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FLIGHT TESTS OF THE 
UNITED AIR LINES STALL WAF3JING SYSTEM 

This report presents the results of tests carrled out by the Cl-1 Aeronautxs 
Admmlstrat~on on the UnIted Ax Lines au-plane stall war"~"y system Installed on a 
Boemg 247-D airplane These tests were tide possible through the cooreratxn of 
Unlted Ax Lmes, Inc The stall warning system mstallatlon on the Boemg 247-D I"- 
eludes four stall detector umts and a warning lnalcator The detector ""Its are 
mountea on the upper surface of the ieft mng I" the reeo" of the tralllng edge and 
are dxtrlbuted spanmse fro7 the outboard side of the nacelle to the r~"g tip The 
""Its contain dlaphram smtches which are adJusted to respond I" sequmce a< the 
stall 1s approached Each unit 1s electrxally connected to a corresponding signal 
light on the warnxne lndlcator whlcb 1s mounted o" the pIlot's mstrment panel The 
war"lng lights mdlcate to the pllot the progress of the stall over We mng as the 
angle of attack 1s mcreased This system operates mhhen a decrease m the negative 
pressure on the stall detector units, caused by a change I" the air flow over the 
upper surface of the m"g, i-educes the pressure dlfferentlal on tte diaphragm 

The stal: warning system was tested 1" stalls perforned both mth and mthnut 
slmlated ice apolled to the leadmg cages of the mngs The effect of throttle 
settang and landmg gear posltmn on the system also was mvestlgated 

Fe warning margIns, which are the differences between the war"lng speeds, 
(VW), and the stalling specs, (Vs), are expressed as a ratlo (VW/V,) The analysx 
of the data 1s based or the devxtlon of these ratios, for the 'rarlous flight condl- 
tlons, fro,,, the ratlo obtared when the stall detector Units wei-e adJusted to give a 
satisfactory progressive warning during a level stall and vvlth the vnngs free from 
slnulated ice The results of these tests lndlcate that for the "on-lclng condltlons 
the warnvg nai-gins are ample, hovrever, there 1s a" undesrable varlatlon I" these 
margIns for the dlfferent flight conaltlons tested 

The applxatlo" of lncreaslng amounts of sxnulated ice resulted I" relatively 
little increase I" the war"1"~ speeds but caused a marked increase I" the stalling 
speeds "hx caused tw warning margIns to dxnx,lsh ?ro~ess~vely until a" unaccept- 
able value resulted for the severest lclng condltlon tested Thx 1s dlsturblng, par- 
txularly wl.e" It 1s remembered that the quantity of natural ice formatlo" on a" air- 
plane may well exceed that of the slnulated ice which alas applied for flight test pur- 
POSC3 It IS entrely possible that the development of a stall war"lng lndxator 
whnhlch vvlll function adequately during all lclng condltlons may have to depend on the 
complete dexlng of the pilngs Recently developed mng delclng methods have uroved 
most effective 

The results of the data have lndlcatea the deslrab:llty of continued develop- 
ment to explore the Influence of vai-lous stall detector houslng contours on the ali- 
flow and to conduct tests xnralvlng saltch arrangements other than those of the dla- 
Ph=gm type It 1s bellwed that further research ~11 result 1" the development of 
a" instrument that ~11 provide reasonably constant warnlng narglns under "on-lclng 
co"altlo"s Furthermore, co"tx,ued research also ray result 1" the development of a" 
instrument that ml1 function eve" when ice has accumulated on the xtngs 

INTRODUCTION 

The need for a practical device to war" the pIlot of the x~pendly stall has 
been recognized since the xnentlon of the avplane Stall accidents have caused as 
many deaths as all other accidents combined, and I" the maJorlty of the cases they 
rmght have been avalded If a posltlve and early warning had been pi-ovlded 
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In view of the foregolng and as a result of numerous requests from other 
government agencies and from the au-craft Industry, the Clvll Aeronautxs Adrmnlstra- 
tlon has undertaken a program for the developent of stall warning indicators This 
urrolves two mayor types (a) a d e~lce that ~~11 function under all condltlons of 
flight except when ice has accumulated on the ~lnge, and (b) a device that ml1 func- 
tlon even vnth ice on the mngs Type (a) 1s consldered sutable for personal type 
alrcraft elnce only 1 percent of theu- stall accidents uwolved ~c=ng where al= 
carrier type aucraft are concernea, stall accidents generally are assaclated mth 
lcmg and a universally applicable type of stall warning lndxator 1s requred 

For any partxular aufoll sectlo" the stall occure at a certal" critIca 
angle of attack The accretion of ice on the mngs of an axplane changes the aufoll 
sectlo" and causee the au-plane to stall at smaller angles Rnd tunnel and flight 
tests I" ai-lch streamers or "tufts" were attached to the upper surface of the mngs 
lndlcated that the actual stall 1s preceded by a change I" the character of the alp 
flow on the upper surface of the "~"g, eve" when simulated ice was applied to the lead- 
~ng edges of the lmngs Th1.e change fu-st appears I" the vxmlty of the tralllng 
edge It was felt that an Instrument, actuated by the changing air flow when the 
angle of attack 1s Increased, mould provide a warmng of the ImpendIng stall 

A" ~nstrunent of thu general nature was tested by the hatlonal Advisory 
Comttee for Aeronautics I" 1937 and was further developed by UnIted Au- Lines, Inc , 
during the years 1940 to 19L3 With the thought that further flight teetug on the 
part of the CAA wauld expedite thx developnent, the cooperataon of UnIted Ax Lines, 
Inc was obtanea, and 1" l/arch 1943 the stall warning system was installed I" the 
TechnIcal Development Jhvlslon's Boeing 247-D axplane Extensrve flight tests lrere 
conducted by the Clvll Aeronautics Aclmlnutratlon and U A L personnel at the Technl- 
cal Development Lhvxlan's Experunental Statlo" at Indlanapolls, Ind Thu report 
covers those flight tests 

GEN'S,RRL DISCUSSION OF THF. STALL 

Ihn-lng normal flight the air flow over the upper surface of the wxng 1s smooth 
and essentully larmnar mtt a thin layer of turbulence (the boundary layer) next to 
the surface If the speed of tne au-plane 1s i-educed, the angle of attack must be m- 
creased -L" order to outan suffxlent lift to support the airplane. As the angle of 
attack 1s increased 1t becomes ~ncreasu~gly dlfflcult for the air flolr to follow the 
upper contour of the wing and the boundary layer begIns to thIcken Further lncreaees 
I" tke angle of attack cause the air streamlInes to separate from the aft portlo" of 
the lmng and to becove generally turbulent The part of tne pnng where the air flow 
has become turbulent experiences a change I" pressure and It no longer contrlbutee to 
the lift The m"g has then become partially stalled Any atialtlanal increases 1r 
the angle of attack cause t're turbulence to spread forward and spa-se over the m"g 
until there 1s a" lnsufflclent lift to support the arplane The axplane has then 
reached Its stalling angle and falls, often reSultl"g I" a sp1". 

It 1s practically ImposSlble to predict just where "atural ice ~~11 accumulate 
on the mngs or what Its contour i~lll be The amount ana type of ice accumulated de- 
pend upon the severity of the lclng condltlons and the length of time that the airplane 
contuues to fljj under these condltlans The pi-ecxe effect of ice accretion 01 the 
aerodynamx characterlstlcs of the m"g cannot accurately be predxted Generally, 
the maxunwll lift coefflclent and the angle of attack at which the stall occurs 1s 
markedly reduced and hlgher speeds are necessary to avoid stalling The accretion 
of ice may also cause the stall to occui- almost lmmedlately after the lnltlal appear- 
ance of turbulence on the upper surface of the mng It 1s therefore essential to 
detect any change I" the air flow as early as possible If an adequate warmng mar&" 
1s to be obtamed. 
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DESCRIPTION OF TEST SETUP 

The UnIted Alr Lines aIrplane stall xarnmg system as Installed on the Boeing 
247-D arplane comprises four stall detector units and a warnlng lndxator 

The Stall Detector Unit 

The stall detector unit shown I" figures 1 and 2 1s made of aluminum alloy 
ano conslets of a bousmg and a case contanxq a diaphragm smtch arrangement The 
houslng and the case are attached on opposite sides of a j-Inch diameter mounting 
plate The houslng proJects above the mng and the case 1s submerged vnthln the mng 

TFe houslng 1s In the form of a streamlIned blister and 1s 2-l/4 inches long, 
1 Inch mde, and l/2 Inch ?igh A louvered opening in the top of the houslng serves 
to transmit pressure changes from the upper exterior of the mng to tke lnterlor of 
the housIng A small tube or standploe further transmits those pressure changes to 
one side of the dxpbragr case The other side of the case communicates mth the I"- 
terxr of the ?nng by means of a static opening To provxe draInage for any water 
that rught enter the houslng through the louver, a smali tube 1s attacrea to the bot- 
tom of the mountang plate near the rear of the housln& and opens to the lnterlor of 
the mng 

The case contalnlng the diaphragm is 2-l/8 Inches I" dx.meter and about y/8 
of an Inch In mdth The dlapkrafl 1s composed of a rubaer lnpregnated silk material 
and has an effective diameter of l-5/8 Inches Thin metal plates, electrically con- 
nected, are mounted on either side of the diaphragm 

In normal flight there 1s e negative Pressure or suction exlstlng on the upper 
exterior of the mng that holds the diaphragm to one side of the case against the 
pressure of a small leaf spring that incorporates an electrxal contact The spring 
contact bears against the diaphragm plate and the spring pressure 1s regulated by a 
screw which 13 adJustable from the outsIde of the case. As the stall is approached, 
the general ax turbulence and the aerodynamic effects p-educed by the housIng con- 
tour combine to reduce the negative pressure to a pant where the spring forces the 
diaphragm to move until the metal plate touches a contact which extends through but 
1s Insulated from the case. The electrxal circuit 1s then made from the case 
through the leaf spring to the plates on the metal diaphragm and fInally to the I"- 
eulated contact Thle connects the airplane's battery directly to the lights on the 
mai-nlng lndlcator The diaphragm contacts of each stall detector unit carry 0 20 
amperes at 12 volts 

Locatlon of the Stall Detector Units 

The locatIon of the stall detector units 1s determIned by the progress of the 
stall over the mng as vlsuallzed through the actlon oi tufts or streamers dlstrlbut- 
ed over the entxe upper surface of one mng In normal flight the tufts are dlrected 
rearwaro and are fairly steady due to the larmnar flow of the air However, when the 
-vslng 1s stalled, the turbulent actIon of the air causes the tufts to oscillate 
violently 

Motion pictures of tuft actlon on a Boeing 247-D alrplane during level stalls 
mth power off and power on were taken by Unlted Ax- Lxes, Inc These pxtures showed 
t-at turbulence begins at the inboard end of the tralllng edge next to the fuselage 
men the power 1s off As the angle of attack 1s Increased the turbulent actlo" pro- 
gresses diagonally over the rvlng forward to the leadIng edge and outward to the mng 
tlP This progress 1s illustrated In figure 3 When the stall 1s approached mth the 
power on, the progresslo" 1s solar but orlglnates outslde tre propeller slIpstream, 
as shown 1" figure /+ 
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In order to obtain a Proqresslve warning when approaching the stall, the 
stall detector units are located on the upper surface of the left mng near the trail- 
lng edge and are dlstrlbuted spanwse from the outboerd side of the nacelle to the 
wmg t1p Units on one mng only were found to be sufflclent Their location, ta- 
gether mth a vnrlng diagram, 1s shown =n figure 5 

The Marnlng Indxator 

The warnr,g lndlcator shorn in fqure 6 consists of a grnuP of four lights 
arranged XI a sem~cli-cle anb rountea on a standard 2-Y/&Inch dxwter x,st,rument 
case The l&ts are numbered 1 through 4 to correspono rvlth tiw stall detector 
"rnts Each l&t 1s covered mth an anber-colorea ~enel to prevent undue glare The 
ll@,t bulbs are General Electric Mazda, 
zrperes at 12 to 16 volts 

angle contact tayonet base, rated at 0 20 

The lndlcatar 1s provided pslth a cover plate %uhlch cortalns eqht cx-cular 
holes on its face ?or da:il1qht operation the cover plate allmys four l/2-Inch dla- 
meter holes to regster py_th the lqhts For nlgbt operations the plate 1s rotated 
to perrmt four l/16-1ncr diameter holes to regxter mth the lights Thus the appa- 
rent x,tenslt:~ of the lights 1s i-educed durtng night operatlon It was found that 
this lqhtlng arrangement did not adversely affect the pIlot's vlslon A test push 
button 1s x,stalled on the face of the lndxator behlnd the cover plate to deterrmne 
&ether t+e warning lights are funct1onmg The cover plate incorporates a cam wYlch 
pushes the button when the plate 1s rotated The warnrng lndlcator 1s mounted on the 
airplane's instrument panel directly In front of the p11ot 

Installation of t'le sta11warn1ng system 

A hole 3 Inches in diameter 1s cut I* the wx~g skx, at each of the stall de- 
tector nn1t 1ocat1ons The hole 1s ranforced mth a ring which 1s rlveted to the 
skin The stall detector unit 1s mounted on tSe reinforcement rlpg by means of screws 
through the mountrig plate Stall detector unit 110 1 installed on the Soelng 247-D 
wu,g 1s shown I” figure 7 

A single wli-e leads from each stall detector unit to a corresponding llgi-t on 
the warnwg lndlcator Number 22 General Electric Flameproof wrres are used to connect 
the detector units to the warnlng lights The wx-es are enclosed in a sr,gle cable 
whlc'l 1s i-outed through the wvg Each stall detector unit and light are a separate 
cxxult and the complete lnstallatlon operates on a K-to 16-v&, direct-current, 
ground return system 

ODeratIon of the Stall Varmn~ Svstem 

When the airplane 1s ready to take off, all the warning lqhts are Indxatlng 
because ti-e force of each leaf spring bearing against the dxaphragm xalntalns a closed 
clrcult As the airplane accelerates dui-x,g the take-off, the alr flow over the mng 
creates a suction at the opemng of the mng detector which 1s transrmtted to the dx,- 
Pb=gm When the force of the suction becomes greater than that of the leaf spring, 
the dlaphi-agm 1s deflected away from tte Insulated terminal and the lqht to which the 
detector unit 1s connected 1s extxquulshed This diaphragm actlon 1s illustrated m 
flgwe 8. As the take-off contaws, each light 1s extlngulshed pra,cess~vely and III 
sequence depending upon the locatlon of each stall detector unit and upon the adJust- 
ment of the leaf sprlng 

When the angle of attack 1s Increased when approaching the stall or when land- 
lng, the pressure dlfferentlal on each diaphragm IS i-educed When the force of the 
suction acting on each dlap"ragm becomes less than that of the leaf spring, the cl=- 
cult 1s closed, as shuwn m fqure 9, and a warning 1s given by the light on the ,wrn- 
mg xidlcator As the stall advances over the mng, due to a further increase in the 
angle of attack, a pi-ogresslve warn=ng 1s ottalned from the lights on the warning 
mdlcator. 
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TEST PkOCEIJURE 

Prellmlnary flqht tests were concucted ln order to adJust the leaf springs 
on the stall detector units It was the purpose of these adJustments to obtarn a 
uniformly progressive warrong when the alrplzne epproached the stall mth the Pnngs 
level and the landing gear retracteo It pias also aesred to obtain an lnltlal 
warning at approximately 25 IPI p h above the stalling speed for No 1 warning light, 
B 20 m p h mar&n for No. 2 wrung light, a 15 m p h margIn for No 3 light, and 
a 10 m p h margIn for ho 4 llg?+t Txne ald not perrut the opportunity to obtain a 
precxe adJustment for tre warmng margIns llsted above, however, the flnal warnlng 
margins whlc'- prevallea zt this partxular flight condltlon were considered satls- 
factory as a basx for cornparIng the warnings given at other flight condltlons 

Flight tests were then conducted to deterrmne the effectlveriess of the IJ A L 
stall warning system when approaching the stall from various flight attitudes under 
dlfferent power settings and mth retracted and extended landing gear posItIons. A 
descrlptlon of the flight condltlons are given In table 1 

Table I 

STALL TYPES 

A level stall 1s one in which the nose 1s pulled up gradually mth the mngs 
level, a turn stall occurs when the a~plane 1s banked In a turn All power stalls 
were performed mth partxl power at a ranlfold pressure of 14 Inches Hg and a car- 
responding propeller speed of 1950 r p m The flight tests were conducted at alto- 
tudes between 3,000 and 4,500 feet 

To determlne the ablllty of the stall warning system to give adequate warn- 
lngs when the normal stalling speed of the axplane IS raised by the accretion of 
ice on t?e mngs, flight tests were conducted mth simulated xe applied to the lead- 
=ng edges of both mngs The sxnulated 1% consisted of a rvxtui-e of sawdust and 
dope which was applied to the mngs In a plastic condltlon and whxh dried to form a 
tenacious mass resembling rzme ice The sxnulated ice was applied ln IncreasIng 
amounts described In table 2, and each of the stall types lIsted In table 1 was re- 
peated for every lclng conaltlon 
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Table II 

ICE COI'DITIChS 

Ice 
ConaltJon Descrlptlon 

A ho Ice 

I 
B l/2-Inch =ce :x-on outboard slae of nacelles to pomts 

mmay on each mng (figures 10 and 11) 

c l/2-Inch ice from outboard side of nacelles to mng xps 

D l-l/2-mch see fron outboard s;de of nacelles to pomts 
rmdvray on each w?n~ and l/2-Inch ice from I-IdpoInts to 
wing taps 

E l-l/2-mck 1‘e fror outboard side of nacelles to wing 
bps (figures 12 ana 13) 

Durmg each stall :he copilot observed t-me seque~e of the warn:ng Indlca- 
tlons and the corresponamg md;cated a== speed at w"cr each aarmng llpht mdlcat- 
ed An observer locatea at the cabm aoorway recorded these mdlcatlons as the co- 
pIlot callea out t'-e readmgs Tte air speed at which the nose of the axplane 
began to arop was recordea as the stallmg speea 

RES'dLTS OF FLIGHT TESTS 

Because of the contmual movement of the pomter on the au-sueed Indicator 
as the speed of the airplane decreasec when appraackng the stall, and because the 
mdlcator du,l was callbratea 1n mci-ments of 5 IP p h , It 1s estxnated that an 
en-or ofi2 m p h in recording the data ex1st.s Since the prrtlnent quantity for 
evaluating tke merits of a stall warnl'lg udlcator 1s the dliierence between tre air 
speed at whxh the warr,lng :s even ard the stal:lng speed of tne auplane, the total 
error 1s a~prox1mately~4 m p h The extent to which the results are reproducible 1s 
not known because tine did not perrrlt a~ opportunity for tne repetltlon of tSe Indlvld- 
ual tests However, the vramlnp; speeds u, stall type IJo 7 are comparable nxth the 
warning speeds for stall type No 3 

The warning and stall;ng speeds for all tke flight tests have been tabulatea 
and are shovr; in table 3 T"e narmne v.rgms, +h;ch are the dLffererces between the 
lnlt,lal warnu,g speed VW and the stalling speed V, are given as the ratios VW/V, 
The data are also presented gra@~all>- u, floure U The graphs show the speed at 
ivhxh each llg-t Indicated when apui-oachlng the stall and the stalling speeds for all 
flight condlilons tested The sequence of the four rramx~gs for each test condltlon 
1s deterrmned by the value of the voxnu~g speed lndlcated by each warn=ng light shown 
In flgxi-e 14 The umt;al warnu~g 1s ;~ven by the particular light lndlcatug at the 
maxlm,m warnmg speed shown, and the flnal warnug 1s given by the light that lndl- 
cated dwlng the unu~"m warnrig speed 
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DISCUSSION OF TkE AESULX 

From a- ms?ection of table 3 It 1s noted that posltlve lrltlal warnmg mar- 
~lrs are prcmded by the stall marnm~ sys‘em rhen approachmg the stall durmg the 
non-lcmg condltlons The table shurrs a \arlatlon ;n the mrgms VW/V, from 132 to 
1 64 for all tne stall types performed when the mngs are free from smulated ice 

The a,@lCatlO" of ice io Ck leadmg edpes of the wtngs reduces the warning 
Targlns For stall t:-pe "*o 4 and vmth i-1/2 arches of ice on the mngs, ti-e margin 
1s reduced to a rmnm~um of 105 The effect of applying xxreaslng amounts of ice 
to the mrgs 1s clearly sham XI fvgre 14 Smulated ice on the mngs caused the 
stalling speeds to increase apmeclably but h-d little effect on the stall detector 
units, causmg tile warning speeds to increase slightly The warmn_e ma-ems were 
reduced as a result of this zondltlon Actual lcx~g conaltlons could veil result in 
more ;ce than was smulated for flight test ourposes, and If We pi-ogress dIscussed 
above were to contmue, the stall would occur before the warning was "Stared 

It ml1 also be noted =n table 3 that extendxg the landme gear in le\.el 
flight causes an increase in the stallmg speeds Th:s increase 1s noted when corn- 
paring the stalls perfornea w turns wxth t"ose performed XI level flight The a~- 
proxlrate slmllarlty exlstlng ln the warning mar@ns for the two power settings when 
stalling under the sane ~clng ccndlzlons rdlcates that power varlatlon does not in- 
fluence the stall warnx,g system auprecxibly 

It shoLlo be remwrbered t'mt all the flltht tests mv"l\ed only one c~oi-a~~se 
locatIon 2nd one leaf spring aCJ"stme"t for each stall detector unit Turt test re- 
sults Indicate that novlng the sfzll detector units forward I" ike drrec3on of the 
leadmg edge would cause tten to operate at lower air speeds which would naturally 
reduce the warn~,_e mar~ns Reducmg the ml;lal pressure of t"e leaf srrlngs on the 
detector units would have the same effect The genera: operatmg charzctermtxs, 
honever, ,,ould not be expectea to change FLF.Pi-PClaOlJ' da to moderate cFanges in the 
c'-"rd?nse locatl"" a"c t-e Spl-l"g 2aJ”stme”tS 

Although posltlve warn=ng mar~ns were gl"en by the stall warning system in 
all the stalls perforrred when the *ngs were free from ice accretlo", the wlae varl- 
atIon ln tke margr,s 1s bellwed to be underarable It 1s felt that a warmng whxh 
IS given too early ml1 eventually be dmregarded by the pIlots, On the other hand, 
a warmng which 1s given very close to the actual stall, as experienced during the 
severest lczng condltlon tested, 1s consIdered dangerous. A value for VW/V, of 1 25 
to 130 has been suggested as a satisfactory mar&n 

CONCLUSIONS 

The flight tests of the U A L arplane stall warn=ng system on the Boeing 
247-D arplane lndlcate that there 1s consIderable promxe for the development of an 
lqstrument of thx general type whxh ml1 provide reasonably uniform and adequate 
warning marins when there 1s no ice on the wngs of the arplane 

Results of the flight tests on this stall warning system Indwate that III- 
creasing applxatmns of smulated ice reduces the warnmg mar&m, but are not in- 
dlcatlve that the development of a" mstrument which ml1 give satisfactory warnmgs 
durmg this condltlon 1s unfeasible 
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STREAMLINE H( 

ELECTRICAL 

DRAIN TUBE 

ADJUSTMENT SCREW 

Figure 1. Stall Detector Unit - Assembled. 

LEAF SPRING 

’ CONTACT POIN-I 

METAL WASHER 

STATK OPENING 

Figure 2. Stall Detector Unit - Unassembled. 
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Figure 6. Warning Indicator 

Figure 7, Stall Detector Unit No. 1 Installed on 
Boeing 247-D Airplane Wing. 
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