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SUMMARY

Ground tests were conducted on a twin-engine fighter
airvlane to study icing of an induction system incorporating
an exhaust—driven turbosupercharger. The ground tests were
made to determine the disposition of free water in the in-
duction system of the airnlane, to determine the charge-air
heat rise available from the turbosupercharger, and to corre-
late actual airvlane-test results with those of laboratory
tests.

The icing characteristics of the airplane were studied
at engine powers that varied from idling to take-off power
with simulated~rain conditions of moderate, heavy, and ex-
cessive rain. The effect of the intercooler on the heat con-
tent of the charge air was studied at three power settings
representative of the full range of engine power. Ambient-
air temverature varied from 23 to 370 B

The results obtained in the ground tests indicate that
the induction system is susceptible to serious icing only at
low engine powers with high water—ingestion rates. The con=-
figuration of the induction system is such that the water is
removed from the charge air before it reaches the carbureter
deck, except when the engine is operated at manifold pres-
sures of U0 inches of mercury and above in sirmlated exces-
sive rainfall (2 grams/cu m).
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The ground-test results were in agreement with the curves
of limiting-icing conditions of temperature and humidity deter-
mined in the laboratory. In the ground-test runs during which
the intercooler flap was closed, approximately 85 percent of
the heat added to the charge air by the turbosupercharger was
available for ice prevention or de-icing at the curburetor deck.

INTRCDUCTION

Induction—-gystem icing has been experienced in airplane
induction systems that incorporatc turbosuperchargers. The
susceptibility to icing of an induction system with an exhaust-
driven turbosupercharger has not been previously investigated.
At the request of the Air Technical Service Command, Army Air
Forces, laboratory tests were conducted at the NACA Cleveland
laboratory of the carburetor and engine eupercharger section
of the fighter airplane induction system (reference 1). The
tests of reference 1 and unpublished tests on a complete engine
have demonstrated that dangerous ice formations can occur over
a wide range of carburetor-air temperature and humidity.

The ground tests reported herein were macde prior to flight
tests with the following objectives: (a) to determine what
happens to the simulated rain that is sprayed into the induction-
system entrance; (vb) to obtain data for the determinction of the
heat rise through the induction system from the turbosupercharger;
and (c¢) to provide data for a preliminary correlation of labora-
tory and airplane test results. The tests were made from Decem-
ber 1944 to February 1945 in order that the free-air temveratures
would be as close to 32° F as possible. Water was injected into
the air scoop at rates of 0.275, 0.550, and 1,10 pounds per min-
ute to simulate flight through moderate, heavy, and excessive
rain, respectively. The icing characteristics of the airplane
induction system were studied at engine ‘powers that varied from
idling ton take-off.

APPARATUS AND IWSTRUMENTATICN

The right engine installation of a twin-engine fighter air-
plane was selected for testing because the single generator of
the electrical system is driven by the left engine. 1In the event
of failure of the test engine, electrical power for the operation
of the accessories could be supplied by the left engine and in
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the proposed flight tests level flight could be maintained with
one engine un to. an altitude of ebout 25,000 feet.

The induction system (fig. 1) of each engine ingtallation
consists of an external air-intake scoop, an exhaust-driven turbo-
supercharger, a corc-type intercooler, an injection-type carburetor,
an engine-stage supercharger, and interconnecting ducting. Charge
air coming through the external scoop as ram air can be taken
dircctly into the turbosupcrcharger or diverted by means of a
selective control into the whecel-well space where it passes through
an air filter and then into the turbosupercharger. The turbosuper—
chargers are mounted on the tops of the tail booms. Control of
the turbines is achieved by a linkage that conncets the turbine
waste gate to the carburetor throttle. This linkage is so ad-
Justed that, when the carburetor throttles are sct to approximetely
the two-thirds open position, the turbine wastec gate starts to
close. Ths carburetor throttle angle and the turbine waste-gate
angle of the test engine were indicated in the cockpit by means
of position indicators installed for the tests.

The simulation of rain was accomplished by injecting water
fron sprays at the air—-scoop entrance and at the intercooler
cooling—air-duct entrance. Water-flow rates were measurcd by means
of an orifice plate in the water line to the air scoop and one in
the water line to the cooling—air duct of the intercooler. The
differential pressures across the orifices wecre applied to pressure
transmitters, which indicated the flow on calibrated gages that had
been installed in the cockpit. The temperature of the water was
measured at the storage tank and at both spray bars,

) Sencitive indicating instruments were installed in the cock—
pit in order that symptoms of icing could be observed during the
ground tests and later during the flight tests. Scnsitive manifold-
pressure goges were installed on both engines and differcential-
pressurc gages indicated the charge-air pressurc droo across the
intercoolers. Instrumentation was provided for the measuremecnt and
avtomatic recording of charge—air tcmoerature, pressure, and humid-
ity at significant points in the induction system. The stations
(fig. 1) at which the measurcments were mnde were the air-scoop
entrance (station 1), the turbosupercharger entrance (station 2),
the intorcooler entrance (station 3), and the carburector deck
(station 4)., In addition, the static pressure was mecasured im-
mediately below the carburctor and in the engine manifold. Fuel-
air mixture temperatures werc measured both at the
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supercharger inlet elbow and in the manifold downstrean of the
engine supercharger. Other temperatures that were recorded in-
clude intercooler cooling~air tempecrature, fuel temperature,
acccgsory~corpactnent air Yemporature, and alternate air tcmpera-
ture meagured at the filter inlet. Iron-—constantan thermo-
couples were used to measure all temperatures.

Humidity was determined by conducting samples of charge
air to a dew-point meter. The entrances of the sampling tubes
were shielded to prevent water droplets from being taken in with
the air and the water vapor. TFree-air humidity was taken to be
the same as that of the air entering the scoop upstream of the
point of water injection. The automatic instruments installed
in the airplane satisfactorily recorded the test data and were
considered suitable for future flight tests as well as for
ground tests.

Observations of the free water in the ducting were made
through transparent sections in the ducts and through a window
in the outboard side of the right engine nacelle (figs. 1 and 2).
The rain-separation effectiveness of the induction system was
studied by putting drains at the lowest point of the plenum
chamber at the bottom of the intercooler, which is the lowest
point in the induction system.

The cooling of the engine and the accessories was produced
by the propeller slipstream at low powers and supnlemented by a
cooling-air blower at high powers. (See fig. 2.)

The fuel used throughout the test program conformed to spec-
ification AU-F-28, Amendment-2.

METHEOD AID TESTS

In order to make the test conditions as uniform as possi-
ble, tests were run on days when the outside-air temperature
was close to 320 F. The air temperatures actually varied be—
tween 23° and 37° F.

The simulated-rain water-spray rates used in these tests
were calculated by assuming that the rate of water ingestion in
flight was directly proportional to the airspeed of the airplane,
the projected frontal area of the scoop entrance, and the rain
density. UThese assumptions are valid with rain drops larger than
400 microns. Drops of this size are frequently prevalent in rains
of the intensities simulated in these tests. Water-ingestion
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rates were calculated for a flight condition in which the true
airspeed was 350 miles per hour and the rain densities were 0.5,
1.0, and 2,0 grams per cubic meter. These rain densities corre-
spond approximately to moderate, heavy, and excessive rain, re=
spectively. (See reference 2.) The scoop water-injection rates
were 0,275, 0.550, and 1.10 pounds per minute for rain densities
of 0.5, 1.0, 2nd 2.0 grams per cubic meter, respectively. The
area of the intercooler cooling-air duct entrance was approxi-
mately twice that of the scoop and therefore the water-injection
rates were doubled for the intercooler duct.

The values of engino speed and manifold pressure prescribed
in the pilot's operating instructions were used for take-off,
normal rated, and high and low cruise power conditions. At the
lowest powers, the menifold pressure was set and the speed used
was the lowest that would give smooth overation. The engine
speeds corresponding %o the manifold pressures selected are
listed in the following tables

Manifold Engine Engine

pressure speed power

(in. He (rpm)

absolute)
20 (a)
2h (a)
30 2200 Low cruise
35 2300 High cruise
Lo 2600
43,5 2600 lormal rated
50 2800
54 3000 Take~off

a

Engine speed governed by necessity
of smooth operation.

Ground tests wcfe run to determine the effect of the vari-
ous simulated-rain ingestion rates on the charge~air conditions
throughout the induction system. Four scries of tests represcnt
conditions of no rain (series A), moderate rain (series 33, heavy
rain (series C), and cxcessive rain (series D); each series com-
prised eight runs at the power conditions previously specified
(table I). In order to impose the most severe icing conditions
possible at the carburetor, the intercooler flap was left in the
full-open position in the four series of tests.

The test runs were continuecd as long as possible to insure
stabilization of the charge~air conditions. When no free water
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was introduced, 3 minutes was sufficient but 6 minutes was the
length of run used when water was injected and the engine was
opcrated above high cruise power. At low powers, when the vi-
bration of the grounded airplane was slight, the tests were con-
tinued for 10 minutes.

The effect of the intercooler flap ovening on charge-air
cooling was studicd in ground test series E (table I). - This
series consisted of nine runs with 1.10 pounds of water per minute
injected into the air scoop during all runs. At a manifold pres-
sure of 20 inches of mercury, one run was made with the inter-
cooler flap open and no water injected into the intercooler cool-
ing air, another run with no water injected into cooling air but
with the flap closed, and a third run with the flap closed and
2,20 pounds per minute of water sprayed intoc the intercooler
cooling duct. These tests werc repeated at manifold pressures

of 35 and 50 inches of mercury. The passage of water through

the ducts was observed through the observation ports. At the

end of each run the water that collected in the intercooler
plenum chamber was measured.

RESULTS AND DISCUSSION

The results of these ground tests are presented in table I
and in figures 3 to 10.

Disovosition of water. - Observations made during the tests
and an anelysis of the test data cstablished the disposition of
the frece water in the induction system. The water was observed
to follow three courses:

1. A portion of the water that was sprayed into the scoop
leaked out into the wheel well through the altcrnate air valve
(fig. 1). This leakage was greatest during oneration at low en-
gine vower when the induction—-system 2ir velocities were lowest.

2. Some of the water was swept along the walls of the inter-
cooler duct and was collocted in the nlenum chamber at the bottom
of the intercooler. The volume of the »nlenum chamber was calcu-
latecd to be 360 cubic inches and the groatest volume of water
collected after 10 minutes of operation was U43.8 cubic inches.

In some casocs water was blown out of the intercooler toward the
carburetor, although the intercoolecr plenum chamber was far from
filled. At high engine powecrs the resulting high air velocities
in the intake ducting caused this blowing over of water.

3« Part of the water injectcd into the air scoop cvaporated
and was carriecd through the induction system as vapor.
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loigture content at the carburetor was computed on the basis
of vapor content alane for all runs; therefore, the values do not
represent the total amount of moisture if water was prescnt.

The sporoximete free-water disposition in the induction sys-
tem is shown in figure 3% for the thrce simulated-rain intensitiecs
of these tests. The results 1nd3cate that at low manifold pres-
sure (at low charge-air flow rates) practically all of the free
water leaks out of the induction sysftem before it reaches the
intercooler and very little is vaporized into the charge air.

For this reason, large percentages of the water injeeted cannot
be accounted for. The maxinum amount of free water in the inter-
cooler plenum chamber never excecded 16 percent of the initial
amount injected.

A% high manifold precssures with simulated excessive rain,
the charge air at the carburetor deck was saturated and some
free water was obscrved rassing from the intercooler to the car-
buretor deck. A% a manifold pressure of 40 inches of mercury
and abtove with simulat d heavy and moderate rain, however, the
entire amount of injected water was evaporated. The value of
manifold pressure at which 21l the free water was evaporated
increased with the amount of injected water, as would be expectad,

During theose ground tests the turbosupercharger began effece
tive operation at a manifold pressure of about 50 inches of mercury.
Because the manifold pressure at which turbosupercharging starts
reduces ag altitude increascs, the enthalpy of the charge air at
the carburetor deck is prodably greater at zltitude than at sea
level for a given manifold pressure and charge-air inlet tempera-
ture. This enthalpy ircreasec reprcsents an increase in the capac-

ity of the charge air for eveporating water. It is therefore
reasonable to expect that the charge-air flow ratec or manifold
pressure at vhich all the ingested rain water becomes evanorated
would be lower at altitude than ot sea level for a given rain
intensity,

Heat rise available. - The turbosupercharger put an appreci-
able amount of heat info the charge-air stream even when the tur-
bine was idling. At the prossure altitudes of these tests (150 to
1025 ft), as previously menbioned, the waste gate did not start to
close until the manifold pressure rbached approximately 50 inches
of mercury; at higher altitudes, the wider throttle opernings neces-
sary to obtain the desired manifold prc%su”es would cause the turw
bine waste gate to start closing at a lower manifold pressure and
thereby increcase the heat rise from tho turbosupercharger.

Under the ground-tcst conditions, the heat input by the tur-
bosupercharger remained practically const%nt at a value of anprox~-

’ ~

imately 4.5 Fiu per pound of charge nir vo to 2 menifnis rrossure
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of 40 inches of mercury. Above 4O inches of mercury, the heat
input increased to approximately 11.0 Btu per pound of charge
air at a manifold pressure of 54 irches of mercury. These heat
increments occurred regardless of the rate of water injection as
shown in figure U.

Although cooling is the function of the intercooler, it is
desirable under icing concditions to retain enongh of the heat
added by the turbosupercharger to prevent icing. As the air
passed through the intercooler, much of the heat input was re-
moved except in the cases in which the intercooler flap was in
the closed nosition at low powers. (Sce fig. 5(a).)

At each of the three power conditions in figure 5, results
are shown of & run in which no rain simulation was used and the
intercooler flap was full open, of another run in vhich an ex-
cessive rain was simulated with full-open intercooler flap, and
of a third run in which the excessive rain was sirmlated with
intercooler flap closed. With the intercooler flap closed, only
approximately 85 percent of the heat supplicd ty the turbosuper-
charger was retained after passing the imtercooler at the high
power runs in which the cooling blower was used.

During the tests at manifold pressures of 20 and 35 inches
of mercury (figs. 5(2) and 5(®b)), the cooling-air flow to the
intercooler was maintained only by the propeller slipstream;
whereas, at the high powers (manifold pressure, 40 in. Hg abso-
lute and above) the cooling-air flow wes increased as a result of
the operation of the cooling blower. It is cxpected that the air
flow through the intercooler was lower in all these ground tests
than would be obtained in flight end that the charge-air enthalpy
reduction in tho intercooler would be greater in flight than was
obtaincd in the ground tests.

Regults of icing tests. - Ground-test results of carburetor
icing are classified as no icing, vieible icing, and serious icing,
Visible icing could not be detected by observation because the car-
buretor and engine supercharger were not accessible for visual
inspection but manifold-pressure and air-flow loss indicated this
type of icing. It is therefore possible that small ice formations
were present in some runs classified as no icing, which fell into
the visible-icing region as determined from laboratory icing tests,
The criterion for serious icing in the ground tests was similar to
that used in the laboratory tests of reference 1, that is, a
2-percent reduction of initial air flow within the period of the
-test. Although the test period of the ground tests wes only 10
minutes, the ground tests were comparable with the laboratory
tests because the air-flow reduction (if any) usually occurred
within the first 10 minutes of operation in the laboratory tesbs.
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The limiting-icing-condition curves of carburetor-air temperature
and moisture content as determined in the laboratory (reference 1)
for the low cruise, high cruise, and rated power conditions of en=-
gine operation are reoroduced in figures 6, 7, and 8, respoctively.
The conditions at the carburetor deck produced by the operation of
the engine during the ground tests are presented on these limiting-
condition curves for the corresponding engine powers.

O

The temperatures and moisture contents of the charge air at
the scoop entrance during all the tests with simulated-rain in-
jection were such that severe icing would have occurred at or
downstream of the carburctor had the air stream passcd directly
to the carburetor. The removal of water by the induction system

conditions at the carburector and only at low cruise power were
the conditions at the carburetor deck in the serious-icing region. !
As indicated in figurc 6, the ground-tcst runs that produced car-
burctor-deck conditions within the laboratory-~determinced serious—
icing range resulted irn serious carburector icing. Time histories
of the low-cruise-power runs in which thore were indications of
icing 2re shown in figure 9. Ground tests at low cruisc power
that showed cither indications of slight icing (fig. 9(b)) or no
indications of icing fell in the laboratory-dctermined visible-
icing region (fig. 6).

Data from ground tests at high cruise power when plotted on
the corresponding laboratory-determined limiting—conditions curves
(fig. 7) also show that the runs that indicated slight icing (figs.
10(a) and 10(b)) fall in the visible-icing rcgion and thet one
run, which showcd no indication of icing, fell into the no-visible-
icing region. No high-cruise—oower runs produced carburetor-deck
conditions conducive to serious icing and none of the runs displayed
symptoms of serious icing.

The runs at normal rated power that showed no indication of
icing fell in the region of visible icing, as shown in figure 8.
The one run mede with simulated excessive-rain rate, however, did
show symptoms of scrious icing (fig. 10(c)) but this indication ,
of scrious icing may have becn caused by en unstable engine con-
dition or it may be a borderline serious-icing condition because
it is very closc to the scrious-icing region (fig. g)e

The test results indieate that there is a closc correlation
between the laboratory-determincd limiting conditions and the
carburctor—deck conditions, which vproducc the diffcrent classes
of icing in the airvlanc-cngine induction systom during ground
overation. If the effcct of the different commonents of the in-
duction systoem on the temperature and humidity of the air strecam
is known, the susceptibility of the induction system to icing
can be predicted.
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Icing other than the vnreviously mentioned carburetor icing
occurred in the induction system during the ground tests. Smell
formations of impact icing occurred at the bend in the air-scoop
intake and around the alternate air valve leading into the wheel
well and some formetions occurred in the intercooler cooling-air
duct. The formations of ice were small, but difficulty in opening
the alternate 2ir valve was encountered in those runs in which ice
had formecd around the valve.

SUMI’ARY OF RESULTS

The following results were obtained from ground tests made
on a twin-engine fighter airplanc under artificial conditions
representing only an approximate simulation of flight:

1., The induction system of the airplane rcmoved the free
water from the charge-air stream before it reached the carburetor
deck except when excessive rain equivalent to 2.0 grems per cubic
meter was encountered when the engine was opcrated at menifold
pressures of 40 inches of mercury or higher.

2. Approximately 85 percent of the heat added to the charge
ailr by thc turbosupercharger was available for ice prevention or
de-icing at thc carburetor when the intercooler flap was closed.

3« The results of the ground tests were in agreement with
the limiting-icing curves determincd in the loboratory.

Aircraft Enginc Research Laboratory,
Yational Advisory Committee for Aeronautics,
Cleveland, Ohio.
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8 5 500 37 «00244 | 1,026 | ~~do-~- | 2920 | 63.7 | AR 10434 | === | eo==e =do- 61 -do- |68 |48 | 139 |41 |64 |157 [ 75| O No No 9 0
Series D
1 10 150 25 0.00253 | 1.065 | Excess | 1800 | 19,7 | AR 1928 | 155 | 0,080 10 Open | Open |88 | 24 83 |26 | 37 148 | 64 | 0.007 No ¥o 0.1 0
2 10 150 25 +00253 | 1.064 | =~do-~ | 2240 | 25.0 | AR 3495 | 245 070 17 «do- |=do- |72 | 32 | 109 | 32 | 36 | 174 | 69 001 No Ro 0 3
3 |10 526 | 4 00245 | 1,031 | =-do-~ | 2200 | 25.8 | AR 4429 | 298 067 25 ~do- |~=do- |79 |34 | 101 | 32| 53 | 167 | 72 031 | Yes No -4 3.0
4 |10 525 | 36 00244 +027 | ~=~do-~ | 2280 | 54.4 | AR 5518 | 368 +067 33 ~do- |=-do- |83 |42 |106 |32 |52 |188 | 73 076 | Yes No «6 1.4
5 5 (1025 | 29 «00243 | 1,023 | ==do=-~ | 2520 | 40.0 | AR 7414 | 620 .084 48 ~do- |=do- |58 [ 35|102 |33 |48 |131 | &8 159 | Yes Yes -4 3.4
(] 5 1026 28 +00244 | 1,025 | -~-do-- | 2520 | 43.2 | AR 8019 | 690 +086 76 67 -do- |58 | 42 98 |32 | 47 |132 | S8 o133 | Yes Yes 0 2.6
7 S | 1025 | 29 +00244 | 1,024 | =~do-~ | 2720 | 49.7 | AR 9711 | 850 +.088 | Open 59 |=do- |56 |43 |114 |32 |51 |140 | 58 003 | Yes Yes 2 2.6
8 5 1025 | 31 .00243 | 1,020 -~do-~ | 2880 | 63.8 | AR 10772 | 945 +088 | -do- 61 -do- |67 |45 /133 |32 ) 53 |149 | 59 +052! Yes Yes -4 o7
Series E
1b| 10 825 31 0.00244 | 1,026 | Excess | 1852 | 20.4 | AR 1935 | 160 | 0.083 10 Open | Open |70 |24 90 (31 [ 47 | 118 | 63 Wo Ko ceace | cocae
2| 10 825 30 +00245 | 1,028 | =~do-- | 1848 | 20.4 | AR 1923 | 160 -083 10 ~do=- | Closed|71 | 29 95 (31|41 |138 | 63 No Ho weves | coces
3 1o 870 | 30 00244 | 1,026 | -=do~~ | 1852 | 20,3 | AR 1923 | 160 «083 10 ~do= |-do= |73 |29 94 [ 31| 39 |137 | 61 No To csncs | coces
4d| 10 860 30 +00244 | 1,026 | ~~do-~ | 2260 | 35.0 | AR 5672 | 380 087 34 ~do- |Open |78 |35 |2101 | 31 |48 |159 | 64 Yes Yes wenes | ees=e
8P| 10 880 | 30 00244 | 1,026 | --do=-~- | 2280 | 35,0 | AR 5690 | 380 +067 34 ~do- |Closed |83 |39 | 104 | 31 | 41 |179 | 62 Yes Yes | eemee | cmnne
6 10 880 | 31 «00244 | 1,024 | -~do-~ | 2260 | 35.2 | AR 5718 | 385 0687 34 -do- |=do- |84 |42 108 |32 | 43 |181 | 63 Yes Yes onece
7| 5 860 | 30 00244 | 1,026 | ~=do-~ | 2740 | 49,8 | AR 9315 | 870 .089 | Open 60 |Open |59 |43 (122 |34 | 53 (140 | 59 | =====| Yes Yes cmce=
8b 5 BEO 30 00244 | 1,026 | ~~do~~ | 2760 | 49.8 | AR 9718 | 865 .089 -do- 60 Closed|62 |47 | 127 | 3€ | 41 |152 | 60| ===-~ Yes Yes ———
9 5 8680 30 +00244 | 1,025 | ~~do-~- | 2740 | 50.C | AR 9743 | 865 .089 | =-do- 60 |=-do- |6 |47 | 124 |34 |41 |152 56 | === Yes Yes coses

2putomatic rich.
Mo water sprayed into intercooler duct.
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TABLE 1 - Concluded

E-176

RRSULTS OF GROUND TESTS OF AIRPLANE INDUCIION SYSTE - Concluded
Station 1 Station 2 Station 3 Statlon 4
2 1 @ & |o |o ? o |o
|5 |5 3 2 |5 |5 215 |3
o - » » Lond L - « » o L - o » » < -~
§ 18 (5[5 |52 ~ | &| I[2]82 $ 18 [£ 15 |82 | T g s [AtE i ES =
3, o g 3 8 -~ 33 3. [ © 33 Qb - g. o () o ; 3 2 bk -
E 3. g. -~ a [ © g- @ - B o g. -~ o~ [~ L] E G a -~ “d =] o
Q)g. EA 5”5‘1‘: 0w O ® o » B E~| wo o~ |E—~ E™ 5» w o © o » > O~ |E~|E~ gu w o oo E >
ool sa|8Maslea | 2o | £, |SR|8~(8&| 82| Do |8 |38[3&|28| L3| 55 2 [ AR[8S[08 ]85 |88 28| RS 3= £, | AB[H~
» ~ ~1 Ol AT - & Ok 'a'u o ~| g - o — ~ ~ ol ad et O & T |00 |~ - ~ o oo - O & 0|00
£ |o |8 |9k @ o 0T £ 880 @6 e |& |& ok @ 0T = ocole |0 a oK @ 0o -] R
3 |3 |3 |a&[aF| S na Azl basl s5 |2 308 [S&l a2 S wo | 8813203 |3 [3 |28 22 5s Lo | BA[TS
o 3 L |pv—lo oo O ﬁ\ >0 2 L0 (9 o o L] L o0 cH ti\ >0 2 o L o (S IC) o ﬁ\ >
] ] 0 ] @ . N [T 3 |y o - ~ [ ] [ o @ ¢ P axy -] el g 4 ) o o . N 25N 3 o~
g (B 1513 |85 52| 22 | B(s>lE (85| 52 (B |6 (8 |5 (85 55 | o8 | &|57|8 [E |g |2 [#3] 36 | =2 | 837
& |& [5 |& = c 22 [a ol il IS 2 | | el c g2 [ |8 [ |= S| =E Z Zl3
Serles A
1]32] s8] 35| 75]29.2[0.07791[0.00378(13.2| 26 | 39 | 29.5|0.07837 | 32 | 54 44 43]29.4] 0.075680[0.00373([17.1| 36| 32 | 50 | 42 50 | 29.3|0.07€21|0.00378|16.2 | 32
2 |32]| 40| 36| 68|29.2| .07760| .00378|13.6| 49 |40 | 29. .07821 | 32 | 53 | 43 42(29.1| .07527| .00380|16.9| 68 31 | 50 |42 50 | 28.9| .07507| .00370|16.1| 60
s i35 41| 37| 69]29.2] .07744) .00392(14.1| 60 |41 [ 29.4| .07784| 32 56 | 45 40|28.6| ,07347| .00385|17.8| 86| 31 | 51 |42 45| 28.2| .07315| .00373|16.5| 76
4 |33) 41| 37| 69|29.2| .07744| .00392|14.1( 77 |41 | 29.3| .07763| 32 56 | 45 40(28.2 .07255( .00388(17.6(121( 31 (63 (43 ( 44 ( 27.5 .0712¢| .00380/17.0/100
5|31 41| 37| 69|20.2| .07744| .00364(13.8| 97 |41 | 29.3| .07758| 29 | 58 44 31|27.0| .06917| .00355|17.9|147 | 28 | 52 | 41 40| 25.9| .06700| .00353|16.4 (134
6 |31| ¢3| 38| 63[29.2| .07714| .00364|14.2(110 | 43 | 29.4| .07761 | 29 65| 48 27(27.7] .06991| .00360|19.7|164 | 27 | 53 |41 34 | 26.3| .06793| .00340|16.7 (148
7133)| 43| 38| 63]|29.2| .07714| .00392(14.6|132 | 43 | 29.3| .07719 | 33 | 80 56 18!29.8| .07333| .00390|23.6[188| 31 | 57 | 44 33 | 28.0| .07182( .00375|17.8|1€9
8 |32| 44| 39| 64(29.2| .07699| .00378|14.7|144 | 44 | 29.0| .07643| 33 89 | 60 14(30.9| .0747¢| .00373(2€.0/201 | 31 | 59 | 4€ 34 | 28.7| .07325| .00375|18.5(180
Series B
121 ] 26 24| 75]29.70.08112[0.00229( 8.7 24 | 25 | 30.0{0.08200( 22 | 46 37 39129.8] 0,07818]0.00239[13.8| 34| 22 | 43 [ 35 | 42| 29.7 0.07843[0.00240(13.1| 30
2|20/ 27| 25| 76|29.7| .08103| .00218| 8.8| 44 | 26 | 30.0| .08185| 22 | 43 35 43|29.4| .07761| .00239|12.9| 62| 24 (42 |35 | 48 29.2| .07712| .00261(12.9| 55
3|20 28| 25| 65(|29.8| .08089| .00214| 9.0| 56 | 31 | 20.9| .08067| 28 41 | 35 54/28.8| .07618| .00319|13.3| 81| 33 (44 (39 | 64| 28.4 .07468| .00404 (15.0( 73
¢|20]| 27| 25| 76|29.8| .08105| .00214| 8.8| 72 [ 29 | 29.6| .08027| 26 42| 35 48|28.4| .07505| .00292(13.3|106 | 29 | 44 | 37 52 | 27.7| .07300| .00351(14.2( 96
5|24 | 41| 34| 47|29.3| .07771| .00268(12.7|101 | 35| 29.7| .07955| 30 | 56 | 45 42|27.4| .07052| .00369(17.2|149 | 34 | 48 | 42 62 | 2€.3| .06855| .00462|16.7 (135
6|24) 41| 34| 47|29.3| .07763| .00268(12.7(109 | 37 | 29.5| .07886| 32 | 60| 47 37|27.4| .06979| .00412(19.1|164 | 34 | 50 | 42 52 | 26.0[ .06757| .00468(17.1|149
7124 | 61| 34| 47|29.3| .07766| .00268|12.7|130 | 35| 29.4| .07884| 30 |72 | 52 22|29.4| .07336| .00355|21.4(186 | 33 [ 52 | 43 | 48 | 27.5| .07130 .00422(17.1|188
8{27| 42 | 36| 55{29.3| .07750] .00269|13.3/145 | 35 29.3] .07844| 33 | 81 | 57 19/31.2/ .07658| .00380)/23.8/199 | 36 | 56 | 47 50 | 29.0[ .07454| .00458[18.6[180
Series C
122 | 25| 24| 87(29.8|0.08159| 0.00240| B8.6( 22 | 25| 29.7 0.08121 | 23 | 48| 38 35]29.7] 0.07763[0.00252 [14.4| 32| 24 [ 51 [40 | 34 | 29.7|0.07€98 [0.00264 15.3| 28
2|23| 25| 24| 87|29.8| .08169| .00252| 8.7| 43 | 24 [ 29.7| .08137| 23 | 44 36 44|29.4| .07738| .00255(13.3| 61| 24 | 46 |37 | 40| 29.2| .07654 .00264 (13.9| 54
3|19 | 26| 24| 75|29.8| .08142| .00202| B.4| 57 |26 | 29.7| .08098| 22 44| 35 37|28.9| .07599| .00240(|13.2| 83| 25 |46 |37 | 40| 28.5| .07471 .00279 (14.1| 74
4|16 | 27| 24| 64|29.8| .08125| .00174| B.3| 73 | 27 | 29.6| .0807€| 21 42| 34 41|28.0| .07404| .00240(12.7|108 | 26 | 45 |36 | 41 | 27.4| .07185 .00294 (14.0| 98
sl27 | 39) 34] 60/29.3| .07802] .00308|12.7| 98 | 37 | 29.7| .07927| 37 51| 44 s8|27.5| .07139| .00500(17.7|145| 36 | 47 |42 | 67 | 26.4| .06898 .00502 (16.6 | 1352
6|27 | 38| 34| 67(29.3| .07818| .00310(12.4(109 | 34 [ 29.€6| .07954| 38 | 4° 43 63(27.4| .07136| .00520(17.5[162 | 36 | 45 [ 41 72 | 26.0{ .06815( .00525(16.4 (149
727! 39| 34| 60|29.3| .07789| .00310|12.8(132 | 35| 29.4| .07830| 41 | €4 52 43|29.8| .07536| .00542|21.4|184 | 39 |48 |44 | 74| 27.8| .07269| .00545 17.4|168
8|24 | 42| 35| 48(|29.3| .07777| .00269|12.9|140 | 36 | 20.3| .07831| 39 | 74 55 | 26/30.5| .07579| .00482|23.2|194 | 42 | 53 | 47 | 64 | 28.2| ,07301 .00588 [19.1 (177
Series D
1]21 |25 24| 88[29.9|0.08181|0.00218( 8.3 25| 25| 29.9|0.08173| 23 43 | 35 42]29.6] 0.07819]0.00252 [13.2| 35| 24 |43 [ 35 | 42| 29.6/0.07801 |0.00259|13.3 31
2|20 27| 25| 78|29.9| .08150( .00206| 8.7 45|31 | 29.9| .08089| 26 | 43 3€ 49]29.4| .07751| .00292|13.5| 64| 26 |46 |38 | 46| 29.1| ,07642| .00288 14.2| 57
3|25 | 37| 32| 59(29.4| .07853| .00278(11.9| 59 (36 | 29.6| .07911( 35| 48 42 60{28.7| .07489| .00446[16.4( 83| 39 | 47 [43 | 73] 28.3| .07407 .00525117.0/ 74
4 |25 | 39| 34| 59|29.5| .07853| .00278|12.4| 73 | 36 | 29.6( .07919| 48 | 47 47 |100|28.2| .07378| .00750|19.0{106 | 41 | 48 [ 45 | 80| 27.6/ .07202 .00590|18.0| 95
5|29 | 33| 31| 82|29.8| .07752| .00335(11.5(100 | 33 | 29.0| .07811| 45 42| 42 |100|27.0| .07127| .00710(16.8|147 | 44 | 40 [ 40 | 100 | 25.5| .0€773 .00€10|16.3 | 136
6|29 | 32| 31| 92|29.8| .07773| .00335(11.3(/107 | 33 | 29.0| .0780€| 46 46 | 46 [100|27.9] .o7322| .00710(|18.7|154 | 45 [ 40 [ 40 | 100 | 26.2| .06961 .00690|16.0|143
7|32 | 34 | 33| 90[29.8| .07742| .00385(12.2(130 | 33 | 28.8| .07760| 49 | 54 51 82|30.4| .07835| .00710(20.6(175| 47 | 43 [ 43 | 100 | 28.2| .07437 .00620|17.0|162
8|33 | 35| 34| 90|29.8| .07729| .00402(12.7|145| 34 | 28.8| .07726]| 48 €l ]| 54 63|30.9| .07880| .00680(22.3[193 | 47 | 47 [ 47 |100| 28.5] .07454 .00710(19.0|179
Serles
1 (a1 ]21]31]100]28.7[0.07748]0.0037€|11.5| 26 | 33 | 28.8|0.077€3 33| 51 | 43 51]29.1]0.07547]0.00400[16.7| 3€ | 33 [ 47 [41 | 60| 29.0{0.07585 0.00400 [15.7| 32
2 |31 | 30| 30|100(28.7| .07778| .00376|11.2| 2€ | 32 | 286.9 .07789| 33 | 50| 42 50|29.1| .07561| .00400(1€.4| 36 | 33 | 53 [ 44 | 47 | 29.0[ .0749€ .00400(17.2| 32
3|32 | 30| 30|100|28.8| .07791| .00393|11.4| 26 | 31 | 28.9| .07819| 35 49 | 42 55|29.1| .07576| .00435(16.4| 36 | 34 [ 53 |44 | 47 | 29.0| .07496 00420 |17.3| 32
4 |30 | 33| 32| 90|28.8| .07744| .00350(11.3| 76 | 33 | 28.8| .07763| 36 | 44 41 78|28.1| .07395| .00476(156.8(108 | 38 | 45 |42 | 79| 27.4| .07195 .00530(16.7| 98
5|31 | 32 | 32|100|28.8| .07760| .00376|11.6| 76 | 32 | 28.8| .07778| 36 43| 40 | 78|28.1| .07410| .00475(15.6(108 | 38 | 47 | 43 | 74 | 27.4| .07166 .00530(17.1| 99
6 |31 | 33| 32| 90|28.8| .07744| .00376(11.7| 77 | 33 | 28.8| .07763| 36 | 46 42 72|28.1| .0736€| .00475|16.3(110 | 38 | 49 |44 | 69| 27.4| .07138| .00530 17.6| 99
7 130 | 35| 33| 82|28.9] .07734| .00357(11.8|132 | 35| 28.9| .07747| 41 | 57 49 55/29.9| .07669| .00548 |19.€|181 | 40 | 47 |43 | 74| 27.8| .07281 .00550 (17.2)|167
8 |30 |34 | 33| 90|28.9| .07750| .00357(11.7|130 | 34 | 28.9| .077€3| 44 55 | 49 65|29.8| .07€89| .00615(20.0(178 | 42 | 53 |47 | 65| 27.8| .07196 .00595 (19.11€8
9 |30 | 35 | 33| 82|28.9| .07734| .00357|11.8|131 | 33 | 28.9| .07779| 46 | 56 51 71|29.9| .07700| .00€€0|20.8|178 | 44 | 51 |48 | 82 | 27.9| .07250 .00650 {19.5|167

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

“ON HW VOUN

82893

Tl



0 e R o 2 - A BT % T T ——_— L e e A o i =10 AT = Y

‘
x v . 1

ATl - 618

|
’ Station 4

z
Intercooler >
Carburetor deck Cooling=-air duct 2

Three shielded thermocouples One shielded thermocouple
Three static-pressure taps One water-spray bar x
One triple port air-sampling 2
| rake =
o
Carburetor: N

Engine-stage

supercharger ;‘
@
N
L]

Windows for
observation of
free water

Turbosupercharger

i
b

\\\——Statlon 3

Intercooler entrance

Intercooler

Three shielded thermocouples
Three static-pressure taps
One triple port air-sampling
rake

Al it liter
wheel well

Station |
Air-scoop entrance

Cne shielded thermocoupfe
Three static-pressure taps
One water-spray bar

One air-sampling tube

Station 2

Turbosupercharger entrance Alternate air

) system
One shielded thermocouple ADV ISORY
. NAT | ONAL
Three static-pressure taps COMMITTEE FOR AERONAUTICS
One double port air-sampling
rake el
.Figure 1. - Right-engine induction system of a twin-engine fighter airplane instrumented

for ground icing tests.
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Figure 2. - Setup for ground tests of induction-system icing,
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Figure 3. - Disposition of ingested rain in the induction system.
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Figure 4. - Enthalpy increase across turbosupercharger in ground icing
tests.
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Figure 6. — Comparison of laboratory and ground icing tests at low cruise power.
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Figure 9. - Induction-system icing at low cruise power.
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(a) Simulated moderate rain; high

cruise power setting.
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(b) Simulated heavy rain; high
cruise power setting.

Figure 10. - Induction-system icing at high cruise and normal
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(¢) Simulated excessive rain;

rated conditions of engine power,

normal rated power setting.
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