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INVESTIGATION OF OPERATING CHARACTERISTICS CF AN

ENGINEE~IPPEDWITB MODIFICATIOI% TO'

ELIMlXWK3FDEL-EVAPORATION ICING

By Donald R. Mulholland and Bdward D. Zlotowskf

Two modUfcid fuel-inJection systems, a drilled-inducer type and
a spinner type, that prevent serious fuel-evaporation fcing were
-installed on a V-type, liq&1d-oooled aircra3't engine&and a prelfminary
Investigation was conduqted to determine the effect on engine operating 1
characteristics. The sp:nner system was also--ground- and flight-tested
3n a twin-engSne fighter airplane. Flight measurements of cylinder-
head temperatures over a raqe of fuel-air ratios and engfne power
conditions were madr? at an altitude -of approximately 10,000 feet.

J Starting and acceleration of the engine on the ground were
unaffected by the fuel-injection modfffcations. ihdng the flight
;nveatigation, no apprec-iable  var!.ation  occurred between the maximum
and minWum cylinder-head temparatures with the standard and modified
system for 'the same pa%r condition and no irregularity of mixture
distribution could be detected throughout the power range of the engine
Hormal mixture distribution was also fndicated by a s~mi1s.r response
of cylinder-head temperatures for variations of fuel-air ratio at
manifold pressures of 25 and 35 inches of mercury absolute, t

Both modified futil-injection  systems required loss fuel-nozzle
pressure than the standard system to obtain the desired fuel-air ratio
for a given air-flow condition. .

INTROlWX'ION

An investfgatfon of the icing characteristics of, an aircraft-
engine induction system in a laboratory setup consisting of a super-
charger assembly and a carburetor resulted In the design of twoI
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fuel-injection modificatione, a spinner fuel-injection system and a
drIlled-Inducer  fuel-tnJection syetem, both of whlchktisfactorily
prevent the formation of fuel-evaporation Icing (references 1 and 2).

An elec-trkmotor was ueed.to drive the engine-stage  supercharger
during icing Investigations to avoid operation af the entire engine.
The invoetigation,.wa& oxtended,,._ -- - ‘ueing both.fuel-fnjectfen modifica-
tions on a full-sca;Ie laboratory engino, to determine whether the.
modSficationa effected carburetor metering and general engine perform-
ante. The spfnner system wae further investigated on an airplane
during ground and flight tests to obtain a comparl8on of engine o-per-
atTon tith the standasd sy&&. _-.

The result8 are bused on obeervations of the ease of etartlng
and acceleration of the engine, as well ae on measurement of the
cylkder-head temperatures, which roughly indicate the nature of mix-
ture dietribution  to the cylinders.

APPARATUS AND PRocEfsTRE
.

S-Pinner and drilled-inducer fuel-injection syetems. - In the
spinner fuel-inJectJon system (rig. 11~ the fuel passea fr.om the
standard Injection nozzle through a.,speolal fuel-trant$%r tube to a
spinner that.is mounted on a special externally threaded Weller
retaining nut. The fuel $8 radFallg ditecharged  by centrifugal force
into the spaceB between the vanea at the-face of the Speller.

The drilled-inducer fuel-injection ayetern (fig. 2). ie slm!.lar
to the spinner eystem except that the Peel paeeos from a spinner
through drilled 'pamwa in the inducer partof the impeller and ier
then discharged between the 3.mpeller vanes approx@%tuly thirteen-
-'xteenths inch from the impeller face. .- ._

Details of the parts used for each modffication are given in
reverence 2.

Preliminary en@ne-teeta.- - - A multicylinder engine w-a~ operated
in the laboratory with both modified eystenu prior to installation
on the airplane in order to insure satisfactory flight operation,
A water brake was ueed to absorb and mea&e the power output; an
orifice was provided for meaouring induction-eyatem air flow; and a
rotameter  was installed in the fuel Isystem for fuel-flow measurement.
Thermocouple8 were used to meaFa carburetor-blot-air temperature
and supercharger-outlet tixture temperature. Manifold pressure and
exhaust back prerssure were Indicated on mercury manometers and fuel-
nbzzlo preemwe was indicated on a pressure gage.

-.

-.
-.8
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Ground and flight tests. - A detailed description of the instal-
lation and instrumentation of the V-type, liquid-cooled aircraft
engine used in tile twin-engine fighter a&plane for a previous invee-
tigation of induction-system icing is given in reference 3 and much
of the e&me inetrumentation  and equipment wae used for this investi-
gation. In addition, thermocouplecs were in&all& in the cylinder
heads approximately three-sixteenths inch from the inner surface of
the combustion chamber between the exhaust-valve Beats. (See fig. 3,)

Instrumentation was provided to measure free-air temperature,
pressure altitude, and airspeed. For the engine, instrumentation wae
installed to measure engine speed, carburetor-inlet-air temperature
and preseure, manifold mixture temperature and pressure, cylinder-
head temperaturee, oompmated and unc~penaated metering suction
differential pressure, mixture Betting, coolant temperature, and
cooling-air temperature.

Pressures and tmperaturee here recorded by standard NACA pres-
sure recorder8  end a recording potentiometer,  respectively.

The uncompensated metering suction differential pressure of the
specially calibrated carburetor was used to determine the charge-air
flow through the uarburetor, and the compensated metering auction
differential preseure to determine fuel flow. A special mixture-
control disk was installed on the carburetor to obtain accurate fuel-
air-ratio control and a dfifferential-pressure  gage was installed in
the cockpit to indicate the compensated metering suction differential
and thus enable the pilot to set desired fuel-air ratios.

Prior to flight, a ground check wan made of engine performance
with spinner fuel injection throughout the powerrange  from idling
to take-off power in order to inaura smooth and detonation-free

/ operation.

Comparative flights were made at an altitude of approximately
10,000 feet wLth the spinner fuel-injection syetem and the standard
system. The drilled-inducer fuel-injection Eyetern waB not investi-
gated in flight!

The program included flights at low-cruise and high-cruise power
conditions with varying fuel-air ratio and flighte at various powers
up to rated engine power with speoified fuel-air ratios. Ease of
starting and acceleration were noted throughout the invgatfgation.
Data were recorded for each 3.$-minute period after conditions were
stabilized.
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Data obtained from operation of the laboratory engine with both
mod'ifled fuel-injetiion systems and with the standard system are com-
pared ?n table I. O+ the -QY ran++? Mvest:gatedl engine operation
W&R satiecr'actory with &the* of the modifi& in&&on e$teme.

An effect of the two modified fuel-injection Bystems on carburetor
metering characteriatica LB indicated by vaziatione frcxn the etandtrrd
fuel-nozzle preo8ura, a8 &own in table I. The fact that operation
with bath modifisd systems resulted in lower fuel-nozzle pressure for
a given fuel flow at constan t air-flow conditions FEI partly attributed
to the reduction in back pressure obtained by cropping the plntle head
of the standard fuel nozzle (figs. 1 and 2). On a standard cezburetor
without ve,r1able  m?xture-control dfsks, the effect of the reduced fuef-
nozzle pressure of the modified syetema would be an increase in fuel-
air ratio and would reqbire apprcpriate  adjustments in meter- jets.

No apparent +an~e. in gzneral engfne upczra tlxq ChELCt~riEltiCB
oocurrod dur;ng the ground tests using splnnci? r'ueb inj&otion through-
out the antire power rangn from idliq to take-off. Ease of &a.rtlng
wae not affected tit the prevaXl.ing carburetor-air temperatures (52'
to 76' F) and no adVerse effect on engine acceleration wa8 detected.

The maximum and min3mum cylinder-Ilead tegperaturee  and tempera-
ture spread resulting from two of the flights at an approximate alti-
tude of 10,000 fee,t arc presented In the followins table for both the
standard end spiarier fual-injection eyetams t@rou&out the range of l -
engine power:
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Flight

3
3

:3
3
3
3
3

t
.

Manifold IEngine
pressure speed
(in- Eg hd
absolute)

Stand

--g-pg

39:9 I 2540
43.2 2540
50.1 2800
53.8 2940

Temperature
Pm

Cool- Carburetor Cylinder head
ant inlet airMaximum Minimum Spread
trd fuel injection
225 57 401 340 61
223 62 419 347 72
222 67 448 367 81
222 77 450 36% 82
221 82 452 371 81
222 92 472 383 89
224 100 485 392 93

Spinner fuel injection
1 1 24.6 2180 224 55 I 403
1 2 30.0 2160 221 54 426
1 3 34.7 2280 223 - 64 453
1 4 39.7 2560 221 74 452
1 5 42.7 2560 221 79 459
1 6 49.8 >2800 220 93 496
17 53.7 2960 222 94 492

63
74
80
81
82

107
93

No appreciable variation in the spread of maximum and minimum
cylinder-head temperatures occurred at a given po-der condition for
the standard and spinner fuel-injection systems except between the
comparable runs at manifold pressures of 50.1 and 49.8 inches of
mercury absolute and engine speed of 2800 rpm where an unaccountable
variation of lB" F occurred. For the remaining six power conditiona,
the maximum difference in spread was only Z" F. Because of the small
average variation between the spread of 'maximum and minImum oylinder-
head temperatures for both fuel ayeteme, f-t can be concluded that the
spinner fuel-injection system caueed no 'adverse effect on mixture
distribution. The spread between maximum and minimum cylinder-head
temperatures for a given engine power condftion cannot be taken &B a
direct criterion of the uniformity of mfxture distribution because
the thermocouple installation in the cylinder heads, although suitable
for comparing the effects of a change in fuel-air ratio, wa8 not
accurate enough for an absolute evaluation of mkture distribution.

c When other conditions are equal, uniformmixture di&ribution in
a multicylinder engine insures similar response of each cylinder tem-
perature to variations of fuel-ati ratio. On this basis, the spinner
fuel-injeotion.system gave slightly better results than the atandezd
eystem. A ornnparison of individual cylfnder-head temperatures with
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varying fuel-air.ratios at menifold preeaures  of 25 and 35 inchee of
mercury absolute ie presented in figure 4. At the low power condi-
tion (fig. 4(a)), no appreciable deviation between the trends of
cylinder-head temperatures ooourred for either fuel-injection system.
At the high power oondit&on (fig. 4(b)) when the etandard aystem x&e
used, however, cylinders ti and 5Ii did not Thai responeee similar to
the other oylindere; where&a, the uee of the spinner fuel-injection
eystem resulted in uniform reeponse of all oylindem over the fuel-
air-ratio range.

Figure 5 pregente a comparison of cylinder-head temperature8
throughout the range of engine operating conditions for each of the
fuel system. Differences in coolant temperature, carburetor-inlet-
air temperature, and fuel-air ratio noted tith the curve5 account for
small change8 in cylinder-head temperature; however, the.ourves  for
spinner and etandard fuel injection for each power condition oSo&ely
follow the BOMB pattern indicating that the spinner fuel-injection
oaueed no adverse effect on-&&tie ddiktribution over the power range
of the engine.

Complete flight tee-t data are given in table SI. .

i

T!b.e operational characteristics of two modtiled fuel-injection
systems that have been shown to reduce the icing aaeociated  with fuel
evaporation were-investigated on ground test atande and in flight and
the following resulta were obtained:

1. The spinner fuel-injection system did not effect engine
etarting end acceleration characterietice on the ground.

2. During the flight inveetigation, epinner fuel injection pro-
duced a Bpread between maxImum and mInimum cylinder-head taperatures
within 2O F of that obtained with the standard system except for one
power condition where the spread of the former was 18' F higher.

3. Variation of fuel-air ratio at manifold pressurea of 25 and
35 inches of mercury absolute using apinner fuel injection produced
a eimilar responee of all cyliader-head temperatures Indicating
unirorm mixture dietribution.

4. Throughout the power range of the engine, spinner fuel injec-
tion caused no significant change in mIxtLlre distribution baaed on
a comparieon  of indfvidual cylinder-head temperatures.

b
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5. Both modified fuel-injection systems operated with leser fuel-
nozzle preesure than the standard system required and appropriate
adjustments in metftring jets would be neceersary to maintain normal
metering characteristics of the carburetor with standard mixture-
control disks.

Aircraft lhglne Research Laboratory,
National Ad~ieory Cormnittee for Aeronautice,

Cleveland, Ohio.
,&,+.&*?/&a-.

Donald R. Mulholland,
Mechanical Fngineer.
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~glUeIManl.fOld Air Fuel '~Fuel-'Brake Exhaust Carbu- Super- Fuel- Fuel-
speed pressure flow flow airI horse- back retor-

(lb/ (lb/ ratio power gressure
chwm- ~w2 IlozzlE

Run b-d (in* % &fly&- lnlet- out let pres- pres-
aboolute) settiw set) sac) (In. Hg sir temper- sure sure

absolute) temper- atrwe (lb/sq (lb sg
atura
Pa

(OF) In.) In. i

Standard fuel injeotion
66 1600 '25.2 Auto. lean 0.70~0.052'0.075 383 29.90 68 82 17.0 4.0
69 1870 25.2 Auto. lean .75 ,056 ,075 403 30.08 68 95 17.5 4.0
70 2300 32.0 Auto. rich 1.32 .103 .078 697 31.63 70 U-3 El.0 3.7
71 2300 32.2 Auto. lean 1.31 .G95 ,072 697 31.63 71 117 18.0 3.6
72. 2600 39 .a Auto. rich 1.90 .175 -092 901 33.70 71 118 18.0 3.0
73 3000 40.0 Auto. rich 2.94 .183 ,069 971 34.63 72 152 18.5 2.9

Spinner fuel injeation
52 1600 25.0 Auto, lean 0.71'0.052 0.073 378 29.70 57 a0 17.0 3.5
53 1870 25.2 Auto. lean .BO .057 .071 413 29.70 52 a8 18.0 3.5
55 2300 31.8 Auto. rich 1.29 .lOO .077 683 31.20 50 100 18.0 3.3
54 2300 32.0 Auto. lean 1.29 ,092 .071 679 31.20 50 104 18.0 3.2
56 2600 40.0 Auto. rich1.94 ,169 .Oa6 984 33.30 50 100 18.0 2.9
57 3000 40.0 Auto. rich11.98 .la2 .092 951 33.70 48 132 18.5 2.7

Drilled-inducer  fuel lnlection
58
59
60
61
62
63

1600
1870
2300
2300
2600
3OuO

25.0 Auto. lean 0.69
25.2 tuato. lean .77
32.2 Auto. rich .34
31.9 Auto. lean
40.1 Auto. rich

P 1.30
1.90

40.2 IAuto. rluh .Ol

-xi
,057
,104

I
.G97
.168
.102

I.075 372 29.90 a0 94 17.4 3.2
.074 405 29.95 77 103 17.5 3.2
.07a 700 31.70 75 117 18.0 2.9
.074 683 31.68 80 123 18.0 2.9
.08a 970 33.70 78 126 %I.0 2.4
.090 951 34.40 85 160 18.0 2.1

I
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fuel dlrcharge

Fuel-transfer

Cropped plntle

Special impeller  retaintng  nut

F i g u r e  I. - Spjnner f u e l - i n j e c t i o n  s y s t e m  o n  v - t y p e ,  liquid-
c o o l e d  a i r c r a f t  e n g i n e . .
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Fuel-transfer

Cropped pintle

Fuet-injection nOZZl

Or i 1 led inducer

lmpet ler

c

. F i g u r e  2 .  - Dri I  l e d - i n d u c e r  f u g l - i n j e c t i o n  s y s t e m  o n  v - t y p e ,
4

Ilquid-cooled  a i r c r a f t  e n g i n e .
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showing l o c a t i o n  o f  CJ I l n d e r - h e a d  t h e r m o c o u p l e ,

,



. 4

410

I I390
~--370 I I I I I I P

e ’
I

6 F l i g h t  4

. hrn. l-7

Fuel-air  ratio
RAT lotaL MV ISmY

(a) Unifold pressure, 25 inches of mercury absolute.
COWWEE  FOR AEROFlAVTlCS

Figure 4. - Effect of standmd and spinner fuel-injection systems cm cyllndsr-head t rstures OF
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F’lgure  4. - Conoluded. !Jl’feot  of standard and spinner fwl-we&ion 8 stem on cylinder-head
wratures  of V-type  llquiboooled aircraft engine with varying fue -tir ratio at altituder
or lO,M)(l  feet.
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Fuel Manifold Coolant Carburetor- ml-air
injection pressure tempera- inlet-air ratio

(in. Q3 ture tempera-e
absolute) (OF) (OF)

0 spinner 53.7 222 94 0.086

U Standard 53.8 224 loo .087

1 2 3 4 5 6 1 2 3 4 5 6
Right bank

Cylinder

(a) b(anifold pressure, 64 inohes of mercury absolute.
Figure 5.- Comparison of oylinder-head  temperatures of Y--#liquid-

cooled aircraft engine at altitude of 10,000 feet using standard and
sphner fuel-iajeotim  systems.
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Fuel ?&mifold Coolant Carburetor- Fhel-air
injeotion pressure tempra- inlet4ir ratio

(h* Q ture tenlperature
absolute) (OF) (OF)

I-j-j--~ : ",!:zd ::I', ji"z: ;"z ":$
\ I

460
r

Right banlc Lefibank
Cylinder

(b) Ihnifold pressure, 43 inches of plercury absolute.
RLgure 5. - Continued. Ccmparison of cylinder-head temperatures of V-type,
liquid-oooled airoraft engine at altitmie of 10,000 feet usi= standard
and spinner fuel-hjection systems.
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F&l1 Nanirold
injection pressure

(in* Hg
absolute)

0 Spinner 34.7
n Standard 35.2

Coolant Carburetor- Fuel-air
temper* inlet-air ratio

ture t e m p e r a t u r e

(OF) ( O F )

223 64 0.069
222 67 .070
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(0) k?anifoldmpressure, 35 inches of mercury absolute.

Figure 5. - Continued. Comparison of cylinder-head temperatures of V-type,
liquId-co&ed aircraft engine at altitude of 10,m feet using stadd
and spinner fuel-injection systems*
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F u e l Manifold Coolant Carburetor- Fuel-air
injeotion pressure tempera- inlet-air ratio

cl=. % ture temperature
absolute) (OFI (OF>

b
0 Spinner 30.0 2 2 1 5 4 0 , 0 6 2

U Standard 29.9 2 2 3 6 2 .064

340
1 2 3 4 5 6 1 2 3 4 5 6

J

Ri&tbaPk Lefibank
Cylinder

(d) ?&.nifold pressure, 30 inches of meroury absolute.

figure 5. - Continued. .Contparison of cylinder-head temperatures of V-t
li uid-cooled aircraft engine at altitude of 10,000 feet using standar
,aJ

T
spinner fuel-injeotfcm  systems.
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File1 ldanirold  Coolant Carburetor- Fuel-ail
injectian pressure tempera- inlet-air rati.

(in. Hg ture temperature
absolute! (OF) (OF>

0 Spinner 24.6 224 55 0.063
0 Standard 24.9 225 57 .064

5e

l (e) Manifold pressure, 25 inches of mercury absolute.

Figure 5. - Concluded. Comparison of cylinder-head temperatures of V-type,
liquid-cvoled  aircraft engine at altitude of 10,000 feet using standard
and spinner fuel-injection systems.
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