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By Robert S. Ruggeri

SUMMARY

.-

Investigations have been oonduoted  in the RACA Cleveland icing
resesroh tunnel on a ramp type recessed fuel cell vent assembly to
determine the aerodynamic, rain, and icing ohsracteristics of suoh
8n install&tion. Vent-tube static-pressure differential8 and pres-
sure survey8 over the vent ramp were obtained as a function of angle
of attack and tunnel-air velocities. The vent tubee were also
investigated in a simulated rain condition to determine the amount
of water admitted into the vent openings. Ioing experiment8 were
made at high angles of attack and at a tunnel-air velocity of
220 feet per second to determine the vent installation ioin~
characteristic8 and the vent tube pressure and air-flow losses.

. The results of the aerodynamic investigation show that,
although the vent-tube openinge are lo-ted in the region of maximum
ramp pressure, vent-tube statio pressure8 are marginal for a low
flight speed condition comparable to letdown. &ring the rain
experiment, no measurable amount of water was admitted into the
vent-tube openings. The vent-tube openings remained relatively ice
free under aevere icing conditione  for icing period8 up to
62 minutes. Severe loseee in pressure and moderate air-flow losses
in the vent tube8 were observed durinS the icing experiments,

In a previous etudy of ioe-free vent8 o~isting of vent tubes
facing downstream (referenoe l), the fuel-tank preesures were of
the order of -0.1 q~ (where q~ 18 the velooity preseure of the
air stream). It has been found, however, that negative pressure
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venting of aert8in types of fuel aells now In use a81.1 a8use them to
aollapse In such 8 msnner that most of theW amtents are expelled,
thereby areatIn a serious fire hszard. Consideratlou  h8s 8180 been
given to sesling the fuel cell aaup8rtmnt and venting it to the
upper wing surfaae while venting the fuel sell to the lower wing
surf8ae by means of a flush vent. This sohtion, however, is
lmpractia8ble  for many inst8llations.

.

!T!he present investigation  to detennlne  the ia- ahsrsater-
Istics of a rsaesssd fuel cell vsnt Installation was acmduatsd 3n
the lain5 researah tunnel of the XVACA Cleveland laboratory se 8 part
of the aenersl study of aircraft laing.

The reaessed vent inst8llatlon, whiah Is loa8ted In the outer
wing psnel, w8s desi6rmd to replaae flush type fuselage and
nacelle vents. These flush-type vents were believed to aonstitute
a serious firs hazard under certain operating aonditions. The
locaticm of the reaessed vent is in BP area susaeptible to laing,
p8rtlaularly durI.ng low speed flight, alimb, and letdown attitudes.
It was therefore neaessary to determUe whether or not Ice forma-
tions duri.u6 norm8l flight operation aould suffiaiently  reduae the
pressure and air flow in the vent tubes to asuse f8Ilure of the
fuel cells.

An Investigation to dete the lalng and pressure ahsxaa-
teristias of a rsaessed fuel4ell vent assembly was aonduated in
the 6- by 9.foot test seatlon of the RACA Clevelmd iaing ressamh
tunnel.

An EACA 65,2-216 alrfozL1 seat&m of 8-foot ahord was used 8s
awIngm&elfor the vent Inst8llatlon. (See fig. 1.) The model
was equipped with 8n exterml eleatrla hester over the leading-edge
region baak to 20 peraeolt of the ahord. Stalls of the vent 8re
shown In figure l(b).

The ventreaesswas so Installed I-Jmtthe rear edge of the
reams was located at 67 peraent of ahord cm the lawer suH8ae of
the airfoil seation. Aplate of ahsmfered sheetsluminum
l/32-inah thick ~8s installed just aft of the vent tubes to
simulate the stsudsrd method of assembly. Three tubes
li Inah in diameter (1, 3, 8nd 4, fig. l(b)), end one tube 1 Inah
Ln diameter (2, fig. l(b)) were mounted flush on the re8r slope
d the recess and each tube extended to 8 aamon outlet on the

,m:.tf*-.  ;r-*
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upper surf8oe of the airfoil. Valves were plaoed In the vent lines
to aontrol sir flow 8nd the flow of air was meusursd by meens of 8
CalibrUted  orifice titalled in eaah vent tube. h addition to the
orifiae pressure me88urements, one static pressure was measured CXI
the forward surface of e8Ch tube 1 inch f'rcm the opening and nine
surface statia-pressure measurements were made as shown in figure 2.
All pressure resdings were photogruphic81~  recorded frm multiple-
tube manmeters.

A water trap was Installed in one of the l$Inoh tubes for the
colleotion of water in the simulated rain investigation.

Simulated rain and icing conditions were provided by alr-
atomizing water-spray noezles plaoed upstream of the alrfoil section.

Aerodgnarni C. - In order to determine the aerodynamic ch8ruc-
teristics  of the vent installation, ststic-pressure  distributions
on the vent ramp surfaoe were obtained as well as the static pres-
sures in the entrance of the vent lines. The experiments were
oonducted with snd without air flow through the tubes. The vent
pressure CharaoteriStiCS  wsre determined as 8 function of tunnel-
air velocities of 220 end 350 feet per second, snd at angles of
8ttUok ranging fram O" to l2O. The vent air flow of 0.6 pounds per
minute through the large vent tubes sImul.ated air flow through the
vent lines for 8 desoent In altitude at the rate of 3000 feet per
minute.

Rain. - The amount of water that would be admitted into the
vent lines for 8 SimulUted-rUti oondition was determIned with a
vent air flow of 0.6 pounds per mfnute through the large vent
tubes, a tunnel air velooity of 220 feet per second, an ambient-
air temperature of 46O F, and 8n angle of attack of 14O. The water
ooncentration for this part of the invsstig8tion was approximately
4.5 gr8ms per cubfo meter and the droplet size was larger than
20 microns.

Iam.-Theioingaharata erlstios of the vent mt8llation
were detemed for angles of attack ranging fram loo to 14' and
at 8 tunnel-air velocity of 180 to 220 feet per second. The icing
conditions ranged frcm a liquid-W8ter concentration of 1.4 to
1.5 gr8ms per cubic meter for an ambient-sir temperature rapge of
0' to 23' F. The droplet size for these experiments was approxi-
mately 15 microns, based on volume maximum.
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The vent installation was 8180 investigated for 8 freezing-rain
condition at au ambient-air temperature of 23O F, in which the
liquid water concentration  was 1.8 grams per aubic meter and the
droplet size was larger than 20 microns.

RESULTS AND DISCUSSICN

During the aercdynamio  investigations, the tunnel blooking
effect of the wing at high angles of attack seriously sffeoted the
reading of the static tube used to obtain tunnel static pressure.
As 8 result, the surface Static-PrefERWe  aoef'fiaients  over the vent
ramp were considerably different at a tunnel-air velocity of
350 feet per seoond than at 220 feet per second. Only the low
velocity values are therefore presented beaause of the relatively
smaller error for this condition. The data presented herein are
not correoted for tunnel-w811 effeote and blocking.

A minimum positive pressure differential of 2 inches of water
between the vent Inlet and the fuel cell has been reoommended  by
the Douglae Aircraft Company for satisfactory operation of the
fuel oell. This criterion haa been used to evaluate the merits of
the vent system under investigation. Any reduction of this pres-
sure differential might lead to collapse of the fuel cells under
certafn operating conditions.

The iaing investigation was conducted at extremely high angles
of attack in order to expose the vent openings and the vent ramp
to the maximum direct water impingement that en alraraft might
encounter. Check experiments at lower angles of attack verified
that the icing formations were not so severe 8s those at the high
angles and are therefore not inoluded herein.

Aerodynamlo. - The variation of pressure distribution over the
vent remp surfaoe and the rear vent wall Is presented in figure 3
for various angle8 of attack. The pressures are presented in

terms of the pressure aoefficient P - PC
Qo '

where p is the

surface etatic preesure,  p. is the free-stream statia pressure,
and qC is the free-stream velocity pressure. In genel*al, 811 the
local static pressures at the start of the vent ramp are negative,
even at an angle of attack of 12'. At the bottom of the r8mp the
surf8Ce pressures are pOsftiVe at anglea Of attack greater than 4'.
The maximum eurfaoe preesure la attained at approximately the
center-line 1ocatUn of the vent tubes.

.
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The maximum pressures obtained at the opening of the vent tubes
for 8ngles of atkaak ran&ng from O" to 12' 8re shown in figure 4.
The static-pressure diFferentia1 pa - PC, where p, is the static
pressure measured 1 inch frcxn the tube opening, is plotted in fig-
ure 4 for the condition of no vent flow. The vent-tube pressure
increases rapidly with inoreasing  8ngles of attack. For the high
tunnel-air velocity, the pressure differential reaches a maximum at
an angle of attack of l2O. The effect of tunnel bloc- by the
wing at high angles of attack is illustrated by the peak in the
curve at approximstely 12O. The low velocity curve does not show
this tendenay for the angles of attack shown; howsver, at angles of
8ttUOk greater th8n'l2O, the ssme peak effect 8nd subsequent pres-
sure reductions were observed.

The marginal vent pressure condition of 2 inches of water
positive pressure is seen to be reached at an angle of attack of 8'
for 8 tunnel-air velocity of 220 feet per Seaond and at an angle of
attack of apprOxlmately 5O for 8 tUX'mel-8ir  YelOCity of 350 feet
per second. On the basis of these observations, it seems probable
that the vent installation is extremely marginal in its aerodynamic
ohar8cteristics.

Ruin. - The vent ramp w8s ocmpletely wetted by water Ron back
f?.Wn the wing Surf&OS. However, just upstream of the vent tube
openings the water tended to diverge and flow into the corners of
the recessed vent installation. Yrcm these areas the water w8s
observed ta run back or blow off from the sUrfaces. A 30-minute
Simulated-r&in investigation showed that no measurable amount of
water was collected in the vent tube fnstrumented  with a water
trap.

Iotig. - In general, the icing investig8tion of the recessed
vent inst8llatlon  showed that the vent lines remained relatively
free of ice formations, UlthOugh the vent air flow and the stutia
pressure in the vent lines were reduced. On an over-all bUSl8,
the vent installation surfaces were aoated with 8 11ght ioe fom-
tion. The vent rsmp was severely iced only at the upstream end.
Considerable foe fonnsticms aoareted to the re8r slope of the vent
inetallertion fKHn above the tubes to the ting surface. The
chamfered plate representing the actual wing-skti installation
oontributed slightly to the foru8rd and outward growth of the ice
form8tlons at the rear of the vent. Ioe formations 'in the vent
tubes started to build up as frost formations on the downstream
side of the tubes because this area of the tubes was more
susceptible to the.direat  impingement of small water droplets. For
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long Icing periods in the order of 30 minutes or more, the entire
Inside of the vent tubes were oosted with 8 very light ice forma-
tion that extended approximately 3 diameter8 into the tube.

Photographs of the typiaal progressive fonnatim of ice on the
vent inet8llUtiCXl  are shown In figure 5. The iaing conditions for
this p8rt of the investigation  were 8s follows: tunnel-air
VelOaity,  220 feet per Second; angle Of 8tt8uk, 14O; ambient-air
temperature, 23O F; and liquid-water content, 1.5 gmms per aubia
meter. The air flow through the vents at the beginning  of the
iaing period was 0.605 pounds per minute. At the end of
15 minUtea (fig. 5(U)), Only a light iae fozPbatiOn w8s observed on
the vent ramp and frost formations  were seen In the vent tubes. At
the rear of the vent lnstsllation, 8 ridge of lae approximstely
l/e-inch thiak was built up near the win6 surfuae. These fonu8tions
of ice, partioularly  at the rear edge of the vent reaess, IxEJWUSed
in size and extent 8s the icing period was inareased,(figs. 5(b)
and 5(a)). The reduaticn in the vent-tube diameters due to laing
#BS EUll811.

Oca8sion8lly the growth of iae at the re8r of the vent
installation protruded into the air stream to suah sn extent that
8 scoop effect was obtained, 8s shown in figure 5(b). This iae
formation inare8Ssd the ram pressure in the top vent tube by abno~t
100 percent.

For the icing conditions investl&ed, the air flow through
the vent tubes end the static pressure In the vent tubes were
reduced with progressive iaing. These losses were due to the rough
iae formations on the win6 surfaae upstream of the vent ramp, light
ice formaticazs on the vent ramp, and frost formations inside the
vent tubes. The f&at that the upstream orifioe statio pressure and
the vent-tube static pressure gave identia81 readings under all
icing aonditions indicatea thst the vent tube ststia-pressure
openings did not ice. The variutiou of vent-tube statia pressure
and air flow with time, for the iaing aonditions shown in figure 5,
is presented in figures 6 and 7. The vent-tube static pressure is
shown plotted 8s 8 pressure differential (pa - PO), where pa Is
the st8tlc preesure measured 1 inch from the tube opening. In
general, the st8tia pressure decreased rapidly with time during
the iaing period. It am be seen in figure 6 that the required
2-Inch pressure dlfferentlal  between the fuel sell snd the vent
opening is margin81 after only 2 to 3 minutes of iaing for the Large
vent tubes and msrglnal for the sm8ller vent tube (2) under a non-
icing condition. The pressure differential in 811 th8 tubes
i?XreUSed after the le8ding sdge of the wing hsd been Wpletely
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de-iced during the tunnel shutdown for photo6ruphs and observations
at the end of 15 minutes of iolng (point A). The inarsase in pres-
sure differential in vent tubes 1 and 2 in the 15- to 30-minute tfme
interval is accounted for by the soooping effect of the ice forma-
tions 8s described in figure 5. Ihring the tunnel shutdown at the
end of 30 minutes, the tunnel-air temperature w8s inadvertently
raised 8bOVe the freezing point and some of the formations were
blown off the wing and vent surfaces when the tunnel was restarted,
The reduction of the ice formaticns thus accounts for the abrupt
ahanges in Vent-tube pressure differential shown to ocour at point B
on figure 6. A scooping effect of the Ice formations is again noted
for vent tube 1 ne8r the end of the Icing period. (See fig. 5(c).)

The variation of vent air flow tith time during 8n ioing period
is shown in figure 7. The figure shms 8typic8lrsduotionin8ir
flow through the vazlt tube with time for the Bsme icing Mtlons
as described for figure 5. After the leading edge of the wing had
been de-ioed to 20 peraent of ahord, the air flow through the vents
was increased as shownbypoint A in figure 7. The importanoe  of
maintSI.ning the leading edge of the wing ice free to insure -Imum
pressure differential end adequate Vent air flow therefore has 8
great effect on the proper functioning of 8 recessed vent installa-
tion. The partial removal of surfaae Toe formatlone (point B) 8180
had the effect of Inareaslng the air flow through the vent tubes by
reducing the blockirq upstream of the Vent openings and by reduoing
the turbulent condition of the air flow over the wing and vent
surfaces.

Pressure end air flow losses observed during the freezing rain
experiment were approxIra8tel.y the same as those experienced under
the icing conditions.

The followin results were obtained frcm an iaing research
tunnel investigation of 8 reaessed fuel-cell vent install8tion
desieped to replace flush-type fuselage 8nd nscelle vents:

1. The results of the aerodyn8mIc dnvestigation show that the
pressures at ths vent tubes are marginal for the let-down flight
condition. Surface pressure surveys indioate that the vent tubes
are located in the are8 of greatest pressure apt the ramp.

2. There was no indicatifxn  of water collecting in the vent
tubes du.rIng the simulated-rain investigatfcm.
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3. The reoessed fUel-cell vent tubes -ined relatively ioe
free for angles of attack up to 14' under severe icing and freezing
rain oonditi~s of 3O- to 62-minute d.urutim.

4. Severe and rapid lOSSe8 in the Vent-tube SbLtia pressure
were reaorded under ioa ccaditions of 1.5 grams per aubia meter,
8 droplet size of 15 miorons, au angle of attaak of l4O, 8nd 8
tunnel-air velooity of 220 feet per seoond. The margin81 vent-tube
pressure differential of 2 inahes of vater ~88 re&Ohed 8fter cx~ly
2 to 3 minutes of lain5 under the 8bOVe conditions.

-5. The vent-tube air flow is deoreased slightly by the
general ioing ch8racteristias  of the wing 8nd vent inst8118tlcm.

Flight Propulsion Research Laboratory,
National Advisory~Ccxmnittee  for Aeronautics,

Cleveland, Ohio, J8nwry 27, 1948.

1. Theodoreen, Theodore, and Clay, William C.: The Prevention of
Ice Formation an Gasoline Tank Vents. NACA TN MO. 394, 1931.
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( a )  vent asserubly loaated OII l o w e r  ving eurfaoe.
Figure 1 .  -Reoassed fuel tauk vmnt aaedbly iaetalled  on RACA 65,2-216 airfoil section in

Icing Research Tunnel.
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(b) Cloee-up view of vent inetallation.
Figure 1. - Ccnmluded. Receeeed fuel tank yertt assembly installed-cm PlAcA 65,2-216 airfoil

sectfon In Ioing Research Tunnel.
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Figure 4. - Variatidn of vent-tube dlf'ferential  static pressure
with angle of attack. No vent air flow.
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F i g u r e  6 . - Variation of vent-tube differential static pressure-with
. ioing time for 62-minute icing period.
feet per second; angle of attack, 14';

Tunnel-air velocity, 220
ambient-air temperature,

23O F; liquid-water content, 1.5 grams psr cubic meter.
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