gallons per hour (gph)

D
M

 T
A

S

D
E

 T
A

S

S
E

 T
A

S

D
M

 E
G

T
 #4, 2455 lb.

D
E

 E
G

T
 #4, 2480 lb.

S
E

 E
G

T
 #4, 2472 lb.

F
igure 12b.  T

A
S

 and E
G

T
 of 3 ignition system

s at 12,500 feet

M
ooney N

6057Q
 at 12,500' density altitude, w

ide open throttle, 2550 R
P

M
,

w
ing B

arograph #3 plus digital acquisition device recordings.  C
ow

l flaps fully
opened.  M

agnetos @
 25° B

T
D

C
.  E

IS
-1 electronic @

 36° B
T

D
C

.  D
E

 =
 dual

electronic.  S
E

 =
 single electronic.  D

M
 =

 dual m
agnetos.
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expected, the CHT is hottest and the
EGT is coolest with advanced ignition
timing.  CHT falls dramatically with
all configurations as the mixtures are
made very lean.  Even during the onset
of lean misfire, the EGT remains much
cooler than peak EGT.

The DM system reaches its lean
misfire limit at significantly richer
mixtures than the SE or DE system.
The DE system can operate without
misfire on slightly leaner mixtures
than the SE system.

Four channel EGT and CHT
graphs obtained with the DE system at
41° BTDC timing exaggerate the tem-
perature spreads among the four
cylinders, showing which are the lean-
est.   In Figure 17a, as the rich mixture
is progressively leaned, #4 CHT runs
hot early while #2 CHT tends to run
hot later in the leaning schedule. The

EGT graphs help to explain this CHT
behavior.  The EGT of cylinder #2, the
richest cylinder, is the last to reach
peak EGT while EGT #4 is the first to
reach peak EGT.

Figure 17b shows that the DM sys-
tem has a smaller temperature spread
among all four cylinders than is found
in 17a. 

It might be expected that induction
tubes #1 and #2, being the forward-
most in the induction plenum and
therefore closest to the fuel fog ema-
nating from the throat of the Ellison
Throttle Body, would exhibit rela-
tively richer mixtures and higher
CHT’s than the plenum’s rearmost in-
duction tubes to cylinders #3 and #4,
respectively.  The CHT curves in Fig-
ure 17a tend to support this idea, as
does the finding that the EGT rise of
lean misfire begins at 6.0 gph for cylin-

ders #3 and #4 but not until 5.5 gph for
#1 and #2.

Figure 18 is a table that compares
all 3 ignition systems at their mini-
mum tolerable fuel flows.  The cool
CHTs at these low fuel flows suggest
that the cooling system airflow could
be reduced substantially to raise the
CHT to a more thermodynamically ef-
ficient value.  The table shows
theoretical values for TAS and MPG
that might be obtained if the cooling
system were sealed up to produce a
CHT of 420° F in lean cruise flight on
a 100° F day or 400° F on an 80° F
day.  Such increases in speed require a
fully closable cowl air exit that can se-
verely restrict cooling airflow.  Such
tests were not possible on the testbed
aircraft.

Figure 19 reveals the effect of
changing the ignition timing or using a
large spark plug gap.  See its attached
explanation.

The oil temperature in all test con-
ditions rarely rose above the
Vernatherm setting of 180° F due to
the excess of oil cooler airflow in the
testbed aircraft.

The engine started reliably and eas-
ily with either the electronic or
impulse-coupled magneto ignition.  It
idled smoothly at only 500 RPM with
the electronic ignition, much lower
than the minimum smooth idle possi-
ble with magnetos.  Electroair
recommends powering the DIU’s with
a backup battery during starting so that
a large sag in main battery voltage
during cranking does not upset the
functioning of the DIU's circuitry.

There were no ignition malfunc-
tions during any of these tests.  The
Electroair ignition units were mounted
in the 'cold air' portion of the engine
cowl and tolerated heat soaking of up
to 175° F inside the cowl after engine
shutdown on a 100° day without any
subsequent malfunction.

Simultaneously switching both of
the DIU's of the DE system to the
backup battery source in flight using a
single toggle battery selector switch
caused episodes of brief but violent
misfiring because of the momentary
"off" condition occurring as the switch
broke contact in midthrow.  A better
circuit method would be to power each
DIU with a center off, 2 position Mil-
spec. 10 amp toggle switch and select
the backup battery for each DIU in
succession, rather than in one throw. 

 = EGT#4 (leanest)
=  EGT#2 (richest)
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Lean misfire limits:  Mooney N6057Q, 12/04/01.  12,500' density altitude. One Electroair
EIS-1 at 40° ignition timing advance and one Bendix 1200 magneto at 25° timing.  EGT4
(red, dotted) = leanest cylinder.  EGT2 (blue, solid) = richest cylinder.

Reduced
fuel flow
from 6.5 to
6.0 gph,
causing
detectable
roughness

At 6.5 gph,
reduce EIS-1
ign. advance
from 40° to
25° BTDC,
causing ++
power loss.

At 6.5 gph, turn
off EIS-1, use
only Bendix
magneto at 25°
BTDC, causing
+++ power loss
and RPM surging.

At 6.5 gph, turn
off Bendix
magneto, use
only EIS-1 at 40°
BTDC, causing +
power loss.

Reduced
fuel flow
from 6.0
to 5.8 gph
causing
very rough
engine.
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Figure 13A.



DISCUSSION

The automotive industry has suc-
cessfully developed electronically
controlled, battery-dependent, high en-
ergy ignition systems for many years
with excellent reliability.  Today’s au-
tomobile systems require very low
maintenance and yet operate with com-
plex ignition timing control inputs
from sensors for manifold pressure,
RPM, temperature, throttle position,
exhaust oxygen level, engine knock,
etc.

EAAers Jeff Rose and Klaus Savier
deserve credit for having led the way
in applying such technology to aircraft
engines.  The results of this study sug-
gest that the EIS-1 ignition system can
provide substantial gains in perfor-
mance during lean mixture operation.
It must be emphasized that the results

for other electronic ignition systems or
for the EIS-1 applied to any other en-
gine may be quite different than those
reported here.

Research at Ford Motor Company
has shown that improvement in lean
operation from multi-spark discharge
ignition "is not so large as that obtain-
able by improving carburetion and
continuing to use a standard single-
spark ignition system."2 Engine
smoothness and reliability also benefit
if fuel distribution/atomization defi-
ciencies (common in many aircraft
engines) are corrected prior to in-
stalling electronic ignition.  The EIS-1
system was tested here on a specially
modified aircraft engine that may have
already achieved much of the perfor-
mance improvements commonly
attributed to adding electronic ignition
to otherwise stock aircraft engines.

The DM system's Bendix 1200 mag-

netos are better suited to high altitude
operation than are smaller, lower volt-
age magnetos.  The testbed engine's
tuned, scavenging exhaust system en-
hances volumetric efficiency and
reduces charge contaminants that
would otherwise slow flame propaga-
tion or impede the ignition process.
Its fairly uniform mixture distribu-
tion, combined with the finer fuel
atomization produced by the Ellison
Throttle Body, allow this particular
engine to operate smoothly in the DM
configuration on much leaner mix-
tures (~150° F lean of peak EGT)
than most aircraft engines.  

The finding that the DM system
surpassed the EIS-1 in performance at
8,500' density altitude on lean mix-
tures may indicate that the EIS-1
timing of 30° BTDC at this altitude is
too advanced for maximum brake
torque (MBT).  Theoretically, the
faster combustion time from a high
energy spark could allow its MBT
timing to be slightly later rather than
earlier than that for a magneto, espe-
cially in a well-scavenged engine
such as this one.  Klaus Savier has
found that electronic ignition deliv-
ered MBT timing for his aircraft
engine operating at 29" M.P. and 1900
RPM with best power mixture at
around 16° BTDC.3  Such timing set-
tings were not examined on the EIS-1.  

The higher rates of climb shown by
the DM system suggest that the EIS-1
affords no significant horsepower ad-
vantage when using an easy-to-ignite
rich mixture.

The EIS-1 modulates ignition tim-
ing by RPM and relative manifold
pressure.  Due to variations in the pres-
sure altitudes on 3 different flights at
12,500 feet, the EIS-1 delivered 3 dif-
ferent ignition timing settings:  36°,
40°, and 38°.    An absolute manifold
pressure sensor would correct this vari-
ability of the timing.

DETAILED EGT ANALYSIS

The EGT and TAS performance of
the SE ignition system were examined
in detail at 12,500’ density altitude us-
ing wide open throttle and 2550 RPM,
cowl flaps fully opened.  Figures 13A
through D present the results.

Figure 13A, point “A”, shows that
the #4 cylinder EGT (red trace) rises
and thus begins to show lean misfire as
the mixture is leaned from 6.5 to 6.0
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gph.  Meanwhile, cylinder #2 shows
the more typical cooling in EGT as
the mixture is leaned.  This contrast in
EGT behavior occurs because, on the
test engine, cylinder #4 is consistently
the leanest while cylinder #2 is the
richest.

At point “B”, where the mixture
was leaned even further to just 5.8
gph, EGT #4 plummets due to its hav-
ing frequent cycles with near total
absence of ignition.  Here, EGT #2 fi-
nally begins to show the characteristic
rising EGT of partial misfiring.  Not
unexpectedly, the engine was running
very rough at this point “B”.  

At point “C”, the engine was run-
ning smoothly at 6.5 gph when the
manifold pressure advance was turned
off, reducing the EIS-1 timing from
40° BTDC to 25° BTDC, i.e., the
same setting as the magneto.  This
produces a very large rise in EGT on
both cylinders #2 and #4 and a com-
mensurate loss of power due to the
wasteful late burning of fuel as it exits
the exhaust valve.

At point “D” in Figure 13A, the
EIS-1 unit was turned off, leaving the
Bendix 1200 magneto to fire the top
spark plugs only.  A major power loss
ensues as the EGTs both rise dramati-
cally.  Figure 13B expands on these
findings.

Point “E” in Figure 13A shows
that turning off the Bendix 1200 mag-
neto  causes a much more mild rise in
EGT and a much less severe loss of
power.  In other words, even with the
slow-burning mixture setting of  6.5
gph, which is the lean misfire limit, the
magneto was not contributing much to
the ignition process; the major share
was being supplied by the advanced
firings from the EIS-1’s bottom spark
plugs.

Figure 13B shows the effect on EGT
and TAS of turning off the EIS-1 at
various mixtures.  With only the top
spark plugs firing at their 25° BTDC
magneto timing, there is not enough
time before the exhaust valve opens
(EVO) to fully consume the mixture.
In general, the leaner the mixture, the
larger the rise in EGT upon turning off
the EIS-1 because the leanest, slowest-
burning mixtures need the most ‘head
start’ at ignition.  Note that the EGTs
of cylinder #2 (richest) and #4 (lean-
est) rise different amounts.

In Figure 13B, the TAS drops the
most at the leanest setting (point “D”),

again reflecting the amount of energy
wasted by fuel burning after it exits the
exhaust valve.  But two effects are oc-
curing simultaneously.  One is the
influence of firing only the top spark
plug in each cylinder.  The other is the
effect of retarding the timing from 40°
BTDC to 25° BTDC.

Figure 13B, point “A” shows a drop
in TAS at 11.0 gph when the electronic
ignition and its bottom spark plugs are
switched off.  This TAS loss is partly
an indication that ‘bloody rich’ mix-
tures (200-250°F ROP EGT) do indeed
burn more slowly than best power mix-
tures.  The retarding of the timing from
40° to 25° BTDC made it too late,
causing the loss of power and airspeed
along with the rise in EGT.  This tim-
ing retarding effect is compounded by
initiating ignition at only the top spark
plug (magneto) in each chamber, mak-
ing combustion of the entire mixture

take even longer.
At point “B” in Figure 13B, the

TAS increased slightly after turning off
the electronic EIS-1 ignition at 9.5
gph. This is best power mixture at this
RPM, M.P. and altitude.  Here, a tim-
ing of 25° BTDC on single ignition
appears to deliver more power than a
setting of 40° BTDC with dual igni-
tions.

Best power mixtures are the fastest-
burning.  Running 40° BTDC timing at
best power mixture appears to be too
advanced--the burning occurs too early.
This may impede the piston’s rise near
TDC and/or dissipate the peak cylinder
pressure too early in the piston’s de-
scent, and thus actually reduce
horsepower.  The 25° BTDC timing is
closer to MBT (maximum brake
torque) timing at these particular con-
ditions and the increased power occurs
despite the wasted energy evident in
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the higher EGT’s during single mag-
neto operation.  This suggests that the
Lycoming engineers who chose a fixed
ignition timing of 25° BTDC for this
engine made a wise choice.

In Figure 13C, the magneto was
turned off while operating at each of 3
different mixture settings.

At point “A”, while running 40°
timing advance with the EIS-1 at 11.0
gph (~270° F rich of peak), turning off
the magneto with its 25° BTDC timing
shows almost no effect on EGT or
TAS.  This indicates that the magneto’s
contribution to the ignition process is
minimal.  Contrast this with point “A”
in Figure 13B, where the absence of
the EIS-1’s 40° firings has a pro-
nounced effect on EGT and TAS.

At point “B” in Figure 13C, at 8.0
gph (near peak EGT), there is a per-
ceptible rise in EGT when turning off
the magneto, but still no significant

change in TAS.
At point “C”, at 7.0 gph (~150° F

lean of peak EGT), there is a more no-
ticeable rise in EGT and fall in TAS
when the magneto is turned off.  This
again indicates that, in the SE configu-
ration with 40° electronic timing, the
magneto only contributes significant
ignition at the slowest-burning, leanest
mixtures.

See Figure 13C, and point “E” in
Figure 13A.  Calculation shows that, at
2550 RPM, the advertised spark dura-
tion of 1.8 milliseconds for the EIS-1
using 0.030" spark plug gap would
provide a continuous spark from 41°
BTDC to 13.5° BTDC.  With the SE
system, this would overlap the 25°
BTDC spark delivered by the magneto.
Especially with rich mixtures, the
flame front that originates at 40°
BTDC from the SE bottom spark plug
might be expected to partially engulf

the magneto's top spark plug elec-
trodes before they fire their spark.
Such circumstances may burden the
magneto coil with having to fire its
spark into a somewhat increased pres-
sure environment, increasing the
possibility of stray arcing in its dis-
tributor or coil.  Although we saw no
evidence of arcing and know of no re-
ports of it thusfar in users of the SE
system, it is suggested that the mag-
neto-fired spark plug gaps be kept
properly small when using the SE
system.

Figure 13D depicts the effects of
turning off the manifold pressure-
modulated timing advance of the
EIS-1.  This changes the timing of the
bottom spark plugs to 25° BTDC from
their advanced setting of 40° BTDC
and retains dual ignition operation.
The results show a consistent but mild
rise in EGT at every fuel flow setting
examined, indicating the delay in the
burning of the fuel.  This is accompa-
nied by the familiar drop in TAS at all
except the 8.0 gph (stoichiometric)
setting (point “C”, Figure 13D),
where the airspeed actually rose by
almost 1.0 mph.  This rise of TAS
demonstrates better power with dual
ignition at 25° BTDC at these particu-
lar settings than when the bottom
plugs were firing at 40° BTDC, i.e., it
is closer to the MBT timing.  As was
shown in Figure 13B, point “B”, the
increased power from an optimized
timing setting (closer to MBT) more
than compensates for the wasted en-
ergy of higher EGTs that accompany

such retarded timing. 
The ‘burn speed’ of the 8.0 gph stoi-

chiometric mixture is slower than the
9.5 gph best power mixture.  The loss
of TAS at 9.5 gph (Figure 13D, point
“B”), differs from the rise in TAS
found at 9.5 gph in Figure 13B, point
“B”, where only the top spark plugs
were firing.  To explain why this situa-
tion reverses at 9.5 gph, recognize that
flame spread is faster when originated
at two spark plugs than when origi-
nated at only one.   Thus, with both
spark plugs firing, 25° BTDC advance
is slightly too early for MBT at 9.5 gph
(Figure 13D, point “B”) whereas with
only the top spark plugs firing, the
slower flame spread places 25° timing
close to MBT.  The MBT setting at 9.5
gph with all spark plugs firing thus
would likely be about 20° BTDC.  This
is true even though the EGT is shown
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to rise as the 40° BTDC timing is cut
to 25°.

Simply modulating ignition timing
according to manifold pressure and
RPM ignores the direct and profound
dependency of MBT timing on the
fuel/air mixture.  Figure 13 clearly de-
picts this dependency and suggests the
need for a sensor such as an exhaust
oxygen sensor to modulate ignition
timing with mixture.  Although such
sensors are purported to be problem-
atic in engines that use leaded fuels,
hopefully this technical problem will
soon be solved for aircraft engines.

The EGT spread shown in Figure
17a suggests that the mixture distribu-
tion of this engine could be further
improved.  Cylinder #2 is too rich and
cylinder #4 is too lean.  Because the in-
take mouth of induction tubes #2 and
#4 share the incoming fuel fog on the
left side of the Ellison Throttle Body,
with #2's mouth placed directly in
front of #4's, a further reduction in
EGT and CHT spread can likely be
achieved by moving #2's mouth
slightly aside to send more fog to #4's.

Figure 17b shows that the lean mis-
fire of all cylinders in the DM
configuration begins at 6.5 gph, a
richer setting than the 6.0 gph misfire
limit for the DE system shown in 17a.
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Figure 15.  Electroair EIS-1 ignition versus Bendix 1200 magneto in rate of climb performance.
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1200 magnetos @ 25° BTDC.
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Figure 14.  Fuel flow versus EGT, CHT and TAS:  DM v. DE ignition.
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At 23" Hg. of manifold pressure, the EGTs of the richest cylinder (#2) are not
affected by the 4° timing difference from DM to DE while the EGTs of the leanest
cylinder (#4) differ significantly.  The DE CHT #4 is lower than the DM CHT #4 at
all fuel flows.  The DE CHT #2  is hotter when LOP and cooler when ROP
compared to DM CHT #2.  TAS differences are small but indicate that the DE
system is fastest using rich mixtures and the DM system is fastest using lean
mixtures.
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Though firing at the same 41° tim-
ing at 15,000' as the DE system, the SE
system probably operates as if its igni-
tion were timed later due to the slower
burning that results when early firing is
initiated only at the SE bottom spark
plug.  Thus, a slight increase in timing
advance relative to the DE system
might be expected to help extend the
lean misfire limit of the SE system and
improve its power output.  Figure 19
appears to confirm this idea by show-
ing SE data for both 36° and 40° BTDC
timing at 12,500’ altitude.  Note here
that the airspeed developed with mix-
tures near the lean limit is slightly
better at 40° timing than at 36° timing
and that the converse is true at rich
mixtures.  Also note the expected in-

crease in CHT and decrease in EGT
with the 40° timing.

In Figure 19, the 36° timing was too
rough running at 6.0 gph to obtain a
stable TAS.  We estimate that this
would have yielded about 15 mph
slower than the TAS of the 40° timing
at 6.0 gph.  The use of a 0.060” elec-
trode gap on the bottom spark plug of
cylinder #4 (the leanest cylinder)
caused it to prematurely misfire rela-
tive to the lean limit found using the
standard 0.031” gap.  Presumably, the
diminished spark duration of the larger
gap did not last long enough to reliably
ignite the very scarce fuel molecules at
the leanest mixtures.

Figures 20a,b and 21 show the re-
sults of “clocking” the electrode gap

axis of the bottom spark plug in cylin-
der #4.  The results are explained in the
accompanying sidebar.

Figure 22 clearly shows the large ef-
fect on EGT from advancing the
ignition timing.  The peak EGT at
15,000’ and 41° BTDC timing is lower
and occurs at a leaner mixture than
with 25° magneto timing.  The fact that
the DE and DM EGT’s nearly match at
8,500’ suggests that it is the timing and
not the high energy that causes the
EGTs of these two systems to differ at
15,000’. 

Textron Lycoming's Flyer newslet-
ter states that they allow "leaning to
peak EGT at 75% power and below on
our direct drive normally aspirated en-
gines."4 They also state that "leaning
past the peak (EGT) is not recom-
mended".

Wide experience has shown that,
when a reasonably even mixture distri-
bution exists, conventional aircraft
engines can safely operate continu-
ously lean of peak EGT with the
following important stipulations:

1)  It must be at less than 70%
power.  For normally aspirated en-
gines, it is generally at altitudes
above 10,000 feet where w.o.t. set-
tings, which are best able to give
even mixture distribution, deliver no
more than 70% power.

2) It is verified by EGT measure-
ments that all cylinders are at least
25° lean of peak EGT.   Ideally, the
multi-cylinder EGT/CHT gauge
should have an alarm capability
such as those built by JPI and KS
Avionics.

3)  All cylinder’s CHTs’ must be
within acceptable limits for continu-
ous operation (generally below 420°
F) when measured by an accurate
multi-cylinder CHT gauge.

4)  There must be no evidence of
noticeable roughness.

CONCLUSIONS

1)  Advanced ignition timing with
the EIS-1 high energy electronic ig-
nition system significantly improved
aircraft speed and fuel economy in
cruise flight at high altitude during
operation with very lean mixtures.
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Fuel flow, gallons per hour (gph)

DM
EGT#4,
25°/25°

DE EGT#4,
41°/41°

SE EGT#4,
41°/25°

DM CHT
#4, 25°/25°

DE CHT #4,
41°/41°

SE CHT #4,
41°/25°

Mooney N6057Q at 15,000' density altitude, wide open throttle, 2550 RPM,
hottest cylinder #4, Vetter DAD recordings.   DM = dual Bendix 1200
magnetos (25° BTDC)   DE = dual electronic EIS-1 (41° BTDC) SE = single
electronic EIS-1 (41° BTDC) with single Bendix magneto (25° BTDC)
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Figure 16.  Fuel flow versus EGT, CHT at 15,000'.
DM, DE, and SE ignition systems.
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2)  These advantages will most
benefit aircraft of relatively low span
loading that are designed to cruise
above 10,000 feet with normally as-
pirated engines .

3)  Before installing electronic ig-
nition on an aircraft:

a)  Its engine induction and
mixture distribution should be opti-
mized using high quality,
multi-cylinder EGT/CHT gauges to
balance the flow to all cylinders.

b)  The adequacy of the en-
gine cooling system should be tested
and confirmed as more than ade-
quate.

c)  The engine operator
should acquire a thorough under-
standing of the maintenance and
operation of electronic ignition and
recognize and accept the risks in its
use.

4)  The SE system ignition timing
appears to optimize at a slightly
more advanced setting than the DE
system.

5)  As the fuel mixture is leaned,

the progressive reduction in flame
speed  can be as much as 50-60%.
Programming the ignition to MBT
timing during such lean operation
requires a closed loop fuel mixture
sensor in addition to inputs from ab-
solute manifold pressure and RPM.

6.  Lean operation can best be op-
timized by a properly timed, high
energy, long duration spark applied
across a large electrode gap that is
ideally oriented with respect to local
combustion chamber swirl. 

Other electronic ignition systems
may perform differently than the
EIS-1 system tested here and may be
the subject of future study by the
CAFE Foundation. 
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Figure 17a. DE system:  EGT and CHT spreads for all four cylinders.
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⊕ DM EGT #4

DM CHT #1
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Mooney N6057Q; 15,000' density alt., wide open throttle, 2550 RPM, Vetter
DAD records. CHT for 100 °F day.  DM = dual Bendix magnetos @ 25° BTDC
timing. At 6.0 gph, the rise in EGT due to misfire is greatest for cyl. #2
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Figure 17b. DM system:  EGT and CHT spreads for all four cylinders.
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Figure 18.  Cooling drag at lean limit operation--calculated potential TAS and MPG gains with cowl flap fully closed.
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igure 19.

S
E

 ignition:  E
G

T
, C

H
T

 and T
A

S
, tim

ing and plug gap effects.
Figure 19 Explanation:

The 40°
tim

ing produces a hotter
CHT than 36°

tim
ing.  This is a finding consis-

tent with m
ost of the data from

 other flights in
which advancing the tim

ing increases CHT.
Likewise, the 40°

tim
ed EGTs are generally cool-

er than when at 36°
tim

ing.  M
ore of the heat of

com
bustion goes into the cylinder head and less

rem
ains in the exhaust gas when using 40°

tim
-

ing than with 36°
tim

ing.
The TAS with the 40°

tim
ing is faster

than with 36°
tim

ing at their lean m
isfire lim

it of
6.5 gph.  The TAS with 40°

spark advance was
slower than with 36°

advance when using ROP
m

ixtures.  This is presum
ably because rich m

ix-
tures burn faster, calling for less tim

ing advance
to optim

ize power.
W

hen the #4 bottom
 spark plug gap

was set to 0.060”, the engine reached its lean
m

isfire lim
it sooner, with perceptible roughness

beginning at 7.0 gph rather than the 6.5 gph lim
it

found on the other flights that used the standard
gap of 0.031”.  The large gap m

isfired badly at
6.5 gph with a large loss of TAS and m

ajor
engine roughness.

The 40°
tim

ing allowed the engine to
continue running without severe roughness at
just 6.0 gph.  However, at 5.8 gph, the roughness
becam

e prom
inent and uncom

fortable as EGT #4
40°

plum
m

eted due to frequent cycles of severe
m

isfire.

Exhaust gas temperature (EGT) , °F 

t ~ t t 

Cylinder head temperature (CHT) , °F 
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Figure 20a.  EGT cyl #4 at 3 different electrode gap rotations.
Three successive flights on 2/09/02.

Mooney N6057Q; SE ignition at 12,500' wide open throttle, 2550 RPM, Vetter
DAD recordings.  EIS-1 fires bottom plugs at 36° BTDC with 0.031" gap.
Bendix Magneto @ 25° BTDC fires top plugs with 0.018" gap.  Cylinder #4
(leanest) bottom spark plug electrode gap axis tested at 3 different rotations:
Flt. #1 = stock = -30°      Flt. #2 = +60°       Flt. #3 = +10°   See Figures 20b, 21.
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Figures 20a and 20b Explanation:

In Figure 20a, the lowest EGT at each
gph setting indicates the most complete combus-
tion before EVO (exhaust valve opening).  The
blue lines suggest that the +60° spark plug elec-
trode axis gives the most complete combustion
at the leanest mixtures short of the misfire limit.
The +10° axis (red lines) show higher EGT’s in
both the dual and single ignition modes, which
implies a slower initiation of the combustion
process, causing it to take longer.

Some research suggests that, if the
electrode gap is oriented perpendicular to the
‘wind’ or direction of gas swirl in the combustion
chamber at the moment of ignition, a high energy
spark can be stretched into a loop shape that bet-
ter ignites extremely lean mixtures because of the
greater surface area of such a looped spark.5 The
blue line in Figure 20a suggests that the +60°
gap axis is so oriented.  That the +60° axis also
demonstrated what both cockpit observers noted
as smoother engine operation at 6.5 gph than the
other two gap axes tested also implies that, for
this particular engine, cylinder, throttle setting
and RPM, the +60° axis provides more complete
ignition than the others tested.      

Figure 20b shows the control values
for cylinder #2’s EGT at the exact same second at
which the data in Figure 20a was obtained for
cylinder #4.  There is close agreement in cylinder
#2’s  EGTs on all three flights.  If any difference in
fuel flow is apparent between the second flight
with +60° gap (blue line on graph) versus the
first or third flights, it was that the second flight
used a slightly richer mixture at the nominal 7.0
gph setting.  For example, if the second flight
used 7.05 gph where the other flights used 6.95
gph, the slightly higher (blue) EGT in Figure 20b
would be the expected result at the 7.0 gph point.

If indeed the second flight had such a
richer mixture, this would be expected to cause
higher EGTs for the blue line trace at the 7.0 gph
point in Figure 20a.  Instead, Figure 20a shows
the blue line trace to be lower at the 7.0 gph
point.  This implies that the observed differences
are real and not artifact or noise.

The fact that the dark blue line plum-
mets at the 6.2 gph setting is likely due to the
spark being blown out by a ‘wind’ in the combus-
tion chamber that likely blows perpendicularly
across the +60° gap axis.  This ‘wind’ may be
somewhat blocked by the ‘upwind’ electrode with
both the  -30° and +10° axes, thus their shel-
tered gap can escape having its spark stretched
out to a larger arc length.  A stretched spark
blows out when the spark energy is no longer
sufficient to ionize the scarce (lean) molecules
across its longer arc loop length.

Note that at 8.0 gph, with its easy-to-
ignite, faster burning mixture, the gap axis
appears to have little or no effect on EGT. 
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Figure 20b.  EGT cyl #2, successive same-day flights with no gap rotation.

Mooney N6057Q at 12,500' density altlitude. SE config., wide open throttle,
2550 RPM, Vetter DAD recordings.  EIS-1 fires bottom plugs at 36° BTDC with
0.031" gap. Bendix Magneto @ 25° BTDC fires top plugs with 0.018" gap.
Cylinder #2 (richest) has its plug electrode axes remaining at stock rotation on
all 3 flights while cylinder #4 has its bottom plug gap rotations set to #1 = -30°,
#2 = +60°, #3 = +10°.  Figure 20a shows gap rotation effects on EGT.
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Figure 22.  EGT#2, ignition timing advance effects.

Mooney N6057Q.  EGT of cylinder #2 (richest) at 8,500' and 15,000' density altlitudes.
Wide open throttle, 2550 RPM, wing Barograph #3.  Cowl flaps fully opened.  DM at 25°
BTDC.  DE at 30° BTDC @ 8,500' and at 41° BTDC @ 15,000'.  Vetter DAD records.
DM = dual Bendix 1200 magnetos. DE = dual electronic ignition, Electroair EIS-1.
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Figure 21.  Spark plug electrode axis color corre-
sponds to those in Figure 20a.


