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P.DVANCE RESTRICTED REPORT 

A LABORATORY INVESTIGATION OF THE ICING CHARACTERISTICS OF THE 

BENDIX-STROIERG CARBURETOR MODEL PD-12F5 WITH THE 

PRATT & WHITNEY R-1830-C INTERMEDIATE 

REAR ENGINE SECTION 

By Herman B. Galvin and Henry A. Essex 

SUT'ARY 

Icing tests were made on a BendixStrOmberg FD-12F carburetor 
mounted on a Pratt & WHitney R-183O-C4 intermediate rear engine 
section. Limiting-icing conditions were established for simulated 
cruising power and for simulated rated power over a range of 
carburetor-air temperatures from 20 0 F to 90 F, relative humidities 

from 19 to 100 percent, and rates of water injection simulating 
ingested rain from 0 to lOO grams per minute. 

The criterion of icing affecting engine operation was chosen 
as a drop in air flow of O pounds per hour. For tests made at simu-
lated cruising power, the maximum temperature at which icing affecting 

engine operation occurred was 660 F and the minimum relative humidity 

was 14 percent. The maximum temperature and the minimum relative 
humidity for which visible icing would occur are estimated to be 

102 0 F and 21 percent, respectively. Much of the ice forming at rela-
tive humidities below 100 percent occurred on the throttle plates. 
The formations were particularly unstable in localities where the 
heat transfer from the outer carburetor walls was good. When water 
in excess of saturation was injected upstream of the carburetor, the 
resulting ice formations occurred on the X-bar extending across the 
barrels of the carburetor and on the turning vanes at the entrance to 

the supercharger impeller. 

The results of the simulated rated-power runs indicated that 
icing affecting engine operation occurred at a maximum temperature of 
730 F and only at moisture contents in excess of saturation. The max-
imum temperature at which icing was observed was 750 F. 

_-commendations have been made for alleviating the seriousness 

of icing in induction systems.
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INTRODUCTION 

This report is the third in a series of three covering the 
results of a laboratory investi gation of the icing and de-icing char- 
acteristics of a Pratt & Whitney R-1830-C)4 engine induction system. 
The research reported herein was carried out by the NACA at the 
National Bureau of Standards in December 193 and January 194J4. 

The first report (reference 1) deals with the determination of 
limiting icing conditions and research on heated-air do-icing for 
the induction system, which included a Chandler-Evans 1900 CPB-3 car-
buretor mounted on an R-1830-c4 intermediate rear engine section. 
The second report (reference 2) covers results of a program to deter-
mine the most effective rate and method of injection of de-icing 
fluid to remove a heavy ice formation from the induction system. 

The present report presents the results of research to determine 
the icing characteristics of the induction system including the 
Bendix-Stromberg ?D-12F carburetor. 

Three types of icing commonl y encountered in carburetors are 
"throttling icing" caused by the pseudoadiabatic expansion of the 
carburetor air in the metering venturis and through the throttle 
openings, "fuel-evaporation icing" caused by cooling resulting from 
the vaperization of the fuel, arid­-"impact icing" caused by free water 
striking the induction-sTstem surfaces and freezing there when the 
intake-air temperature is below 32 0 F. 

Only throttling icing and fuel-evaporation icing were produced 
during this series of tests. The limits of carburetor-air temperature 
and moisture content for the formation of these trpes of ice were 
determined for simulated cruising and rated-power conditions of engine 
operation over a range of carburetor-air temperatures from 20 0 F to 
9 0 F, relative hurnid.ties from 19 to 100 percent, and rates of water 
injection from 0 to 100 grams per minute simulating flight through 
rain. Pressure altitudes obtained during the tests varied from 70 
to 2700 feet. 

Acknowledgement is made to manufacturers whose products were 
used in theso tests for their cooperation in supplying parts and 
Service.

DESCRIPTION OF APPAFLTUS 

The apparatus used in the icing tests of the Bendix-Stromberg 
carburetor was the same as that used in previous icing tests and 
is described in reference 1. A schematic diagram of the test setup 
with the Bendix-Stromberg carburetor in place is shown in figure l
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Some features in the configuration of the Bendix-
Stromberg PD-12F carburetor that affect the icing characteristics 
of this carburetor-engine combination are as follows: The carbu-
retor has two venturi-shaped barrels, each with a butterfly throttle 
at the bottom. The throttles are mounted on a common shaft. Metering 
control is obtained from pressure differentials developed between a 
small boost venturi and a set of impact tubes above each barrel. 
Fuel is injected into the air stream from several orifices in a nozzle 
protruding downward from the center of the bottom of the carburetor 
body. Two arms extend radially from the base of the fuel nozzle 
across the exits of each carburetor barrel in such a way that they 
form an X across the engine-air passage. 

A special nonleaded fuel with a 73-octane rating was used in 

these tests. Figure 3 of reference 1 shows the volatility curve 
for this grade of fuel as compared with that of 28-R fuel (N-F-28, 

Amendment-2, grade 1 00/13 0), which is representative of fuels in 
current use by the military services. The 737octane fuel is more 
volatile than stañdard aviation fuels and hence may tend to aggra-
vate the icing characteristics of the induction system. 

TEST PROCEDURE 

The procedure used in this research was similar to that used 
in the icing investigation reported in reference 1. The desired 
air flow was obtained by positioning the throttle and operating a 
variable bleed in the exhaust line to give the carburetor pressure 
drops required (as detei'mined from air-box calibration data fur-
nished by the manufacturer) for the chosen air flow. The desired 
conditions of temperature and humidity were then established. The 
mixture control of the carburetor was set at automatic lean for 
the simulated cruising tests and at automatic rich for the simulated 
rated-power tests. After the mixture control had been set, the fuel 
was turned on long enough to check the fuel-air ratio against the 
carburetor calibration curve (fig. 2), then turned off, and the 
induction syst.cm examined for ice formations • When it had been 
determined that no ice was present in the induction system, the fuel 
and the free water were simultaneously turned on and the timing was 
started. 

Readings of air flow, fuel flow, duct pressure, compensated 
carburetor metering-suction differential pressure, and carburetor 
pressure drop were taken at 3-minute intervals for a period of 

15 minutes during the cruising runs and at 1-minute intervals for 
a period of 5 minutes during the rated-power runs. The rangeseôf 
conditions used in these tests are shown in the following table:
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I	 Range ofmoistire? 
cPtënt 

Series Power Initial Mixture Temper- Relative	 Water in Length 
condi- air flow setting ature humidity	 excess of of run 
tion (lb/hr) range (percent) saturationa (mm) 

(°F)  (grams/min); 
A Cruis- 24000 Auto- 20-95 19-100 0-1500 15 

ing matic 
lean 

B Rated 7000 Auto- 26-76 92-100 0-1000 5 
matic 
rich

aFree water was injected in excess of saturation to simulate flight 
in rainfall and should not be confused with free-water injection 
to increase engine power. 

RESULTS AND DISCUSSION 

Classification and nature of ice formations. - The test results 
obtained were classified in three categories: no visible icing, 
visible icing, and icing, affecting engine operation. When no ice 
was visible anywhere in the induction system after the period of the 
test, the run was classified as having no visible icing. If ice was 
seen but if the formation caused a drop in air flow of less than 
50 pounds per hour, the icing was called visible icing. An ice form-
ation large enough to cause a drop in ai.r flow of 50 pounds per hour 
or more was designated icing affecting engine operation. 

Classification of the icing according to its effect does not 
take into consideration the type, the size, or the location of the 
ice formation. The small mass of ice protruding from the edge of 
the throttle plates (see fig. 3) after run 12 of series A (cruising 
power) reduced the air flow by 200 pounds per hour. The much larger 
ice formation (see fig. 24) caused by fuel evaporation in run 71 of 
series A had no effect on air flow. A formation like that shown in 
figure 24 may have some effect on engine operation by disturbing the 
mixture distribution but, because variations in mixture distribution 
could not be measured in any way, icin g, has been classified only with 
respect to the effect on mass air flow. 

Limiting icing conditions at simulated cruising power. - The 
results of the tests made at simulated cruising-power conditions are 
shown in table 1 and are plotted in figures 5 and 6. The lines rep-
resenting the limit of icing affecting engine o peration and the limit 
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of visible icing have been faired in on figure 5, then transformed 
to coordinates of air temperature and water content, and drawn on 

figure 6 where they are shown with red bands designating the esti-
mated variation in the limits. This procedure was adopted in deter-

mining the limits of the regions of visible icing and icing affecting 
engine operation because, when the data were plotted with enthalpy 
and water content as the coordinates (fig. 5), it was believed that 

greater accuracy in fairing the limits could be obtained. 

The results shown in figure 5 indicate that, as the moisture 
content of the air increased, the heat content (enthalpy) of the air 
at which icing affecting engine operation occurred increased to a 
value of -about 23 Btu per pound of air, where it remained constant 
until the vrater content of the air reached saturation. The icing 
that took place at conditions in the area enclosed beneath this por-
tion of the curve and the line of 100-percent relative humidity 
occurred chiefly on the throttles. A typical example of this type 
of icing, which probably formed when the water vapor in the air stream 
condensed as the air expanded oseudoadiahatically through the boost 
venturi and the venturi section of the carburetor, is shown in fig-
ure 3. The condensate froze when it struck the throttles and the 
other metal surfaces of the lower section of the carburetor that had 
been cooled by the backflcw of evaporating fuel and by the adiabatic 
expansion of the air through the throttles. The location of the 
auxiliary venturi in relation to the throttle plate is believed to be 
responsible for the amount of condensate striking it and hence aggra-
vated icing of the throttles. 

When the moisture content was increased above 0.009 pound per 
pound of dry air, the upper limit of enthalpy for icing affecting 
engine operation increased to about 29 Btu per pound of air and then 
more slowly to about 35 B tu per pound of air as the water content 
increased to about 0.060 pound per pound of air. The predominating 
ice formations occurred on the turning vanes and the X-bar below the 
carburetor. This icing was probably caused by the refrigerating 
effect of evaporating fuel. Ice formations of the type that occurred 
at high rates of free-water injection are shown in figure 7. 

The limit of visible icing as shown in figure 5 increased to 
higher enthalpy values with increasing water content and reached a 
maximum value of about 53 Btu per pound of air at a water content of 
0.040 pound per pound of dry air. 

Reference to figure 6 shows that the upper limit of carburetor-
air temperature for which icing affecting engine operation occurred 
increased from about 25° F at a relative humidity of 90 percent to 
about 66 0 F at a relative humidity of about )4)4 percent. As the rela-
tive humidity increased to about 100 percent, the temperature limit
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dropped to about 560 F and then increased to about 650 F as free 
water was injected into the duct above the carburetor to simulate 
flight through rain. 

Figure 6 also shows that the upper temperature limit of visible 
icing increased from a temperature of 250 F at a relative humidity 
of about 44 percent and reached a maximum value of about 102 0 F at 
a relative humidity of about 30 percent. As the relative humidity 
was increased to 100 percent, the upper temperature limit of visible 
icing fell to about 86 0 F and then decreased slowly as free water 
was Injected. 

It was noted during the simulated cruising-power runs that ice 
would form on the tops of the throttle plates and then, as the test 
proceeded, gradually melt away from the areas closest to the outer 
throttle-shaft bearings. This phenomenon was probably caused by heat 
conduction from the outside of the carburetor along the throttle 
shaft. 

Limiting . icingconditions at simulated rated power. - The results 
of the tests made at simulated rated power are shorn in table 2 and 
are plotted in figure 9. For this condition of engine operation, 
icing affecting engine operation occurred at carburetor-air tempera-
tures up to about 730 F but only for moisture contents in excess of 
saturation. 

The maximum temperature at which visible icing occurred was 750 F 
It should be noted that this temperature is only 2 0 F higher than 
that at which icing affecting engine operation could occur. Tests to 
determine the complete limits of visible icing were not made because 
the required conditions of carburetor-air temperature and humidity 
could not be obtained with the apparatus available. 

Effect of throttle setting on limiting icing conditions. - Fig-
ure 9 shows the limits of icing affecting engine operation for both 
simulated cruising-power and rated-power conditions. The chief dif-
ference between these limits is that, for the rated-power tests, no 
icing affecting engine operation could be produced below saturation 
at any carburetor-air temperature investigated. One explanation for 
the nonoccurrence of such ice lies in the fact that, during the 
rated-power runs, the throttles were almost completely open, which 
eliminated the attendant adiabatic expansion together with the sub-
sequent cooling of the metal carburetor parts below the throttles. 
Furthermore, the backflow of evaporating fuel caused by a stalled 
condition of the downstream side of the throttles was greatly reduced. 
Any condensate formed as a result of pseudoadiabatic expansion through 
the boost and the barrel venturis would therefore not freeze.
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It can be seen that the maximum temperature at which icing 

affecting engine operation occurred is about 8° F higher for the 
rated-power runs than for the cruising-power runs. No explanation 

for this occurrence can be given at present. 

Effect of icing on fuel-air ratio. - In most of the icing tests, 
the fuel-air ratio varied by not more than 3 percent from the values 
given in the carburetor calibration curve (fig. 2); however, several 
tests were made in which a variation of L percent occurred. 

SUMMARY OF RESULTS 

The following results obtained from these tests are applicable 
only to the Bendix-Stromberg PD-12F carburetor mounted on a Pratt & 

Whitney R-1630-C4' intermediate rear engine section over the range of 
variables tested and are believed to be conservative because the 
criterion of icing affecting engine operation was chosen as a reduc-

tion in air flow of only 50 pounds per hour: 

• 1. The upper limit of carburetor-air temperature fcr icing 
affecting engine operation withip l minutes at simulated cruising 

power was about 660 F. 

2. For the range of temperatures investigated, the lower limit 
of relative humidity for icing affecting engine operation within 

15 minutes at simulated cruising power was found to be about 44 per-

cent.

3. For cruising-power conditions, the upper temperature limit 
of visible icing was estimated to occur at 102 0 F; the lower limit 

of relative humidity occurred at about 21 percent. 

. For 5 minutes of operation at simulated rated power, icing 
affecting engine operation occurred at a maximum carburetor-air 
temperature of 730 F and only at moisture contents in excess of 

saturation. 

. The maximum temperature at which icing was observed during 

simulated. rated-power operation was 7° F. 

6. The fuel-air ratio generally varied by not more than 3 per-
cent from the values given by the carburetor calibration curve during 

all the icing tests. 

7. Icing that took place during the simulated cruising-power 

tests at relative	 formed on the tive humidities below 100 percent usually 
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throttle plates. These formations were found to be unstable in 
locations where heat transfer from the outer carburetor wails was 
good.

8. For moisture contents in excess of saturation, icing occurred 
on the carburetor X-bar and on the turning vanes in the supercharger-
impeller entrance,

R E C OMMENDATI ONS 

From the results of these tests and those of references 1, 2, 
and 39 certain characteristics common to all the induction systems 
tested have been shown to he contributing factors to the icing prob-
lem. Some recommendations to alleviate the seriousness of the prob-
lem are as follows: 

1. The injection of free water into the carburetor-air passage 
to simulate flight through rain has been shown to affect the icing 
characteristics of induction systems adversely. Carburetor ramming_ 
air intakes and internal air passages should be so designed as to 
exclude any rain from entering with the induction air. 

2. Some configurations of auxiliary venturi, throttle plate, 
and fuel nozzle have-been--shorrn to lead to serious icing. The fuel 
nozzle should be redesigned, or moved as far, downstream from the 
throttle plate as possible, to prevent the cooling of the plate by 
evaporating fuel eddying back in its wake. In the event that turning 
vanes are present in the supercharger-impeller entrance, fuel should 
be injected downstream of such vanes and the spray so directed that 
any Possibility of splash or backflow would be eliminated. In this 
connection, a throttling device may be located elsewhere in the 
induction system than in the carburetor body. 

3. The presence in the induction system of obstructions such 
as X-bars, turning vanes, and thermometer bulbs increases the icing 
hazard by permitting the accumulation of ice on them and, in some 
cases, by increasing the turbulence of the evaporating fuel-air 
mixture and allowing it to strike the metal surfaces in the system 
and cool them below the freezing point. An ideal induction system 
should have no obstructions or protuberances and should have an 
expanding section below the Point of fuel injection to allow any 
ice formed to pass through freely and also to decrease turbulence. 

. Application of heat to the carburetor body and throttles 
would prevent much of the icing occurring on these parts.
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5. In flight, the engine should be operated with as large a 
throttle opening as possible whenever a choice exists as to means 
of obtaining the required power. 

Aircraft Engine Research Laboratory, 
National Advisory Comaittee for Aeronautics, 


Cleveland, Ohio, November 20, 1944. 
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3,L 

Figure 3. - Icing affecting engine operation at cruising 
Power. Run 12; bottom ulew of Bendix-Stromberg 
PD-12F5 carburetor; carburetor-air temperature, 
40 F; relotiue humidity, 84 percent; initial 
air flow, 4030 pounds per hour. 

Figure 4. - Visible icing at cruising power. Run 71, bottom 
ulew of Bendix-Stromberg PD-12F5 carburetor; 
carburetor-air temperature, 66° F; water- I nfec-
tion rate, 500 grams per minute; initial air flow, 
3990 pounds per hour.
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Fig. 7a,b 

I ''.ic1 c6o3j 

(a) Bottom uiew of carburetor showing ice formations 
on X-bar.

NE 

It 

11 

(b) Ice formations in engine air passage. 

Figure 7. - Euaporatlon icing affecting engine operation at 
cruising power. Run 99; Bendix-Stromberg PO-12F5 
carburetor; carburetor-air temperature 40' F; 
voter-Infection rate, 500 grams per minute; 
Initial air flow, 4000 pounds per hour.
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