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SfcflOKU. ADTISCBX COMMUTE TOB ASSOHALTICS 

ASVilTCX RESTRICTED 2KP0RT 

ALTITUDE HATIIIG QT ELECTRIC APPARATUS 

By Paul Leoenfcauoi,  Jr. 

I.    rOTDOTCTIOK 

The proper functioning of electric equipment ia of prim« 
importance in the operation of the military and naval airplane 
of today. The vide use of such equipment and the continual 
Increase In the operating altitude of aircraft make it euaen- 
tlal that the factors affecting the operation of electric ap- 
paratus at hi£h altitudes he Investigated If the awiratua ia 
to he properly designed for this new und expanding application. 

This payjer studios the effect of altitude on the ratlnga 
of rotating electric -aachines and, after determining the funda- 
mental principles involved,  discusses these in relation to 
the application of such machines in modem aircraft.    It ia 
ahown that the rating of a self-ventilated,  direct engine- 
driven aircraft generator decreases rapidly with altitude 
and« at some altitude within tho operating range of the air- 
plane,  the generator may 1)6 ahle to dlsaioato only its no- 
load losses.    It is also shown tl.at an air-scoop-ventilated) 
direct engino-driven aircraft generator maintains its rr.ting 
over most of the »oerntlng rrnge of praaont-day aircraft. 
finally,  certain sea-level tests nra proposed from which cal- 
culations of rating under altitude conditions can he cade. 

The theory and tests presented in this paper have Dean 
checked oy altitudo-chamher studies on en aircraft-type, 
direct-current generator. 

II.    rOHUMT/TJU. A2ÄLTSIS 

A.    Heat Transfer in Sloetrie Machines 

One of the principal factors determining tho rating of 
electric apparatus ia tho maximum tecroerpturo to which lta 
insulation can he subjected without failure during the required 
life of the machine.    This operating tenpew-turo is a function 



of Hi« losses of the machine and Its ability to disslpata the 
resultant heat. 

An electric machine may dissipate Its losses hy four 
mean«: 

1. forced convection Between winding and core surfaces 
and coaline air 

2. Treo convection Between frame and auubiont air 

3« Btdlation "octween frame: and surrounding objocts 

U. Conduction ootweer? ±r?jne and counting 

The watts IOSB which raay 1>e dissipated hy these •oroe- 
esses ic a function of the temperature difference hetween 
the machine surfaces ar.d the ambient toapertvturas. The ma- 
ohino temperature rises until the total watts Ions dissipated 
just equals the input looses; the.t is, until equilibrium is 
reached. Thus any increase in load (and honce, loss) will 
increase the machine temperature unless the additional heat 
can ho removed from tho machine hy an increased heat transfer• 
Conversely, any reduction in hoat transfer will increase the 
machine temperature unless the loss is reduced. 

The heat transfer octvoen the machine and tho ambient 
air also is effected 'by the tlr donsity. Thus at tho reduced 
densities and temperatures enoountored at altitude (fig. l), 
tho watts loss which can he diSBipatod hy an olectrlc machine 
nay change and its rating at altitudes may he different from 
that at aoa level. 

Xach of tho heat-transfor procose.os is not considered 
individually, and its variation with density and temperature 
determined, 

1. Torced Convection 

The transfer of hoat "by tho forced circulation of a gas 
or liquid is referred to as hoat tranctaission hy forced con- 
veotion. In an eloctric machine, the cooling air enters the 
•jaohlne at an ambient traacorature 8al, and in wiping tho 

windings «Ad core removes heat from these parts. Tho resultant 
increase in air temperature ("air rise") is denoted hy Oar* 
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il 

This process 1» shown graphically in figure 2, «here 8«! la 

the surface temperaturo of the winding» or cora of the machine 
and 6 4 is tho temperature drop hetwoen tho hot ourfaee and 

the cooling nodlum ("surfaco drop"). 

The maximum allowable winding surface tetr-.orrtiiro is de- 
termined oy the insulatior used in the machine*. Thus, If Bai't 

841, and Bar' denote values of nurfaco tompoTaturo, surface 
drop, and air rise, rcnpoctively, at tho point at which tho 
ventilating air leave« the machine 

Si1- WS»' +ea' °c CD 
B^j.'    1« a function of tha weight flow of air through tho 

machine and tha watts losa token away trj this air.    Thus, 

0.133 qfor e (?) 

whom 

q^or vratts losa dissipated by forced convection 

weight flow of cooling air through machine, 
pounds per minute 

» • pi 

P   density of cooling air at entrance to machine, 
pounds por cubic foot 

Q   volume flow of cooling air at ontranco to machine,' 
cubic feet per minute 

The surface drop at tho exit of the machine iat 

*ifOr   "•»(; 
c (3) 

whM» 

ovor-all thermal conductance ootwoon machine aurfaeo 
and cooling air, watts por °0 



Sho thermal conductance 0 la a function of tho donslty 
of the cooling air p, Its velocity v past the surface being 
cooled, and tho area of that surface Ax.    It has toon shown 

(roforonce l) that for the turbulent flow of air In ducts 

C O A (pv)a (W 
In an electric machine the voloclty v Is composed of 

two components: the axial voloclty of tho cooling air through 
the ducts of tho machino vn, and tho norlphorfl velocity of 

tho rotor v_. Teats on diroct-eorront airer:ift-typo genürn- 

tors Indicate that f?r ratios of -ixial to ioerlphor.*».l velocity 
approximately less thmi 2, the a;:ial voloclty can ho negloctod; 
whoroaa, for ratios greater thin S,  tho peripheral voloclty 
can he neglected. In tho practical caso of Bolf-vontllatod 
and ooparatoly ventilated aircraft generators, tho former typo 
usually has a ratio of axial to peripheral velocity woll solo* 
2, and the lattor type has a ratio woll above 2. Eonco tho 
transition range need not ho studied closoly In tho proaont 
investigation. 

The axial velocity v  is: 

14U % 
foet por ainute (5) 

whore 

tions, 

total area of ducts through which tho cooling air 
flows, square Inchon 

Thus from equations (.k)  sad (5). and tho above assump- 

°aelf  «±, vB
aP° •i-Pa (6) 

"sop 
v     Ad ' v V *« 

whore   k1   and   kB   aro constants for any given machine opor- 
fttllif at oonstact speed, and   0eolf   and    0Btm   aro tho over-all 
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' g^ato* Y«nti^*«as 

'«.   «attt 

ia> 

(9> 

too»,   ftow eo««« 
ontho«ochlno. ^ 

2- latlon «rf "• ea0t 
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«hare 

Ifrce   **•**• log" TV trcQ oonvoetion 

A8 aroa of surface subjoct to froo convection, 
squaro Inches 

p stmosphorlc pressure,  inches of mercury 

convocting surface teiaporature, °C 6.» 

Bat. 

1 • 

IT 

ambient air tomperaturc for freo convection, C 

t feet 

horizontal length of cylinder, foot 

vortical height of cylinder, foot 

übe watts dissipated by free convection at any altitu&o 
oan therefore be calculated i'rom .„-quation (lO), since all 
factor* are known. Tho surfaco temperature c;.n be determined 
from soa-lovol tests. Teats taken under actual altitudo con- 
ditions havo Indicated that tho frame tomporaturo remains 
ossontially constant at various altitudes for the sane maximum 
Internal surfaco temperature, unless there aro largo changes 
In tho heat dissipated from the frame of tho machine. 

It should "bo noted that tho watts dissipated by froc con- 
vention vary as tho 0,5 power of the atmospheric prossuro. 

3. Sadlation 

Badiatlon Is tho method of heat transmission by which 
heat energy is transferred froiu ono body to another through 
a transparent medium without any change in the tomporature of 
tho medium. When tho aroa of the radiating body is small 
compared to that of its surroundings, the watta dissipated by 
radiation aro! 

where 
<lt <i O.00375 c J, 

\100j    ^100;; (11) 



4g  watts dissipated by radiation 

(   emiaeivlty at  tho surface of tho radiating body (0.9 
for a body covered with a nonmetallic paint/ 

ig   area of radiating surface, square lnchoa 

0>3  radiating-surfaco teerocrataro,  °C absoluto 

9«3  asibiont-nir tompcratura or temperature of surrounding 
bodies (if close enough) for rndintion, °C   absolute 

Bio abovo equation shova that the watts dissipated by- 
radiation aro independent of air density or -cronsuro and, 
honco, of altitude for constant 6» 3 and 9a3. Bio samo 
statements concerning these temperatures apply  to this case as to tho case of freo convoction. 

km    Conduction 

Xho hoat transferred betvoon two bedloo by tho conduction 
process Is directly proportioml to the conductivity of the 
transmitting medium; its area, nnd tho toraporaturo difference 
between tho two oodloo, and inversely proportional to tho 
length of path. In an electric machi.no, heat is conducted 
through its mounting - the direction of the transfer depending 
on tho relative tomporaturo of the two bodies. Ihis heat 
transfer is difficult to calculate cinec tho longth of pnth 
and tho temperature difference are not accurntel" '—- 
evor, it is not effected bv --1- "- ridod the *»  

—-  ""«raoratu 

~ ^rocosiioo.    i> u total ho«t ••»        -"willed. usoiJ *~ 
he nofflon+«j lr heat i>, „*. * •ttaferj> .t v a to 

5- ^°'*--Wor^tJ 
*tot for + 1ft>oo   +qÄ  watts 

(ie) 



Belf-vontllatedi 

"*«" 0.133    *x  "RUB 

—+ p* 

HpAtaUly ventilated! 

"«l   " "av . 

.B/4 

qfifoo «1.33 X10     A„r>       f     i/S watts 

B.    Air flow in Eloctrie Kachlnos 

(9) 

(i\) 

All the torms in tho ho&t-transfcr equations abovo have 
been tUecusEOd,   except tho weight flov of tho air used to cool 
tho machine   V.    Thia quantity varioa with altitude in a mannor 
Which dopon&p on the t-foc of ventilation employed.    In tho case 
Of aircraft cquipmont, two typo« of uacuino aro used:    tho en- 
closed aclf-ventllated machlno, whoro the cooling air ie cir- 
culated by p. fan integral with the machine; and the enclosed 
separately ventilated machino, where tic cooling air in pic'.cod 
up by an air scoop on tVic airplane ar.d forced through the ma- 
Chine by tho ramming oreetsurc obtained from tho airplane's 
aoMoiw    Single-end,  axiolly ventilated machines aro discussed 
horo,  as this ic tho typo in moot common use on tho equipment 
considered in this paper. 

t    Neglecting tho friction pressure drop of the air In flow- 
ing through tho pusaagoe of a machine (a good ascunpticn for 
»jail machinca),  tho equation governing tho air flow through 
a machine is: 

e 
H =;iV|P„ —   +P„ JL. + ... 1  inches of water* (13) 

5.? V. n gg 

TnB 1 +P_ -"— + .., 1  inches of watc 
 ?_?J L_  

•Äiia equation assumes that tho air density ia constant through- 
out tho machine. B cause of tho air temperature rise, this is 
not strictly true. However« the simplicity obtained by assuming 
a constant density warrants its use. Tor more accurate calculi»» 
tier.«, an avor&gc air density may bo uaod rather than tho value 
at the machine entrance. 

:M- 
'•'_/vv«p"*j»v»>" :'. '•,' 



I 
whero 

H  pressure head avr.ilablo for forcing cooling nir through 
maohino, measured at entmnoo to machino,  Inchon 
of wator 

T "  r • 

2e   2« 

Since- 

loss In pressur« at contractions• oxnan- 
uions, tmnds, etd of tho r.lrflow path, 
measured in velocity heads of rdr. 

a» ' n«" 

n » —i —-n + ——a •..• I 
55^  A»     •> 

CiM 

whoro 

A,,,, AJJ, ... areas at chrtngos In path section, sauaro Inches 

The orackotod oppression is a constant for any machine 
and moy DO called an "air resistance," H. Honco, 

Q - /1=5. cuoic foot -jor ninuto (15) 

Sho weight flow of soiling e.ir, thoroforo, 1ft 

-ySjA 
W - P4 

pounds per minute (16) 

, This equation defines tho weight of cooling air flowing 
through tho machine for a .^ivon pressure hoad E. This proa- 
tor« head will vary with altitude, depondlng on whothor the 
machine Is colf-vcntil-vted or separately ventllatod By the 
methods discus sod »Vbovc. 

Sho pressure hood dorclopod hy a fan revolving at constant 
•pood varies directly with tho air density. Therefore, In a 

'r. •*• ;—*•  «V 
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•olf-Yor.tilatod maehlno, the weight flow of air is directly 
proportional to the air donsity, fro» equation (l6). 

Tor a eoparately ventilated machine employing an air 
acoop, the hoad H will dopond on tho airplane's spood- 
altitudo characteristic. Tor a constant anglo of attack the 
lift on an airplane wing io proportioiial to pV , whoro p 
is tho air density, and V la tho velocity of tho airplane 
relative to tho air. Since a certain minimus: lift is nocos- 
sary to eujvort tho airplar.o, tho minimum pVc must remain 
constant, rogardlosH of altitude. However, tho pressure head 
In inches of vatcr developed in the air scoop Is directly 
proportional to pV" (neglecting losses); herco tho minimum 
air-ceoop prer.-iure he->.d is independent of altitude for a 
soparatcl" ventilated generator. Tron  aquation (lG), it can 
be soon that tho ninimum weight flow of air is thun propor- 
tional to the square root of tho air density and therefore 
decreases with altitude out cot as rapidly as in tho solf- 
vontllatod machine, whoro the decrcaso was directly propor- 
tional to the air density. 

in.  AP?LICATIOIT o» rranuoBnai AKAWSIS TO TEE 

nrawrnuMCH or THS AMITUDB RADIUM OT 

aoiATiaa SLSCSRIC NLCHISBS IN AIECIUI"
1
' 

Tho fundanental equations for heat tranofnr in rotating 
maohinoo will now be used to detemino tho rating of oloctrie 
maehlnos under varying altitude conditions.    The specific 
eases of solf>«vontllatod and separately ventilated,  direct 
ongino-drlven,  O.iroct-curront goneratoro will be chosen for 
this discussion,   each generator being considered separately. 
Those generators are overhung from the back end of tho air- 
oraft ongino.    'iha solf-vontilatsd gonorator secures its 
00 sling air from the spaco back of the engine,  known as tho 
ongine-acccsGory compartnent;  and tho separately ventilated 
maehlno,  fron tho atmesphoro o^tornal to tho airplr.ne. 

let 
Die general approach to the problem of altitudo ratings 

1«    The doteminr.tion of the ambient .and air-flow con- 
ditions for oaoh type of generator 



11 

The calculation of the total watts loan which can be 
romoved by the heat-tranafor processes already dis- 
cussed ( heat transfer by conduction will be neglec- 
ted) at the altitude at which tho rating la desired. 

•The determination of tho current,  and honce tho rating 
of tho machine,  corresponding to tho total watts 

-    loss found in Xz) from a curve of watts loss of the 
machine r.e a function of its line current. 

A.    Enclosed Sclf-Vor.tilatod Generator 

1.' Ambiont Tenporr.tures 

Ehe ambient teogperaturo of tho cooling air   0a.    of a 

self-Tontilp-tod generator is that of tho cngir.o-oecossory com- 
partoont. Tests havo shown th<\t this temperature is independ- 
ent of altitude Present inforartion indicates that a minimum 
compartmont tooooraturo of 333 0, and a maximum of 65° 0 may 
bo oxpoctod. This ambient tonraorr.turo Is also the tonrcore.ture 
to bo uood in calculatine tho heat trnncfor by free convection« 
Baa. 

Tho generator frame will radiate to or acquiro hc.t from 
surrounding objects, depending on tho rolativo toupnraturo of 
tho bodlos involved. Thie transfer will remain substantially 
Indopondont of altitude 

2. Air flow 

Previous oqup.tions have shown that tho weight flow of air 
V   throu#i a solf-vontiletod generator is directly proportional 
to the air donsity, and therefore docroaccs with altitude 

An inspection of equations (g),   (lo),  rnd (ll)  now show« 
that  tho watts lens which nry bo disoijntcd by a self-ventilated 
generator, for a constant moxinun allowable nurfr.co teppcraturo, 
decrease r, with incronao in altitude.    All quantities in those 
equations are constant except the air flow   V,    tho air pros- 
sure   p,    and the r.lr density   p,    all of which decroase with 
altitudo.    Tho reduction in rating depends on tho relative 
proportions of    qfori  qfrce» and    °-Z   acting to cool tho gonor- 
»tor.    Tablo I shows tho porcont watts loss dissipntod by each 
of tho three heit-trmefor procosscs at an altitude of 36,COO 

••:'*;r^TJw*'-i- 
^•%$fc 
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feet aa coooared with tha dissipation at son lovol (taken aa 
100 porcont).    Tor example,  if tho generator could diaalpato 
all if its loss by radiation alone,  its rating would be indo- 
pendont of altitude since    (ig   is independent of air dnnaity 
and proosuro.    In any actual application all processes will 
ontor, but tho watt a dieaipatcd by foreod convection will t>o 
at least 30 percent of the total for tho lightweight, high- 
output generators now used in tho modern airplane ar.d will 
thoroforo be tho Uniting foaturo. 

Figuro 3 shows the roduction in the watts loss that nay 
be dissipated by forced convection in a solf-vontllatcd gener- 
ator,  aa a function of altitudo,  for constant maximum surface 
tomporaturc and constant generator speed.    Curves are plotted 
for varloua values of    (X   in equation (8), and for various 
ratios of air rise to machine temperature rlso ?.t sea lovol  *Y» 
In aelf-ventilatcd uaehlnos,  this latter ratio la usually 
groator than 0.5* 

.'ftcr tho total watta loos which can ho diaaipated "by 
tho three procesnos of heat transfer at a given altitude has 
boon calculated,   the n:;w curront rp.ting of tho generator at 
that altitudo is found from tho curvo giving the gonerator 
lino curront as a function of its watts loss.    This curvo ia 
approximated by a constant,   rcproaonting the no-load looses 
of tho machine, plus a term which ia a function of the square 
of tho line current. 

If tho watts which car. bo dissipatod at the operating 
altitudo of tho airplane are loss than tho no-load losses, 
tho machino cannot oven maintain ito voltage at no load.    JTlg- 
uro 3 shown that the aolf-vcntllatod generator thus hae a 
"colling1' of oporation, at which point the iiachiuo can dia- 
aipato its no-load losses only and cannot carry ruiy load cur- 
rent without exceeding its maximum allowable tonparaturo. 
Since tho no-load ITBSOS of a lightwoight,  high-output gonor- 
ator may bu a quarter to a third of its total lossoe when 
carrying ratod curront,  this ceiling mey occur within tho 
operating Unit of the airplane. 

. ,IW-  ( i. !„ • -.,.fr,<i,..ygi,j5>!- 
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B.    Inclosed Separately 7or.tilp.tod Oenorator 

1.   Ambiont Temperatures 

The ambient tenporaturo of the cooling air   8 a,    of a 
separately ventilated gonorotor is thr.t of the air outside of 
the airplane (noglocting a snail tanperaturo rise of the air 
at tho entranco to the air acop due to its compression).    The 
Air Corps r.t.-vndard atmospheric air tenperaturo decreases with 
altitude it a rato of -2° C for ovory 1000-foot increase in 
altitude (fig. l).    Tho ambient tempcraturos for free convec- 
tion and radiation romin tho sar.o r.a for the aelf-vontilatod 
gonerator. 

2.   Air Slow 

The minimum rnrming-horid cooling-sir prossuro availablo 
. at the air scoop of an airplane is independent of altitude. 

Trout equation (l6),  theroforc, tho weight flow of air in a 
soparatoly vor.tllatr.d gonorator is proportional to tho aquaro 
root of the air density. 

Equations (10) and (ll) show that the sane watts loss is 
dissipated by free convection and radiation in the caso of tho 
soparatoly ventilated genorator as for tho solf-ventilatod 
machine. 

figure h shows tho vari-.tlon in the watts loss th-.t nay 
bo dissipated by a separately ventilated gonerator for constant 
ranming-hoad cooling-air pronsuro, constant uaxloun surfaco 
tempornturc, .".nd constant generator raced,    flurvoa are plot tod 
for various values of   a   in eiu^tion (9) and for various 
ratios of air rise to mnchino toiapor.-iture riso r.t sea levol 7 . 

Aftor determining tho total watts loss which ean bo dis- 
sipated by tho thron orocesseo of heat  transfer,   the altitude 
rating of tho gonerator can bo found fron the curve of watts 
loss as a function of lino current as was done for the self- 
ventilated generator. 

Iron figure U and equations (lO) and (ll).  it is apparent 
that a separately ventilated gonerator which obtains Its cool- 
ing air from an air sccop on the airplane maintains, and nay 
ovon incroaeo,  its soa-lovol rating at practically all altitudes 
within tho operating rango of jrosont-day aircraft.    In the 

'v?Z :.:'-'• 
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ease of the separately vontilatod generator,  the roductlon In 
oooling-air ambient temperature offaotn tho riecreaao in weight 
flow of cooling air.   Also,  due to tho constancy of the raming- 
hoad oooling».-.ir pressure of tho separately ventilated genera- 
tor,  tho weight flow of cooling air decreases only with tho 
square root of the air density.    In tho self-ventilated gonor- 
ator tho weight flow decrcasos iliroctly with the air    density» 

IV.    COiTCLUSIOHS 

A. figure 3 shows that tho r'-.tlng of an enclosed,  solf- 
ventllatod, diroct onglne-driven, direct-current aircraft 
genorator docreaBcs rapidly with altltu&o, ar:d :.wy havo a 
"eolling" within tho altitude rar.go of tho airnlano on which 
it Is mounted.    Thin coiling is tho point at which tho goner- 
ator will Just diosipate its no-load lomoa without over- 
heating. 

B. Vinirc H- shows that the rating of an erxlosod,  sopa- 
ratoly ventilated,  direct cngino-drlvon, direct-current, r.ir- 
oraft generator, ohtr..inin«; its cooling air fron an air scoop 
mounted on the airplane,  remains CBSontially independent of 
altitude - tho rating increasing slightly ovor its ser*«lovel 
value up to 20,000 foot,  and thon decreasing again. 

C. Soa-levol tests can he taken, by means of which the 
rating of a given generator at a given altitude can ho deter- 
mined If anbiont conditions at that altitude aro loiown. 

S.    Tho analysio presented in this paper can bo iisod to 
determine tho air-flow requirements necessary to obt-.in a 
glvon ratine from a given generator at any desired altitude 

I.    The rosults of this analysir, can ho appliod to the 
determination of tho altitudo hoatlng -vnd rating of typos of 
electric apparatus othor than aircraft generators.  If the ao- 
eunptlons nadc hero are critically roviowed and adapted to 
meet the new conditions. 

T.    This paper «resents somo of tho fund-jncntals of tho 
problem of altitude rating of electric machines and has pro- 
posed tests for its determination.    It is hoped that futuro 
tost data, obtained both in altitude chinbero and under actual 
operating conditions, will be correlated and uood to riodlfy 
and expand tho analysis whoro noecssary. V# 

Chjnoral Electric Cxzpany, 
West lynn, Maaj. 
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APTISDIX 

•*••• HtOPOSH) SEA-LEVXL TI8TS KB GEKEHATOHS BESIMED 

70H AIHGBA7Ü AFPLICATIOilS 

Iho toats proposed horo ;:.ro hr.ocd on tho anaunptlon that 
the point at which tho r«axinun allowable surfaco toupcraturo 
9Bl'    *•* mti'xBurod at BOP. level roaains tho hottest point In 
the uaehino ».a the load on the naohino io varied.    Toets on 
aircraft-typo generators have indicated that this .-xsaunptlo» 
ie correct.    In tho proposed tests tho ger. orator mounting 
should he insulated thermally froa tho tost eV-nd on which it 
Is mounted,  in order to olloin?.to tho offoctc of conduction. 
It is also r.s.iuncd that the outer surface of the generator ro- 
nrdns OBBontlr.ll;- at constant temperature for a constant maxi- 
aan internal surf rco temperature.    This assumption has toon 
Ohockod 'by altltudo-chRuoer tests. 

A.    Preliminary Tests 

, Tho BO prollnlnary sea-lovol tents deternino the wolght flow 
of cooling air foreod through tho gonorator for various raramlng- 
hoad pressures at the ontroneo to tho gonorator cooling systoat 
the watts loss of the machine for various lino currents,  and 
the value of the cxponont    a   in equations (8) ">.nd (9). 

1. Measure tho volumo flow of air through tho gonorator 
for various inlet raomlng-hond air pressures.    Sot up tho gonor- 
ator as a separately ventilated Machine and oporato at rainlnusi 
rated speed.   Vary tho coluno flow from a value at which tho 
ratio of the sxir.l volocity of tho oollng air to the periph- 
eral velocity of the rotor is approximately 2,  to a valuo at 
which this r-\tlo is approximately U. 

2. Plot r. curve of woight flivr of air as P. function of 
tho rasninp-hond pressure of cooling air from the results 
obtained in A-l -hove. 

3. Oaleulato,  or determine fron dynamometer tests the 
watts loss of the genorator *.o a function of Its line current 
with the gonerator operating at Its minimum rated spood and 
ratod maxima allowable surf-.eo temperature.   Plot a curvo 
of total watts lose as a function of lino curront. 



k.   Toko a aeries of heat ruaa on tho generator at ninl- 
nuffl rr.tod apood r.t various inlet roaning-head air pruesuroa, 
covering the rr.nge of preaouros used in A-2.   At oaoh proaauro 
vary tho gonorator load, current until tho toaporaturo of tho 
hottost surface in the i.-.ehlno is equal to tho nnxlnun allow- 
able surface tenperature.    Keep tho gonorator onbiont tanporo- 
turo  8rji»    At tho ar.no value ae ia expected during actual 
operation. 

5. Gr.loulato thu watta dioaipatod by froo eonvootlon and 
radiation in ooch of tho rune of A-1+ fron oquatlonn (10) and 
(ll).    Subtr-vct thono values fron tho total watte diseloated 
in onoh of the runs raA plot a eurvo of wr.ttr? diaoipatcd By 
forcod convection no a function of inlet ronnlng-hoad air 
pressure. 

6. Bowrlto equation (9) aal 

log ke + (l-a) log w - log |V(9,n'"*ta) - 0.133 ] 
• L    Ifor J 

not v r.s a function of j 
V (fciMha) 

O.133       on log- 
Ifor 

log popor for varlouo values of inlot rarning-hoad air pres- 
ouro.    Select a value of this pressure and find   3fQr   fron 
the curve of A-J> and   V   fron tho curve of A-2 for this proe- 
aure.    Using those values of   V   and   ItiV    Plot °"c P0*nt 

ef tho abovo curve.    ilopoat, using a different prossuro. 

7.    Obtain tho alopo of tho curvo of A-6 and calculate   a 
knowing that this slopo io equal to    (l-a). 

B.    Solf-Vontilr.ted Gonorator 

So find tho altitude rating of a aolf-vcntilatod aircraft 
gonorator, prococd ac follovai 

1.    Take a ho.-.t run rt ninimura rated speed nt such a line 
current that tho temperaturo of the hottost surfaco in tho 
nachino is equal to tho moximun allowable surface temperature 
for tho generator insulation.    Toko this hoat run in an ambient 
tenperature equal to the expected cngino-accossory-compartncnt 
tonporaturo at tho altitude at which the ge.norator io to bo ratod. 



17 

2. Moaauro tho volu,-.<.o flow of air   <l   through the nnchlno 
under tho ambient conditions of B-l,  and calculate the weight 
flow of cooling air through tho machine. 

3. Iron the wr.ttB loea-curront curve of Ar-3,  determine 
tho totr.1 watts loss of tho nachino at tho load of B-l. 

ht    Calculate tho watts dlasioatod Tjy frco oonvoction and 
radiation in tho hont run of B-l fron equations (10) -.-id (ll). 

5«    Determine the watts dissipated oy forced convoction 
in tho hoat run of 3-1 07 subtracting tha watts dissipated by 
froo convection • nd radiation from tho totrl watts diaeipntod. 

6. Calculrto    kx    in oouation (.S),  using tonporaturos 
and tho weight flow of air found in B-l and 3-5, tho value of a 
found in A-7, ar.'l the value of   qjor   found in 3-5. 

7. Calculate tho total watts dissipated at tho altitude 
at which tho genorator rating is to DO doterninod from equations 
(6)1  (lO), and (ll).    Uno vr.lu.oa of air density end croonure, 
«nd ongino-rceesriri'-conoartr.ior.t tonporaturo rt tho givon alti- 
tude.    Tho weight flow of air in f> sclf-vontilatod generator 
is directly proportional to tho air density.    Uac values of 

I 

e, SI 8BB. e sa" °ai» 6 act and   6r fron tho hoat run of B-l. 

8.   Detornino tho altitude-current rr.ting of tho gonor- 
r.tor oy entering tho wtts loas-current curve of A-3 with tho 
total watts dissipated as calculated in B-7. 

0.    Soprxatoly Tontilated Oonorator 

lo find tho altitude rating of a separately ventilated 
generator, proceed as follow« 

1. Dotormino tho minlraun ranraing-hoad cooling-air pres- 
sure in i-iehos of water available at tho entrance to tho gener- 
ator eoiling cap at tho altitude at which tho rating of the 
generator is to T)o found« 

2. Determine tho watts leas that can oc dissipated by 
forced aonvoctlon oy tho generator with this ranraing-hoad 
pressure at soa lovol fron the curve of A-5. 

&•; 
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3.   Calculate tho value of   kB   fron equation (9), using 
tho watts loss found. In 0-2,  tho weight flow of air frou A-2 
C correcting for any dlffaronoo 'between tho coiling-alr tem- 
peratures of tho ran» In A-2 and 0-2 In determining tho wolght 
flow), tho tonporaturo« from tho hoat rune of A-U, and the 
value of    a  from A-7. 

U.    Calculate tho total watts dioslivtod v.t the altitude 
at vhleh tho gor.orator rating 1« to ho determined from equations 
(9)1 (10), and (ll).   Use values of air pressure pad eoiling- 
alr touporaturo rad dor.alty fron figuro i.    Tho volght flow of 
cooling air lr. r. ooporr.toly vontllated generator is propor- 
tional to tho square root of tho eo">ling-p.lr dcr.aity.    Hso 
value« of   0S1',   6BO> 6sa« 8p.e, and 9 r.3   from tho hcr.t run 
of A-h( corresponding to tho oiniaun rammin:j»hoad oo sling- 
air pressure of 0-1. 

5.   Botorairx tho altitudo-current rating of tho gonor- 
ator "by ontoring tho watts loss-current curvo of A-3 with the 
total watts dissipated as calculatod in 0-U. 

SOTATIOH 

Ax p-roa of machine surface for forced convection, 
square inches • 

A, area of machine sui-faeo for froo convection, 
SOUPre inches 

A, area of nachlno surface for radiation, square lnchos 

Aj totrl area of machine ducts through which cooling- 
air flows, sq.up.rc inchos 

"self   over-all thermal conductance ootwecn machine surface 
and cooling air for sclf-vcntilr.ted nr.chinos, 
watts per   0 

"sop ovor-all thorml conductance hetwo'n mr chine surfaco 
and ooolir^ air for supsratoly vontilr.tod machines, 
watts por °0 

density of cooling r.lr at ontranco to .aoehlno, pounds 
por cubic foot 
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cmiaaivitjr of radiating aurfnoo 

nlr-toriparp-ture rlao 
Eip.ehino~tcmporn.turo rieo 

prossuio head available for forcin,; cooling air through 
n^chino,   irchea of wator 

I    -       \^ fnot 

horizontal length of nachlr.o for froo couvoction,    foot 

vertical hei^it of mchinc for froo corrvoction,    foot 

r.tooaphcric praacuro,  inches of mercury 

Q.for     wr.tta loaa diatiprtted by forcod convection 

froo   watt a loaa diaaipatcd by froo cor.voction 

<te watts loan diaaipatod by r->.dlrtion 

P 

S 

«ai 

8p.B 

»a, 

6P.r 

«d 

e. 

volunn flow of cooling r.ir through nachinc aoaaured 
at entrrvneo,  cubic foot oor ninuto 

roaiqtnnco of rachlno to flow of cooling air 

ambiont-air toisporaturo for forcod convection,  °0 

nribiont-air tenporaturo for free convection, °C 

onbiont-air tOOTiomturc for radiation, °0 nbaoluto 

cooling-air torcperaturo rise (air riao), °C 

tonperaturc difference bctwoon n&chino surface Mid 
cooling air (surface drop),  °C 

mr.china-Burfr.co teuoerature for forced convection,  °0 ai 

6 as       nnchino-aurface toitperatare for froo convection,    0 

Ota       Brohine-ourfaco tempornturo for radiation,    0 abooluto 

r 

•• 
•*...•   ..-.-•.-»s.T, 

.,3.-. • 
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T    Telocity of cooling air past machine aurfnoo being 
ooolodi foot por minuto 

•a    »jdr.1 volooity of cooling air through ducts of machine, 
foot por ninnto 

T_   poriphoral volocity of rotor» foot por nir-uto 

If    woight flow of cooling p.ir through nr.chine, poundo 
por ninuto 

Prlmod quantities aro v-luos nonsurcd r.t  the coollng-r.ir 
exit of the machine 
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TABLE I 

Comparison of the Watt. Lo.. Ms.lp.fd fro. 

..Xf-T„tlX.t.4. »ir.ct Xngine-Briv.n aircraft Oener.tors. 

..ploying »iffreat Proportion, of Heat-Tran.for Froce.se. 

In Their Cooling 

Percent   of total vatts 
dissipated at   sea level* 

Percent   of  sea-level vatts 
dissipated at  36,000 feet* 

By force! 
convection 

YaO.67.efeO.5 

By free 
convection 

By 
radiation 

By forced 
convection 

"Y =0.67,ai=0.5 

By free 
convect ion 

By 
radiation Total 

100 

0 

0 

0 

100 

0 

0 

0 

100 

27 

0 

0 

0 

47 

0 

0 

0 

100 

27 

47 

100 

Maximum generator winding surface (140 C), generator frame 
surface, surrounding ooject, and engine-accessory compart- 
ment (3B°0) temperatures are constant for all comparisons. 

•• • .* .«_>.•"**•• 
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