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This digest covers unc lassified research in aeronautics performed at the
- United States Air Force Academy during the 6 months ending 1 July 1978.

This report inc ludes individua l technical contributions in the specific

art’.as of Aerodynamics , Flu id Mechanics , and Thermodynamics and Heat Transfer.
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- This report is the first issue of the Air Force Academy Aeronautics Digest.

Future plans call for publication of the Digest twice a year. The contributions

represent recent work reported in a concise , scholarly and timely manner by students

and faculty of the Department of Aeronautics, members of other Academy departments

and F. J. Seiler Research Laboratory, researchers directly or indirectly connected

with USAFA-sponsored projects and authors in fields of interest to the USAFA. Ir

addition to complete papers , the Digest will include, when appropriate , abstracts of

lengthier reports and articles published in other formats. The editors will consider

for publication contributions in the general field of aeronautics , including :

-Aeronautical Engineering
--Flight Mechanics
--Propulsion
- -Structures

-Fluid Mechanics
-Thermodynamics and Heat Transfer

Papers on other topics will also be considered on an individual basis . Contributions

should be sent to:

Editor , Aeronautics Digest
DFAN
USAF Academy , CO 80840

In this first issue it seems appropriate to mention why publication of this digest

was started . As part of the normal Aeronautical Engineering c.urriculum , the Depart-

ment of Aeronautics sponsors a tremendous number of student projects. Many of these

projects are well worth permanent documentation for possible use in future research

programs. We also feel that the preparation of work in a concise , journal style is

conceptually valuable for those students whose work is worthy of publication. No

other outlet for student papers in aeronautics now exists.

In the Aeronautics Department, and , in fact, the U.S. Air Force Academy , many

faculty members are involved in formal research, and others work on academic problems

for use in the classroom or for personal clarification of some principle. In many

cases the formal researchers have acquired minor, secondary or preliminary results but

have not come to the point of preparing a project report. In the case of those invest-

igators of academic problems, many of their studies represent original work not prey-

iously published. While the extent of these studies may not warrant submission to a
professional journal, it is, nevertheless, important to retain a permanent record for

future use.
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*M IOItIlt ’ ’L N . l ower
**it ’ r t 1-an, ( 0 l!I i’,’v

**Steven H. Slick

A b s t r a c t

I xps ’t ’ i t ! ’t’t t t . i l  wind ~ utI!l s ’I da t a is presented lot ’ a right conical blunt nosed model at
ang les .‘t  a t tack ot  00 • I is  , and 180 , through a mach number range ot  1.2 to ,~~. 0, Fhe
axis I and norma l 1,1 i c e  cot ’ I I ic tents ,iht a I ned f rom tit i’  tunne l data acquis it (On svs  tern
are c1 ’!IvI’ vtcd to I it t  and drag coi ’t t’tc tents  and extends the theoretical data published
l~s t1 is  Nationa l AeronautIcs and Space Admin Is C rat iou • NAS A , beyond tI,e’ zero ~~ GO
range. i’It~’ resu l ts  .‘I this paper L’OlIlL! he included in the aerod ynamic routines ot ’ a
‘.iIl ist Ic tra ~s’c t o r v  ret’ i l trs’ s’eh ic le computer code b r  n~ re accurate tra~ectorv pre-dictions ot a tumbling reei tt rv  veI~ ic it’

I — Introduc h ot,

Wi ll! tb4 ailveti t ot  Intercont inenta l  ba llistic >Itss I lea • ICRM . to world political

.‘,‘:iI rot l t  ~~ i ott • ds’ fe ns t’ ~ 1 the continental l’ ni ted States becomes tremendous lv comp lex and

expands th~ I rout ters ot  tecluwiogv . lii Is pap e r addres ses a small port ion of the ICRM

sic t ( ’ !tlIs’ prs ’l’ lent .

i ,’t t s  i d e r the scenltrio 01 a first at rike at tack 1w Russia on the i’ni ted States.
— ii i’ I’. w a r n i ng  r a d a r  wi l l  detect  and tract the Kussian ~ClM’i’ a near their tra~ ectorv

,lp,’cee , and l inked wi tlt high speed computers wi th tra ~ectory prediction codes, can deter-

s I l l , ’ po int s ’t  impact in a matter of milliseconds. Flie known bal l is t ic  t raj ec to ry  can

then i’ S’ i t t  t o  gra ted with an Ant thaI 1 is tic Missile • ARM , guidance contro l ays tern to launch

and h i t  t’rct’pt the 11PM . However, it is likely that seve ral h igh altitude precursor

nuc I~ at - weapons will lie detonated to disrupt con~nunications and hi hid radar. Added to

this A bN detonat ions wi l l  further c hitter the atmospheric war zone

At  I its t glance these air bursts should not bother the AIiM system , s ince  the tra-

j t ’ c to r v  ot the It ’IIM was already determined by our early warning radars and trajecto ry
pr cdi ctio n s~ unfortunately , associated with the atmospheric bursts are shock wave s with

pressure and densit y di scon tinuities. If a time staggered ICRM happens to intersect the

sh ock waves 1’t ’ a previ ous detonation the trajectory will he significantly altered.

rho ICIIM reentry vehicle can skip off the high pressure behind the shock wave and

l ’ I Ip ra in . I’S AF . A ssistant l’rof e sso r of Aerona ut ics ,. OFAN

• I’S AF Academy

2
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unin tentional l v , ’ x t , ’! .I i ts r e t ~’ ,’ ‘ . 1 , 1 1 1  Lit to rh, ’ \,‘\ P.\ I lIl t ’S tl,tit the Apo l lo  Spiict ’ c ra t  C

l’i’ I lu ll I I, I I , ’ ! the t” ,’,,~~ ty i  , It S k i T ’  It  I t h i~’ I l l  Ill ’ s .ls ’t lS , ’ ,l I ln.lsp lls ui ’ s’ .iii,l he 1’ 1 lsl! ~,’t sd into

‘III s i  s~ ’. l s s ’ . A l t  .1,1,11 ( S e  Iv • lit t l~,’ t’.’ t r s ’ s ’ I I I I  ,‘ ts , ’c  i i,’t i all,: i t ’ and wi  thi t b ,  increase.I

.11,1.: dut’ t o  the lii ,:I,s’i’ sIe~tls i tV  • t I , ’ ~‘ , e ’ ’  t I’v s i l t  Is ’ Is’ w i l l  f a l l  shtot’t ~‘ I I ta desired

target  • let ’  F I .:‘ i’s ’ I

O f f e n s i v e  Reentr: ICBM

D.f.na’lvp ARM

‘I K 7 7 .“ — ‘/ ‘  —- 
~~ “ “ — 7 “ —‘ ~~ “ -

I’ igut  ,‘ I . M,’d i It ’d h.i 11 ist i c F t - i b e ,’ t . ’ t  I ~‘s dus ’ t o  Encounte ’l’  ~,‘It hi
NI! ,- : ~~ . 1 t  S i t . ’ . K s n ’ s ’

rh is signficantly complicates the AI iM ’ S guidance control. Ili e TCPN ’ s t r aj e c t o ry

hats t i es ’,, modified (like a maneuverable 1CI IM ’l such that the ARM system can no longer

predict an intercept point . So work has been done at the Air Force Weapons l.aboratory ,

Kirtiand A I-’1i , NM to coup le a six-degree-of-freedom trajects’rv code with an atmospheric

nucl ear burst model to predict modified trajectories (‘or reen t ry vehicles that had

intersected t he burst shock wave ~Ref. 
1,1 . Coot t results were obtained in predicting

Circular Error l’rohabilitiea • CEI’, for  reen try vehicles passing through the inf luence

of a nuclear burst .

A kt’s’ to 111)5’ t r aj e c t o r y  co de Is the vehicle aerodynamics. Accurate calculations of

l i f t , drag, and pitching moments are imperative. These parameters can alter the re-

entry angle .it id range. rho l i f t . dr.ig, and moment coe f f i c i e nts can he de term ined

~~~ ~~~~~~~~~~~~~ _ _ _ _  ~ -~~~ -~~~TT -
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tli,’s ’te t ic,i l lv  or exps ’r i rne t t ta l lv  (or a g i ’ ni : l laps ’ 115 a ( 11115 1 it i t i  ol’ 5fl~~l0 01 II t,i, I,, “us 1

fl tit l ‘ s i  and Se vii ’,’ Id ~
, utut,he r

In the s Ill’s,’ o l  l it t l e, pot I t ion sts ’p pin p  a I r,l (s ’ c t ’ rv  s o d s ’ • . l t t c I t’ S  o l .11 tack , Mac li

lIIt’! i’t ’t’ and Pt ’vt i , ’ ltls l lt l l ’t t’ t’t Srs ’ I~uowti at t h e  ‘i ’ i ’s ’ l o t i s  t it ’s ’  intt’t ’ s’a l ~ tisi al l  pat ’~l t t ’ t s ’ r s’

t . t t t  he then s ’\t rapt’ ~ ,‘C to the l s ’ x t  t (Ill,’ I t t  , ‘ i s ’ a I ‘- ‘ u’! ,ind ::evt ,’ Ids t i  I s ’~~t s  on 11 It ,

and ItS’ s’ lit c, ’s’ f t c  t e n t s  cal l  ‘i ’ s t ’ ,l I ,‘ .I • I.nJt’v.’r It IS ‘ .1’,’ I ’ l l’ I I c.i t t ’d thesi re t is ’~, I lv

to T’rt’~t is ’t Iisi~ tl ,s ’st ’ ,i,’t ’~’~ls’i~, t  is ’ s’ .’, I I is’ ten ts  s’ , , t ’ s l,’ I  Cli inc ids.nct’ • i t  i’; we l l  tt ,,ci ,r~e:,tt ’ d

how l i f t  • di’s p .  ,uut - ‘ ,tt~s ’t t  F c ’ ~ - I I, It ’ l~ t II s i r s  is’ it Ii 111 :15 ’  01 lit tac K I i’o t t’  5’ > (Re f .  21

Cot’ 141>11111 1 l~: rs ’ s~nt rv s i b  t~ l es t his’ ~‘v r i lses ip Ic ,‘ I I s e t  Iiit ~ its the I te  I .I,’ I t c s ’ to general Iv

lt ’SS t l ,.itt  10 . For Clii’ cast ’  whet ’,’ th it’ recntiv ~‘e li Ic L’ i t t  1 s t - s e c t s  a nuc lear shock was ’ ,

the i t c  i,I ,‘t t , , ’ w i l l  a lw,ivs he lt’ss than  ‘Ill . 111115 • l,1i, the I, ra l,’,’t . ’ rv  co ds ’s • thc 11cr , ’ —

dvt I , I t l ’ IC ‘,‘li.ii’ .ts ’tt ’ r is t t ~~s ot  this ’ t’ ,’ s ’ ! I t  i’v s ”,’i~ I’,’ l s ’ cat ,  “e ‘,‘ ll l C tt I a t , ’d and t i l t ’ ballistic til l-

,‘ e t , ’i’v p red i c ted .

I’or t lls~ ,‘i’ t :ina l set ’t l  - r Io ‘ r ’ I i ,’ t,, ’ .I , there is OUt ’ 1 urtlit’ r ct ’it’p I ( s a t  Lit, that this

paper spec it  t~~~i l i v  .ttldr,’ ’. “s ’s • : 11 15- o f the Stiss (III, I PPM i’s ’s l l t t , rI veh ic les ar, tl, ’t 55’ rn —

s c s I’ ( S I l l 1  V SP ( t I l t  (t I ,  .111,! t I l l S ” ,’ Ii t,,l,’ t l L I t ’ t I’ ,’V  I s ’ 10111’!’ Ic i eve ii a spinnin.: reenti’v vclt (Cl C c on Id

poss I!’ lv t uznh l~’ II i I ‘,‘t ls .’un 1’ ,’ F S a b l,i:; t si, ‘c K was ’ s ’ Ut 5 s’ l it  ica I 11115 lt~’ 1 , I’hus • in

‘t ’ l, ’i- 10’ ~‘i’~’ t l et  tI~ ’ lI, ’t ”I lI,ll” IC (‘II,! rae to ’ i I S lIt S .‘I 51155 Lit~ l’t’ ’,’tlt rv Veil  Li  ,‘s Ii’s ’ l ift
.1 rap • ,i n,l sor e t i C  r os I I i c i ,‘ 1 1  n; mus t he C5 - 1:s’ Ft’ i tied t .‘ r a f t t  11 3 hO aug 1 v o I a t ill e , i’a 0 to t’

than tb’, i,’ is t , ’ t v  pul’lisl.s ’.I ‘ SN at I~:I , ’ of a t t a c k  d ,i ta . It is the intent ot  t h i s  pape r t o
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Using the flat plate approximation for the base, the literature suggests a drag coeffi-

cient of 1.60 (Ref. 3). The drag was taken as 60”!. of tile maximum allowable axial load

of the balance , which is 334 N. The dynamic reference pressure , ~ 
p 1~ is es tabl ished by -

tunnel operating conditions and can be obtained from a chart in the tunnel operation

manual (Ref. 4) for the worst case, which was 91 KN/m 2 
. ‘I’his determined a model base

area of 0.177 square meters.

Testing was conducted at four Mach numbers for each of the three ang les of attack.

The Mach numbers tested were over the full supersonic range of the ‘I’risonic Wind Tunnel

from 1.2 to 3.0. The typical Mach number profile of a Russian SS-9 reentry vehicle is

Mach 20 at 100 KM down to Mach one at impact. Thus the tests covered the low altitude

reentry phase. Data was collected with the assistance of Fred Jayne during November

1977. The balance data was collected and automatically red uced by the ilewlett-Packard

Data Acquisition System in conjunction with the Burroughs TC-500 computer.

I I I .  Discussion of Results

The theoretical NASA data is tabulated for a sharp—nosed right cone at Mach 9.6.

The NASA data thus had to be corrected for Mach effects and for cone bluntness to be

compared with our model data. The following discussion and equations correct the data

for Mach and geometric effects.
I..

The axial and normal force coefficients , CA 
and CN ,  respec tively ,  for the cone ar e

plotted at Mach 9.6 and a stagnation pressure coefficient of 2.0 according to Newtonian

Drag Theory. A better approximation for the stagnation pressure coefficient can be

made for low supersonic Mach numbers, i.e.,M ‘ -t 3 by the following equation,(Ref .  2 ) :

= - 2 (2 )
~max y + l  ~ ( y + 3 ) M2

where y - 1.4 for air

M - free stream Mach number

To modify the tabulated NASA axial and normal force coefficients for Mach effects , each

number is mul tiplied by the ra tio

P
rx (3)

where the numerator is determined from equation 2.

A blunt cone can be generated by superimposing the axial and normal force cod 1-

icen ts of a sharp right cone and a hemispherical shape . ‘Fh e superposition can be

7
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DRAG REDU CTION THROUGH HIGHER WING LOADIN G
*I)avid I,. Kohiman

Abstract

- , ‘ Drag reduction of typical light aircraft is discussed in this paper. The principle
means of drag reduction can be achieved by reducing the wing area , thus reducing para-
site drag. Reducing wing area naturally involves other modifications if the aircraft is
expected to have the same or better performance, The modification constraints and —
re lated configuration changes are addressed here , such as reduced span or chord , full
span Fow ler flaps , and the use of the recently developed genera l aviation airfoil deve l-
oped by Whitcomb.

I. Introduction

The wing typically accounts for a lmost half of the wetted area of today ’ s product ion

li ght airp lanes and approximately one-third of the total zero-l i f t  or parasite drag.

Thus the wing should be a primary focal point of any attempts to reduce drag of light

a ircraft with the most obvious configuration change being a reduction in wing area .

Other poss ibilities involve changes in thickness , planform , and airfoil sect ion.

This paper will briefly discuss the ef fects  of reducing wing area of typical light

a irplanes , constraints involved , and re lated configuration changes which may be necessary.

II. Constraints and Benef its

The wing area of current light a irp lanes is determined primarily by stall speed

and/or c limb performance requirements. Table 1, suninarizes the resulting wing loading for

a representat ive spectrum of single-engine airplanes. The maximum lift coefficient with

full flaps , a constra int on wing size , is also listed. Note that wing loading (at maxi-

mum gross we ight) ranges between about 10 and 20 psf , with most 4-plate models averaging

between 13 and 17. Maximum lift coefficient with full flaps ranges from 1.49 to 2.15.

Clearly if CL can be increased , a corresponding decrease in wing area can be
max

perm itted with no change in stall speed. If total drag is not increased at climb speed ,

the change in wing area will not adversely affect climb performance either and cruise

drag will be reduced.

Though not related to drag, it is worthy o f condiment that the range of wing loading

in Table I tends to produce a rather uncomfortable ride in turbulent air , as every ligh t-

*Professor , Universi ty of Kansas
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GINs ; L1tAI )IN~ .‘sNI~ s~ FOR TYI’I. ’ ’\I G I Ni : I  I — t N s ’ I N I  AIR (’RAFl’

C
Ai rcro ft 

— 
W/S ‘ PSF I

Cessna 150 10.2 1, 73
Cessna 172 13. 2 ‘2 ,15
Cessna 182 16. 9 2 .03

4 C.ssna 2l0 21.7 2.01
Beech C23 16.8 1.89

Beech V35B 18.8 1.85
Grumman flger 17 .1 1 .92

Bella nca 300A 20.6 1 .64

Mooney M2OE 15 .4 1.85

Piper PA—28- 1 40 13. 4 1 .73
Piper PA-28- 180 14.4 1 .51
Piper PA—28-200R 15.6 1 .49

Piper PA-32 19,5 1 .92

I.

I’ G’ ls ’

WIN G I OAI) INI ; “sNU CI~~’s~ 
FOR TYI ’IGAI. I’WI N_ INs ; INI :  A iRCRAFT

C
Aircraft W/S - PSF L

Beech Baron 25.6 1 .42
Beech Duke 31 .8 1 .64
Beech Queen Air 29.9 1.78
Cessna 310 30.7 2.02

Cessna 402 32.2 2.02
Cessna 42l 35.2 1.86
Piper Seneca II 21 .9 1 .80

Piper Navaho PA-31’.-350 30.6 1 .66
Piper Navaho PA—3 1P-425 34.1 1. 93
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plane pilot is we ll aware . The only way (10 reduce’ this gust sensitivity is to increase

wing loading.

l’ ptcallv, wing load ing tends to increase as perfs -i rtuiance’ (cruise speed’) Increases.

This is particularly evident in I’abls’ 2 which presents data for twin-engine aircraft.

~ut gust response is proportional to the ratio of c~~1 ihr~ ted cruise speed to w i ng  load-

ing 
~

‘s’c ’~~ 
s~J and thus tmprs ’vs ’nis ’ iuts in ride due t o  higher wing loading are partial ly ,

if not completely , of f s e t  by higher cruise speed.

It is also evident in table 2 that even thought wing loading Is higher than for

sing le-engine aircraf t , it is translated d i rec t ly  In~ s’ higher sta l l  speeds. l’wIn-engiue

high l ift systems produce s’irtuallv thus’ same ‘
l as shown in Tab le 1 for sing le-en~ iue
‘max

a i r p lanes . Thu. the re appears to he an equa l potential for reduction in wing area al

sing le and twin—eng ine aI i’c ratt  1w emp loy ing tu lpravt ’ d high lift systems . llow to

ac hieve higher C 1 for light aircraft is discussed later.
‘max

8ut,assunling tar a “~ament th.-~ improvements in t ’
~,, are avai lable , making higher

max
w ing loading possible for a given airp s~’ns’ or class of a i rplanes , it is important to

consider how the wing area should h1’ reduced. The easiest and mast tempting way is by

reducing span. N~ t only does this leave the’ inboard wing structure , mechanisms , and

w ing-body junction unchanged , hut it reduces wing bending nioments making possib le a

Lig hter wing. But redu c Ing the span increases the span loading , thus reductions in

paras ite drag t hroug h a decrease in wing area are cauntere’,i by an increase in induce’sl

drag.

On the other hand , reducing wing ,erea b~’ a decrease in wing chord decreases parasite
drag almost in direct pro portion to cho id decrease , ansi if span remains constant there

is v irtuall y no change in t nd uced drag. Front an aers ’dv namic po int of view this is most

desirab le , hut it introduces possible struc tusi,t l and weigh t pro blems becaus e’ aspect ra i l 5 ’
increases while spar thickness and tntern,,l valsun~e decrease i t  the’ same air fo i l  set ’ t i , ’n

is cis ed .

to understand the potent ial  and t he constr a ints ~ 1 drag reductI on through wIng area

reduc t ion , consider the followIng smmp l itied analsais.

Ass uming that the para sIte drag c s ’s’t  I Ic ls’nt au th span tt  t i e  t .’ncv factor r,’iisaIn ciii—

changed , th. par asite drag is dIrect lv proportiona l to  wing ars’a and tnduis ’e’d drag is

inverse ly prop o rt ional to the square at  the span . Ihien the w i ng  drag at any given

f light condit io n ma~ he wr i t te ’ n  as :

Liw 
- 

h h R~ R 
t

~~R 
- 1 R ~ :-

~ 
~ 1’) 



c,,’hi, ’i- e’ 0 1 the ’ ret  eu - s l i c e ’ w ing p r o  t I l e ’ drag; 
~,

, is the to ta l  drag at  thi s’ i c ’ I,’ i’e’ ne - e-
K

wing, l’hs’ span ~nd c hord are’ denoted as ~ h and c wit h a subscr ipt K iuid icat ing

re lerence v,i I ne’s .  For a impl i~~i iv au suntapt’re’d w i n g  is ~sssuns ’d . Norma l I: ju g e’quuar ion

vi ch respe ~’ t t a the’ or ig i t t_ i l r~’ I s ’  i’,’ t ts e’ wing drag , li~ , ~ I \‘ e~

- ~~
- I’ ‘

~~~ 
- * ~ I - t’~ 

- i 2
i l

l 
l c ~~

where I’ ~~~~ , the ratIo at  p,ut-a~~t r & ’ drag to total drag.

1 f on lv th1’ w i ng  chord is *‘eduuc s”t , ehien the chiange’ in total utoruna Ii ~td vi tug drag i s

dli — 1’ —k’—-
C R

t’hus the’ percs ’nt reduction in to ta l  wi ng drag is equa l t o the’ pe ’ i C e ’nt rt’duct ion In

chord length times the’ orig inal ratio at  par5sire’ to totaL wing drag. C lear ly ,  t i te ’

benefits of vi tug area r,’Jut s ’ ion inc rease wi thi air t p e ’e’d ,

Consider a typical lig ht airplan e withu the t o l l ow i ng  chiaras’tt ’risr i~~ s

~~~~~~~~ weight — 2i~dO pounds

Aspect ratio —

Wing area — 174 ft~
lrag c o e t f icient at body and empennage , C 11 — O .d I

Wing parasite’ drag coef f ic ient , C~ — O.OO’i

A irplane e f f icie ncy fac tor , e — 0 . 7’ -’

Cru ise altitude — $ ,Os~O ft

If only the ’ chord is reduced , then , as sh~wit in Re L’s’ t’e’ns’e’ 1 , the resu lting noruu~ I —

Ized total airp lane drag . 
~r ’ is shown in Figure 1. Although substantial sirag red uc t-

ions are possible , constraints are imposed by the requirement to c ru ise  at a re’asonahly

low lift coefficient and stal l  margin , and to keep stall speeds low e’iiosughu for good take’-

off and landing performance. Eve n with theas’ constraints , however , significant reduct--

toni in wing area , cruise drag , and gus t res ponse are possible for today ’ s general

sytatton fleet.
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Fi gure 1 . Effect of wing chord reduction on total drag
of a typ ical sin g le-eng ine l ight a ircraft .
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A~ shown in Reference 7, the characteristics of these airfoils are :

- high CL compared to conventional airfoils (see Figure 3)
max

— gentle stall character ist ics

- f a ir l y  thick sec-tion. The CA(W )-l is l7 ;~ thick. This helps to maintain spar
dep th with reduced chord lengths .

— very little increase in C1) at climb lift coefficients (see Figure 4). This

comb ined with decreased wing area of fe rs the potential of significant increase in
single-engine climb performance of twins .

Another interesting development is the recognition of the efficiency of spoilers for

roll control on light airp lanes. Among other features, spoilers permit the use of full-

span , or at least increased span , flaps . This will increase C
L 

with no change in
max

airfoil or flap geometry . Several light airplanes are now using this concept: the

advanced technology light twin  (ATLIT), a modified Seneca ; the Redhawk , a modified

Cessna Cardinal; the RSTOL Seneca , a mod ification kit developed by Robertson Aircraft

Corporation ; and the Mitsubishi MU-2.

Another method of increasing C
L 

is to increase the Fowler ac tion of convent ional
max

siulg ie-slotted flaps . This can be done with very little increase in complexity or

weight. Figure 5 shows the very large values of CL (2-0) which can be obtained with
max

a GA(W)-l airfoil using a 30”/. chord single-slo tted Fowler flap. - t

I V .  Flight Test Results

Additional confirmation of the ability to increase CL 
through bo th airf oil desi gn

max
and f lap design has been demonstrated in the Redhawk and ATLIT programs.

Table 3 , from Reference 3, shows maximum lift coefficients obtained on the Red-

hawk by using a 30’/. chord single-slotted Fowler flap. No te tha t the f lap covers only

47” of the wing span.

The ATLIT , using full-span , 30”’ chord single-slotted flaps , and a GA(W)-l  basic

a i r fo i l , generated the high lift data shown in Table 4 . Clearly, sign if ican t

increases in C~ are possible for this class of airplane .
max

Finally, Table 5, shows drag data generated during flight test of the Redhawk. The

most significant result is that parasite drag was reduced lO.57 by reducing wing area ,

thickness , and span. This is a significant reduction , and it illustrates in flight

t hat a reduction in wing area can be an effect ive and practical means of reducing drag.

21 ,~
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‘I’AKEOFt’ CR/t’NIt ROLL PERFORMANCE MOIt KI.
*Ft’ L’sI ii • Pa r I at ’ ill

Abs t r ac t

An acs - c ’ is-i’ .ut t ’ ’ n—d i u t - tut ~~— t  ,u I-t ,’ s ’l I —u - ~’l l model Is ~l s - v t - I . p ~’sI so- I uu~ I so s uu u k i u i ’i,’t u , ’ , ii t .tks’at I

~~ dr ag  s- as -f ftc ient  h i d  1 i’ s ’l I t u e . I n c t  taut cs ’s- f  lie is ’nt • F1i~ uuikutawn c a s h  ic 1,- t i t  ‘- i i ’ , the-u
s ’s t m ated using I incur regcn’ss [ s i t  Oil ,lcCs ’ 15-rat taut ~,‘ t - s t u s  v, I o a t  t v i ltt l u  ol’t i t  u,-d I i’ot It
to ur  di f t  event t ,ik~~’ I t  a with vaul v ing thrust , weight ,inuI any iru’nttuent ,ul a ,atsl it I on a .

* Final Iv the model is used to  predict  ut ’ s’ a I ,‘r;tt ic’ui , I taut ’ nil sI is t - iulae at ; ,u f iunc I ioui “1
ground Vt ’ b c  I t V I s t i ’ at  ,uuij, u i d  t i itus t , s o  iu~ii I ansi oil’s’ i t’ouuiu is’nt a I coutsi it ions ,

I , tnt raduc t iou

l’r,LIII isinal ly rite at  auid,iisi I a kc5 ’f f  ps - i l  o ntuuutcs - ,l ,t t ,t  of lu l ui i a  u i  It  Ii.,s bs - t’ui ,‘v ,i ku ,tt 1’d

by apply ing indivi~Iiu,u 1, f l u - s t  — a r ’sis ’u  ~‘ ,‘i ract to t is  I ~‘i iis ’ t t — s  I ,,tu,l,i a d  ‘I’IS S ’t ’ sot  t lit , ws ’ie.Iit

temperature , prc - s a ii u’s ’ , auid hs-adwi itd • flu is tuethasl u’ I i v,, 1 iu,ut 1,11 ptniv i~l~-~I In as I ma t  a at

performance- on a s~’; leve I at  ,uici _ ~ i’ d day Is ’ u ~i S i’oc it I ad paws- r a at t lug and at  ic raf t  con—

figuration. II pol l ot-nt,,n~’ a w as itS ’s’ s’S sat-v under a lt itt -i’ I luau at  .rui,la rO c and it tou t s  tli t ’ S allis’

proc ass was app I iecl ,uuud , ii tlus ’n~’,Iu t od touts, produced i- s’st sautab ls ’ i’ t’~ suit a t, R5’t . Ii

l~v t’1iac ’~ i uug ,u e.,’ut,’i’.i 1 I it tt ’ ut uiisid t’I I or ’ t uls ,’oI I t i c s ’ s - ls’u’;ut Ian l i l t  Suuts’( lo ut at grasinsi

v ’ 1 oc ity, we can a imp It lv tli i’ t n - I s !  it totas I Pr I C  s’itiu ia . Uutkuui ’wn ~I v i a ’, and t o l l  tin’, f n ic I tout

coal lie tents can b5- dttte’t-iuuinasl by using a lotus! squares F it on t s’s t  s l i t  ,u 1 ‘ i 5 ever,u L

diff erent takeoff c ansi It I ails • We s-a ii determ ine the unknowns 0 i t ’ ,  C s ’s ’ I IIc ic’nt and

ro lling fnict ion cccl f t c  lent) in a general takes ’ if model • Witlu (I1e~S,  cs’et tic icntu; tin-

model may he used, within thc 1 irititsutiens of  tlit’ u ;  s u i l t u j I t  lou t - - , to  0 at  oi’utuine’ I ,uk,’o I

— ace ci erat ion, time , and di al anc ~- quickly ,iulsi e’xp 1 Ic it V I or ,uitv a’ 1 ol  couidi t t s ’ut~

I t . The Liiueuu r Modsi l

A . Assumpt ions

The model incorporates several assumptions at; f el l ows:

I • The aircraft remains alt a constant lift and drag c o e f i  icIent throughout I t t, ’

ground roll • Constant landing—gear strut extens ion fixes the ,tl rs’t’ ;uft at  titusi e’ and

*tt Cal , USAF , Assistant Professor of Aeronautics , I’WAN
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ang le of at tac k, therefo re- it is nstt unreasonable’ to ;uasume the operating point on the’

drag polar stays thc same.

- ‘ I. The runway slope is zero. (Test data used in this paper were taken on a ‘ I t s ’-

sl ope runway which simplified the regression ; however , the model may be modified to

accomrm~duut su runway slope.’)

I, Net thrust is parallel to the velocity and remains constant throughout the take—

oft roll . Any dependenc e of thrust on velocity was assumed to be slight and was absorbed

in the’ regression csiefficients .

~ , A i rc ra f t  weight and configuration remain constant throughout the takeoff roll .

5. W ind , amb ient pressure and temperature remain constant throug hout takeoff  roll .

Any side force component is neglig ible.

‘~1 ~ ‘,l~— ,

I ’  Figure 1. Forces Dur ing Takeoff  Roll .

B. Equations

Under the assumptions of part A , the significant lances affecting an aircraft during

- 
takeoff roll are shown in Figure 1 ,where I is the net thrust , L is the lift , I) is the

1 
drag, W La t h e ’ a i rcraft  weig ht , u is the rolling friction coefficient , and x is the

d is tanc e.

-~ Sunining the forces horizontally yields:

-

~ ~~- T - I ) -~~~( W - I ~~ ( I ’ )  

—
- —-

~~~~~—~~-~~ -- -—~~~~~~~~~~~ -~~~ m _ _ _  
-

~~~~~~~~~~
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l ’ -iitst the usual sIofinitions for li[t and drag, Eqn ( I )  is solved Ion acceleration ,

\, vic ldtng

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

wilt- re g is the acceleration of gravity, C1) is the drag coetficient , p is th e air density,

V is the longitudinal component of air velocity relative to the aircraft , S is wing ar t -a ,

and t
L 

is thc lift coefficient . Eqn (2) is rearranged t o  separate the~ unknown c ’ s-fli-

t cients , and the parametric c o ef f i c i e n t  C
0

’ is substituted far C
D 

— u CL
- • gp \’s~

2W u S  ( 3 )

The unknown coefficients , CD
’ and 

~ 
, can be determined by linear regress ion using ts ’st

dat,u .

The Iongittudinal component of true air velocity is the sum of the aircraft ground

speed , V~, , and headwind component , V~ , of the wind velocity. Psing this sum Eqn (1’)

becomes

v [ s ’ ls l it t ~’, a statement of ,uccoleration ,uu ; a function of ground velocity and headwind far

th1- takeoff  roll. 

-

I I I . Regression Coefficients

The resulting coefficients of t u e regression process , C
D

’ and ~ , are determined b~’
fitting one or mare sets of takeof f  data composed of  pairs of observed a c c e le r a t i o n s

and ground ve locities V~, . Eqn (~~ ‘) is rearranged as follows
-

I

I
— 

~ 
C
D

’ 
~~~~ 

( 
~

‘

~~~

‘ + I V
C 

I + v~ ) 
~ 

~s ’t

New van iuble a , ,i~ and b
i ~~~~~~ assigned for simp lifica tion.

I

‘

I-

’

~~- -—__~~~~~~~~~~~~~~~ __
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11 4

,u ‘ ‘ h  +
II II

In ra i l  ri\ ul - ’t ,t [ ‘ at  Ic-I

a, h1 I

A — ti auts i B h , 1

b 1

and Eqns (7’) become

A - ~~B 
[C0~

] 
(8’)

The least squares solut ion of Equt (i) ’l is (Ref . 2’ )

[c0~
] 

~~ B] ~r A (9)

IV . e eni,-r.u l Ta keof f  Perfo rmance

stnce~ the’ unknown coe ffici ent s have’ been determined by lin ear regressi on as described

in as ct ion I I I , Fqn ( -
~~~ 

can he’ used i s ’ make predict ion s a t  takeoff  performance. A more

convenient form s ’t  Eqet ( s ’I tar prediction purposes is

______ 

(
fl gp SVH C0

1 g~ S 
A— - 

-
~~~ V .~ — 

~ 
— 

~w V11
5 — + T (10)
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Sinc e the thi rd , fourth , and fifth terms remain constant for a given takeoff prediction

Eqn (10) can be written

= aV
G + bVG + c (11)

where a , b, and c represent the appropriate constants.

The takeoff time t is determined by integration of Eqn (11). Since

dVG

then

jr =f :V
G

2+bV
G

+C

after integration (Ref, 3)

V
G2

- 12CV +b l
= ~~ tanh’t G (12)

1,2 -4ac Lv~ -4acJ
VG1 - -

The takeoff distanc e is determined in a similar manner , Since

dx vdt G

then

ç ç VGdV
G

j  dx j  avG
a -s

~
bVG~

I
~
c

and the integrated expression is

N
x2 - x 1 = i-I, [aV G

s + bVG + c] - (t2 - t 1 ) (13)

N 
VG  

flA
— —~~~~~~~~~‘ ———~ — ~~~~~~~~~~~~~~~~~~~~~~~~~ ‘=—~~——
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V . Comparison of Model and Data

Ve locity and acceleration pairs from fou r observed takeoffs are shown in Figure 2 .

These data were recorded during takeoff  tes ts  on a Lockheed C-140 Jetstar during a flight

evaluation conducted at Edwards AFB in August 196 1 (Ref. 3) , Difterent combinations of

aircraft gross weight, ambient temperature , ambient pressure , and surface wind occurred

for each test , and these data were used to determine the best regression coefficients

C
D

’ and M • The predictions of the resulting model are also shown in Figure 2 , Details

of each data set and information on the “goodness of fit” are contained in the Appendix.
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0’ (NIl I’I’NNE!- (‘05 1 INC OF SUAI,Ei’I ILANU CI. (Ill- IRS
**Fl r Ic ~i • _ I umpe r , ~1 it-k 1’ • K t t-gii I-, as - at

.iittl C I,,’it R. Sch lot tet’bi’ck

Abst i ’ ,u,’t

I’ll I a- i - sp ot’ t s ’X.ittil ti, ’~
; th~ tet i s ib ii ity s ’ I aqu iring a-It’ s ’ t i l s i t  (‘ tWtOd yflsUtl iC C Iiai’ ,lc t s t  i;s t i cas

— 
t s a r  lia-ing g 1 ids-rs us lug ‘‘s- a - i  S d  mcii i’ Is itt a-i wit isi tunnel • Iii s t  • the paper ii iscuss s’s the

f i’s-s u i t s  s a l  i i t t  s ’i.it ‘sa l’,- at a.’ it’ll , next the pa-it lutmeters siitd equilt ions a-t pi ’ l  icah i  e t a ’ Ct’ 11 ccl —

‘I 
i5,,ii ,iatd tnt ei’pt’etat ion a- al a- Ia - i t i Ca -’ ii cc ted in [lie wind tunnel , ,i’si&l I itia-i l i v  tits’ t’esu Its ,‘

- 
. ta- inst tunne l t s a t  as C a-’nduc t i’d In the LISA Ia-A -‘ 

I 
~u 3’  s’siba ;san t c wind t unni’ 1

1. tntt ’a,’ductiot’s

A . Background

(‘ii,’ r,- is na-a longer .i quest: ion about the inipot’taiit t’s l  e the witist tunrie 1 p 1 a- t v ,; in

5, ’ U, ’ i t . tLat  Ic des igt i ; iv er as inc e lit, ’ Wrigh t brothet’s’ t t i  si j ’aOWL ’ i t’d t 11 gli I • a- l e t  ,a a-t ,.’u,iat , I a-’ I all S

(a, t ’,’ s ’ .ippt’eC ia- i t  tall the wind tunnel’s con I i’ibut ion ta- a undt’rs t ana-itng t ( i~’ iei’,’sI ’s ’nsitta ia-’ atiid

a- 1, ’t l t  i’ ,’I a-’t i . i t ’ ,tc t,’ris t ic s  a-’ I a- itt it t -c r a f t  design pt [s a i • t o II ight ti’s t ing . I t  conies ias  at, ’

surprt  a s s ’, [lien , tIta -tt there a- tv e those who h ave w a- t a i l  5’d ( 5 ’ app lv wind tunnel t echniques t ,‘

the iii’s t~ u ~‘f hang  g l i d e r s  • What does c a-~lie a - i s  a- i 5 u r p r  l a t e , however , is t h e  Press -nt ’s’ sa t

j n 1t;iitts - i ias (’ inert [,i .~ap o s ing the us,’ pt  wind twine Is in lia- Ing g I id5 i’ des ign

At I i’ Ll s t  a-’lte mann fttc t urer a- ’ I hsng g I lii ct-s ops-nly s’xpi ’ ,’ss  cii a need I s ’ t ’ som e sor t

o1 unmanned t e s t ing o f  fleW designs , antI t lie w I tid t tanni’ I w i  is s ’lts’ p1 the ,‘~‘t I a - ’t IS t’X ~ 1 s ’ t e d

‘fli ’ mann Ia- ic In rer was Sun Sail Corporation s ’ I i)enver • In a- in intes-v iew with il h e r  Rider

the ,,‘s’— s’Wits’t’aa- , (It’ Liii lens en a-intl S co t t  Rs’ jo hn , conmiented On ti lt ’ St a- I t ,’ p f [hi. ’ t s-st ing art

,iit,i the need s ’a t ’ unmanned t s-sting 1,Re I • 1~l • .1 ens -n and Rojohn iv p11 led ccnunet-c t a - i l  (tang

,~i isls’r t t , i i t t it  a- ict s i i ’,’r,; t t i -v w i-re not wel l  versed in :tci’ s ’s lviistatiis ’s . i’n tvp lc a - t i Was (lii’

t eclin teal eaxpert ise ci Rojohn , whose background was in pips ’ t i-c—mechanics , st t’aic tii re’ s tittti

liii t a t  it ‘. . , ‘ \ ;  I,; true I s ai ’  most at ia- ina i l  a-t,’ t a i t ’ e’t’s, both men ii,t ,I \ ‘e i t i ’M ci hang g ilding ex pel- —

tens’s’ a-intl wi’ri’ well ~‘,‘i’se,h in tradition al hang glider ts-stiit,g — built! them titisi l iv them.

(l ipt  am , (ISA F , A s a; l a s  [ant Prefcss , ’i’ of At’rcnaut t e a s  • PFAN

U i l ,‘t , I!SAI-’A

I S A l - ’~\

I’l

,— ‘  -,-- -. ‘ ‘ --‘ - . -
~~ 
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1’,’ p e’s e -ni • hi.ind I ing ,,‘lt,i i ’ a-t,’ t s t ’ i ast ii’s cain e fr a -’ iai ,ss , a- - i l ed ’’ pt ibI Is’ (e ’st f i ul ’’ — II thi s ’

accident record W a- l as low t l a , i t  meant LIi,’  handling s’ I i a - t t ’ ,ta - ’ t s ’i’ t st  t a - a -  ss’ a ’ t  ,‘ gs’a ’d . itt ( lie a-a-s t s t

s a l  _ ! ensen th l’s ,a,s ’.Iii( the ‘‘ b’sit’d,’n of t e a s  ting ended up s an t i te- unsuspecting pub h I ~ .
‘ ‘  .1 s i t ’ - s a t

went ,‘ii Is ’ i a - t V  that ‘‘ s ’ Ed d,-s ig nas ,t t - ,’ becoming ,ahss ’ let e he’fot’i- t hi s ’ s ’ ii a ’ i a ~- i l  Iv und a -i - ‘I ‘‘,ad .

Ansi • because s a t  that , tb, pot a - alt ia-i l prob Is-nis oh t t i t ’ ~a la - I  s ’ a is- ’ s  a - i t s ’ h,’i ai~: t rail’’ t i - t e a-h I a t h e

at , -w ,‘ta e’s a- inch adds - a- I i s ’  ii I [lie’ new thtt’cg as [l is t i t - ,’ coatiing saet t in tu i, ’ new ,‘ti, ’a, . . . • Is’,’ li, ’

5s ’ Ing t a- ’ have a 1~ t a- a t  baid things happen it ~~ don ’ t s ta r t  t rv tai ~a- to cinders t and ‘s,-Ia,it - a-

t e a  l i v  happening itt [lii’ design ~‘t  these things .’’

llt’a-’ , ( I iats’ ,a t  the i ioa ia - a ’s ’ ; it  la-th i l i t’s ’  of a w ind tunne l t a - a t’ t ,‘a s t t i t s ~ thi, ’it a - Is ’s t t bi 1 a- ,

- • 
,iat ~l Sc’ John t ies (gued ,i atioutit Ia- ar [lii’ I r pick —up t i’uc it • I’ s t  ~~ a- i I i si t  a-c a - i t , ’ tiie~’ 5’bt a titi’s h

infoi’mat ton ,ahs as i t  [its’ t sat ’ s’ a ’ a ; requit-esi i s a  change a - tu g Ii’ of at tack  a - m d  s e t s - able Is ’ atas a st I - v

the ht~mug g l ide-i’s by t n i l  a-nash error to ~.1 tinina-it e ‘‘ba-id Ii and 1 ing a-’ii,ct’ ma -’ It-ri a s t  Ic s’ • lIt ia

i ’.m th ai ’r etud e’ a-ippr saa -ich t s ’  design w a - is an impa-artant I irst step and Jensen ’ s ia t t c r a - ’as t did  not

Sto p t i ters ’ .

Wi’ it rs t c s’att a - t s’ te d ,Jtiflsi’at in .lan’si,i i-v ~‘ [ 1977 wit its’ try tug t a - a I aa c it a ’ .1 ~a - a a  C ,i l i s a -i

‘‘high per forma-inc c’ Ita- ing g i ia-I s’ r a- i t ’s ign L a ’ us,’ ,as a - I mode I t s ’r wins1 uttue 1 t i’s t ing C s’nat eat

a 
was ext rs’ms’ lv c a - a s ’pe rat lvi- a- tt td I s ’,tn,’a-I us a-’n - a- a l  his a-l est gns a-’a-t l l c d  th e’ Swi It • ,! ,‘n as s’n lt~ as

ía-’ I lowed our work t ,, s t - a - if our rs ’s u I t s  wa- a rt ’a- mnt 5 ’d &‘noctglt con I LI ,‘ a t a -’ s’ to save rca -atti c- th is ’ Un—

t - t ~ ’~ ’t’ a- m h l t -  an ’ , [ h a  s ’ s aus ’s ’i’niilg t aim,, ’ I i s - s i  t~ -

B. Sc ’apt ’

11w pti rpa- ’ - ‘ s ’ s a t  this prs aje c  t was t . ,a a-i ,‘a,ia- ’na; r,i t e t lie teas lb ii! Iv s ’(  la is i 15 t I le ’  5,1 its !

tunnel a- t~ i t~’5’I I a-’r des ignitig hang gi Isl et,; • The approach Wa-I S [5 ’  1’) I cc ii e’ lull a s c i l s ’

ha- ing gI Ids-r siLt t a - I  I rout a-t i iy , i ’ s , t !  ta - tb le a s s an t i - ,’ , .‘ ‘I a-’a ’ns t i ’t ia - t and wind t untie i is ’s I ass ’ t i e

tns’eie’ Las p f In L i  sc ~~~ li , iat ~ gi tsl i i , ,  for wit icht , l a- i ta - i  wa-is :iva-i i la -tb is . , ansi 11 d va - lw ,‘ s ’ns I s a , ’  I ‘it

• h , tas, ’si ‘ii c s ’ n i p a- i r t aa-a ’ it s betwe en Lit , ’ I till a sa -’a- l i  t ’ a-intl nioeiei da - i t  .1 .

[I . A v a i l ab l e ( L i l a - i

We Isiund s an Iv one’ good set s ’ I data ~an a- i lull scale’ hang g 1 ta-h e’t’ — t V pi’ wing e ’ ,’t i I igu ra- l —

t Ls’n , NA SA ‘re-c hntca -t I Not ~ i’— i 9-’+b (Ref • I . -rite’ wing t vpe was a-i St andand a-’a’n t ,’si i S na- i Iii ’

wing sh ips ’. ‘flw work re’ps’rt ed in ent I ri’ t . tns ’,e a ’ I ,i,’rs ’shynamlc a- ia - i t a - i  I aiketi tn (t i l l  ass ’ a - t i c
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wind tunnel tests . ‘l’he a-I a- m t a had been v a l t a - h a - c t s-~I througit actual flight tests in an as s o —

ciate program , thus could be c a - a nt s ish& ’i’ s ’a-t ac tua l full sca - t l s ’ flight test data .

Fligh t test  a - I , i t a - i  for th is ’ sw i l  t was not nearly as ca -~np lete a-Its Ia-a r thi& ’ standard S ga-t i Isa

wing. Wi’ were forcs’d Is a ri’sluce pertinent s ( a - t t a - I  piaints from rather s a a a a - s a - i pl t is t i ca ted  and

uncontrolled a- al a sa -’rvat itaits reported s a il in advert isements and po pu la- mt’i’eai h a-tug glider

art ic les.

,\lso referisi to in this papet- is work relported on by Robert Lee Ba - is s  (Ref .  3) who ran

- wind tunnel tests on small sca led models .st the llniversity of Texa - is  ,mt Austin .

Ill . th ea-any

The t h ia -’a- ’i’v used in th is pt’sa~ Sc t was rathier s imp (a -’ basic a - t a -’ r a -as lvi t. i , t aic as • En t he I s ’ I is’s’—

lug we wil l simp ly g iva-’ rs ’fs ’t’ t’nc a- ’s i s a  tits ~ equations used lia r reducing 11w ta -wi  I I Ii [gu t

t a - s t  a- I,tt ~i • Ada-i It is)ila-i l iv  i’ c I t’i’s’nc e w ill be atiad e t a - a pa-t nt s a l  the a- I,t t i reduc t ia-an tec liniqus-

f a a r  red ucing ,‘at l ’ wind tunnel dat a simpl y i’s’cat as .s ’ it is not readily a- iva - t i la ble elsewhere.

‘5

A • Reduct ion of S w i f t  Flight I’es t t ) base rv a - t t  ions

Referenc e -~ reported t h e  n a - t x  imum gI ia- is ’ rat Is ’ a - m u d  s t a l l  speed s’l ,t slightly ma-are

advanc ed swi ft titan we t eat i s _ a-h • In s arshe r to Set ‘a ball pa- irk i’st [mats’ a- ’ t  the a- ictua 1 (‘1 ighit

characteristics , we backed out t h1s~ a- ipprox imat,- max imum l i ft ( a ’ d r ig  rat is’ , L,1,1 , and
lila-tX

the ma-sxlmum cs a~’f lie lent s a f  l it t  - using this ’ Ic II a- ’w~ aig equat ia-ins (Ref. 5).
‘max

m .ix ~~iislt’ i.i t [ o

al a - i t-a - I_ ill
max

and

I’,’
’,

~tere C~ Is the s’,’i’ If Ic Le’nt s a t  dr ,ss ~ • W is the we’igh t a ’ I this’ ma-ttt/ha ng gI isle ’i ’ c ombination ,

i~ s the air dens it v , 
~~~~~~ 

the’ st  ml 1 speed a-intl S is the’ pta -inform ,it’ ca-t of th is ’ actua l

swift.
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B. Wind Tunnel Test Reduction Parameters

Of concern to th~ ca-’rrect reduction a-’f  t ha i - wind tunnel data and the iuterprs’-

tation of that data , which will follow in another sect ion . are t hte calculation of the ane ’an

aerodynamic chord , time calculation of the correct pitching moment , and the concept of the

Oswald Efficiency.

• Ns’aai Aerodynamic Chord

By definition, the mea-tn aerodynam ic chord (MAC ) is the length of a-s line dna-twit

through the centroid of one side of a-a wing parallel to the airplane la-angitudi nal axis .

in the case of a triangular wing (the classic R~ ga1lo shape for example) the centruid of

each side of the wing is simp ly located 1/3 the distanc e from the ra-asat to the wing tip.

irregular sh’aa -t p~-s , however , must use the following equation for determining MAC

c2dy 
(3)

cdy

where c is the chord at location y and y is the distanc e f rom the wing root .  For de te r—

mining the MAC on the swi f t  the wing was divided into di f ferenc e sections and the integral

was approximated by a- s s uninat ion.

-
~

MAC = (- ‘.21

where  C
1 

is the average cord for section of width 
~ y1

C. Pitching Moment

Pitching moment information from the witid tunnel t e s t s  is givet i re t  e r e t c s ’d to  ta ’

e lectrical center of the force - balanc e in the tunnel. in order to get meaningful infer-

- 
- 

mation the pitching moment curve must be mathematicall y shif t ed to thi s’ location on the

model corresponding to the center of gravity of the prototype.

Of interest to this project was the slope of the pitching moment coefficient

curv e when pitching moment coefficient was p lo tted against the coeffic ient of lift. The

coef f ic ient o f momen t , C1a-~ 
, is defined as

‘ ‘
~1’ ~

‘
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D. Oswa ld E f f ic iency

a 
LI thc coefficient of drag for a given wing is plotted against the coeff icient

a- a l  lift squared the linear portion of the curve for an ideally load distributed wing is

gia - ’et ’a by

CD CD 4 — C
L

a-’ (10)

where -~ is the aspec t ratio a- al  the wing. For a non—ideally loaded wing Eqn (10) is

modified by the inclusia-an of the Oswald e f f ic iency fac tor , e , which is a measure of the

ef f ic iency a-al  the wing (i.e., how c lose  it comes t o an id’sal wing) where e = I would

- • co rrespond to an ideally loaded wing. Thus F~ n (10) is mod ified as shown in Eqra (11)

C
0 

= C
D + —‘

~-~~ C~j~ (11)

For conventional lowspeed aircraft the efficiency factor has a value o about 0.91 to

0.7 7 (Ref 3~~.

1~’. ~~~~~iment

“a . Data and Observat ions

Data was taken on four different flexible wing models in the USAFA 2’ x 3’

subsonic wind tunnel. The models were sting mounted and strain gauge sensors sensed

sting oriented axial , norma l and torsional forces.  The aignals from these sensors

together with angle of attack with respect to the tunnel axis and air flow information

were reduced to yield CL, CD 
and C

M 
(about the electrical center) vs angle of attack .

rue t-xpariiaients were repeated at various airspeeds ranging from 35 ft/sec to 62 ft/sec. —

In addition to the force coefficent data , observations were made about the condition of

the wing at various airspeeds and angles of attack.

B. Models

Four wind tunnel models were tested . The models were made from two planforna

areas : Swift (or high performance planfortn), and Flexi-Flier (standard Rogallo plan-

form). Each of these two planforms were tested in two geometric configurations . In the

case s a l  both the Swift and the Flexi-Flier the configuration change was a s’la ,It’age’ Ira th is’

44 
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I 5 - ,m ,I m a - i  s - a - I sa - a’ a - i a - , l i’a ’s  a s , ’ ,’ F a a - a - a - n a’s I ,u,t ,I ‘ ) . -‘as’ i~a - l  i s  sri- ,mv l,’, l a - a -  .1 is,’ a - s a s h  I,’ modl Iv thit’

‘ ,‘t  ,‘a s , t  a- Pt  t l , a ’ w a- ,a~a- a a - i _ i t s - a t . m i  a, a -n  ( l ie I a- s a - a - a - r a -’ a; a- a - t ’ , s  pr~mt’ s’a- I las r.’ t a - - i  rs ’,l t5  a - Is  - ‘  p,’i- a- a s  i t ’ , ’ and

$ 1 ’ i . l a - a -’~I - aa -  ‘ it,’ ‘s ’ i a ’ s t t a - ’H • -
‘

‘a . ~,‘s a , i t s

‘ a .  ~.5 1 .1

‘h,- a, - a - a - s  It  a- p1 1,- s t i na sa- ,i i s ’ pre sentea - h in va - u i ‘ ‘ ‘ a - s  c a-a nv e’nt t iaras I t a - a nasa tat En

a- ‘ta - a - n ,- as t a- a - i  ,‘ , a - , : ia -  - 
. la - i .m I I  s a t  t his -se the ,mtag ie a- at  a-i t t  sa s ’k i_ a s measured I na-a nt the keel.

rta,- t i t  la ’s ,‘t- ,~’ I,m iii ( i s ’ co nten ts  ,‘t  s ’ ,ta-’l, c I  the I t Iii ’ s’s — l i a - a - a - a t ’s ’ q presen ts the Flt’xi —

is ’ t a - I _ s t _ I  ia - i .4 “0,1 i t t  a’sl a -’ aa-a lins’r ~s~I a - a - s t  t u g  this ,Ittsa - l~’ a-’I at tack ta-a ( ‘ a - ’ mt- a-usa-are a-h I rca’,’ the

t a - ’p a ’ I a - ’ , ’ I-a 1 la - ’a~ . - ,, , a - u s  t s ’ ,s s ( a- a t  thai’ keel.
a-’

-at
C h a t s- i t - _ I t  t , ’na s

I. Fls’x i - F l i s’ a -

~t . i i a - s t  t s ’i

lii ,mll a- - , ’ , a t  a - .a - ul ,a ( i.’t as t his’ (-‘ is ’ x j — F lis’r I I a-a t t s’ts’a-I exa -’,’s s iv t ’lt’ at angles ,

I • ( ron — I t ’ ta -a ‘ I a- . F la - a t  Icr was present ta -a a siam i i  a - hs ’~a- rs ’s’ at all

,si aa - a-  la ’s a- a- i ,5t h _ l a -’ -, - t a - i  a- It t ing Ira-” ’ i ‘a” an-I rca- Inc Ing this’ angle a- a 
~ a t tack ,

this- 111t h t a-’t St  a- I a- tea-I .mt the I m a i l i n g  ,‘a- i~~s’ a- a t  this’ vi i t s ,  stat  this’ angle a- a t

attack w as  a- la ’~’ t a _ a - m a t s _ a- I t h e  t hitter grew i t t  amp litude atad 1 t-equt’ncv as vei l  as

a-rave la -aping fl’s ’t’ s’ Pt  I hs- wtn g  . ~h5• wing wa - s at ta -at a  li v ,‘iat - ,’ la-ape~1 (at + -+ ‘ and as

ta- hs’ .mti a-a- l~’ a-- a- ’ai lntaca- I t a - a a- (s -C  rs ’a aa - a’ the w i tag (‘il l a-’w i’ s’ V a - ’ rated (a
~’a-’ cat , i na-a- na,’ t-e a-’r

ls ’ss s t a - C ’ l s’ .it 10’

kIt ii,’ ttt,’ t rt’nih w .ts this’ saita ,- in a - m l l  F’ ls ’xi —Flier cont’igurations , the
wa -’ t s r  t ‘Ill I let’ a-’ s ’i is i it ion w a - s at  itt coral igurat i cii ‘a wi thi no a-sc rv 1 Ic spray. When

h, ,ma -- t’v h a -’ at rr ,m\’ w. ma a - a - spp I i  s- a - I , the in_i ts’r Iai I’s’a-’ ,m nae St If ITt’ r . this reduced

se ’,’,’ i’ll’,’ a- s t  the Il tatte t - . in a-’a- ’n Ii . a - a a - i s i t la- ’u a- a - tv  la -’u thrt’a-tded cellophane

pat - k ii is a- ta- ipt ’ i_’ .ls ada- Is-a- I ta-s t hi s’ t i ’ m Ii ing ca-Igs’ , Ia-mi’ t iter reducing the s (‘Vt’ ri tv

s’l this’ t 1 lilt ~‘i’

(a ,\ t t ’ at ia ,’ ,- ,l \ a - i t ’ i a - m t ia - ’at s

—‘a - i  rspet.sI va -t r i .mt  Is ’,is did not- seena ta - a  affect the data. A ll data taken at

J i l t a’rctat 5 t h - speeds 5’n the same s- a-an t i  ga-ir .i thIn a-aV e  t ’ ls mv esl each other exac t i t- .

\ ‘ l a t I a - , I L o bservati o n s s t  th~ ta il l~w sh ape and later s’om paric ott of photographs
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a- t ’ esp a -’a-’t i  t a -’ l v  1 5, - a-’ I i a - at ’ s ’ I ‘a . As taic’ flta- la-ani’d lay ( i a - m a t s  t i ’ a- ’ t  • 1 ‘a Flit ’ ;‘m’t ’ ,’ huts- i’ —

a - s , ’a- ’ ~ shi Its Isa t b s  ri ,a-ht is l I l a - ’ sai l  h a i l  low iii I a u a -’ t ’ a ’ ,m a a - s ’ al . Ia- s ’ s - a l i a s5 ’ s a l  t ha is

as ta - a ti’iaaeaat • a- s m- s i t ’ s ’ h a l a -’ aI I a ’ try re’plott m l ’, this’ a - la - m t , a I aa - m s s ’a- ( ‘ii t h im ’ a- lil a - a - I t’ Ia a’t’wea’ui lii i’

top s ’ t  t ha i ’ a - i a - I l l  hI I l,aa,’ s m u aa - h  this ’ r, ’IiI t l t ’ s ’ wind , (I 
‘ 

i a - a t l i s ’i t :h ismi a : I tu a -a- le  (‘ . ms m ’sl a-s it

this- ka-’s’l, h u e , ‘ I  a, • I’h, a- ’ l- m ’a;iilt a s t thi Is a - Ia - I  t ;m iaaaa i ipa - i la -m t Is an (as sh ia-iwt i s a i l  I l a - a - t a - I a’ $

- ‘ ala - t a -I.’ t t i, . lv a- ti I a - sa t a; a I sIai t~ a- - a l  lapse a a aa t ’ a a t h e  a - a - a - Iaa - a a’ i i  iii’ .

l’hi i a - a -  t’,’ a t a a l t ‘ sa , i ’,i’ ’’ a - a - I a--a- t ’ a-a’c t l a  I a a , ,a-s . 1”lrst , It was uml s l  mmppm’ Iu r thint f a - a r  the

a - p a - a - m i  ia-a t a - - p a’ wing this’ ang ls ’ — a - a f — s a t t a - m s’k a a a a - m ’a - h l a s t ’  p t a - a l l  Ing a- ’~ vs ~~ sh m , a i mi m l has-

mt’aa-mtu r m ’ a -h I a’aaa a - t tIn’ t a l l  haaw lint’ amts l not thut’ Is, ’,’ I hia t t ’  a - a - mat ht~ s Ia ,’ca-t t r a -ma - Il I’ ia-s aul lit’

- .-.
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t ia s - ca - isa -’’) • Si’c ,a au s t  . when this- dat a-s is p lsstted in thu is nianmier , It ss ’s -uta s apptmi’s-t t

t a - h at the s a- a-m Es’s ’ wi tisi ta- it -asi c 1 a- Ia- it -a compares ta t _ i-a-’ well wi tlt hill scat It” da - mt a .

2 . sCsut ’  II is- t et i t  a- a t  l’Is ma- ttt

An aal as i - rva -m r t  sat - a ccii a - s Isa - s he usma- le a - mba - s a - a t thu’ sea- I is’ model CM 
slope ~~

couatparta-d ts ’  this - Ia-ill scala-- nina-tel. Figuri’ .
~ shows the s a i ’tginal da ta alsout the

• ele ctrical center ansI thus’ ad nat-ed sla-ape to Flue am s a-a- uauaed cs -i -at -er o f gravity

over la ys -s i  wit - l i the full scale w iu ig. The adluisted curve was aua ada-a- based on

Equation a- i s-f st - i’ t is -at  i l l  . As sh own I at I-’ ignre 4 , hot-h this- mode l ansI that ’ f it I I

scale wit-ag exhibit miear na- ’a ,mtral s tab i l i ty  amid , based out th is ca-arve • exhuibit
“ I

- -
~ almost ids’nt isa- a I a tiuts ill t chia-sra-ic terist is-s , I t sltou Id las- no ted that this’ a--lisa ii’ s ’

s a t ’ t ’~: is ~oms-what- tsrhi tram i”a ’ a-intl was ,  in fac t , i- hisaua s-ai  ta -s uaiaka- - the s’a t i ’a-’ s ’s in

F iga-ire 8 Co Inc ide • h’ I i~ Ca- a- la - a s - a - mt ion na-as-a- led, hows ’t’i’ r , appears-sI ta-a--a (‘a-’ t’t’rv

reassa -a t tab ls - .

(I . Swift

a-k I. Cottuparisoti wi t - lu avai la- itt la-a data - i

a-Nat ms-nt is-ties ! In sec ta- ion I I vera,’ I itt Is’ dam t a- i ia -s  a-ta-ut I, hal’ li’ ssfl this - ps’i’ ts irtVaa- inca-’

of a- s fu ll atca-ils ’ Swi ft. Front advet-t iss-atue nts of s ta - u 11 speed a-maid gilds- rat i s ’

I .s’ . best forward d i~ t , m a ac a -- to decent distance ’) f t  was pa-ass  lb  is- to back s -a - i t

a- itt approxinta-ste (1 / it ’ )  a-mns l t a - h -a-’ I. .N ‘a . ‘h is’ actua l Swi f t  we t es ts - a-I wa - ms . m aamax I.
mat a - i x

ca-mr l is’r moa-1e I thati t t a - , mt advertised , this- Swi ft A; howeve r , since the news-i- Swi ft

advertisements were this’ only inforiauat ia-at -a a-svailataic, Flit’ Swift A information was

used for couiapa-irison purposes. I’ht’ main d i f ference betweeti this’ model we tested

and the Swift A was a longer wing spat -a ra-’f lected in t he  Swi f t  ~\ aspect rat- isa s-f

‘u . 18 compared to otur model a - s t  a - us l s s’i’t rat io “..7ts . i’he performance of the Swi ft A

was thus s’xpccteil Isa hs- somewhat better th an that prs-slicted Isv our wind tunne l

tes ts . a-Nlso front hefe ’rta-nce 4 , the s ta l l  a,’,- l,ss- t r y  fa- ir t h a t ’ SwI f t  -‘a a-s- _ m a - a -  a - s t  it ,‘al I a- - i _ a ’

l t IIi’lh • Assunuing a I “it) potinsi iaua-In p la- is this’ ‘i U ps-a- mud we i 1’_ hu t a - f  titta- wing, an

a-irs’s a-if 170 square I t a - m d  as’s Is’a-’c I cotta-I it I a-s ans Fqn a, I ‘a- a- -I elded a C 1 u s I 1 .28.
max

,\i’s’sat’ sI I na- a- to “s-I a-’ I’s-iii’s - 4 , the max gh tal” rat Fis t  wa - ms 7 to 1 . hi s lug l-’qmi 1 , 1 - I t ’)
ma-tx
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is equal to 7. The wind tunnel valves obtained were a C
L 

of 0.85 and an
titax

(I/O) of 6.8 as shown in figures 5 and 6.max

Because of the many approximations reqtuired to obtain these numbers the

comparison is of little value except to say that they compare reasonably well.

2. Oswald efficiency

a- One interesting observation , from a des ign stand point , can be made from

• Figure 9. Figure ‘9 shows the result of plotting CD vs CL
a-a for  the configurations

A and B of the Swift. According to the theory in section III , Eqn 11’ provid es

a method of calculating the a- ’swald efficiency. Assuming our interpretation of

the data is correct , using the slope of the linear portion of the curves in

Figure 9 and an aspect ratio of 4.76 yields efficiency factors of 0.67 and

‘-4
0.51, for the configurations A anu~ II Swift-s respective ly. It is interesting

• that this rather large change in efficiency resulted from only sl ight changes

in geometry (i.e., a sligh t cha nge in wing tip shape).  This emphas izes , we

chink , the usefulness of using the wind tunnel as a tool for optiataizing hanb’

g lider designs .

Ia- V II. Conclusions and Reconmaendacions

a-, h a s -  purpose of this project was to show the feasibility of using the wind tunnel

a~ a design tool. While the results of the project seem to indicate that the wind

tunnel. data presented here is compatàble with the full scale data collected by NASA ,

it can no t, unfortunately, be taken as conc lusive . The reason is that the exact

a configuration of the full scale NASA wind tunnel model was not exactly duplicated .

When collapsed onto the billow angle, however , the da ta cer tainly suggest that wind

tunnel testing 4s as valid for hang g lider ana lysis as for convent iona l a ircraf t

designs. Further, from the results of the small shape modification of the leading

edge , we think the usefulness of the wind tunnel in hang glider desi gn has been clearl y

demonstrated.
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a-N S IMPLE MODEL OF TI~’tPERAT1JRE GRADIENT METAMORPHISM
*James K. Williams

Abstract

Increas ing winter mountain travel by skiers , snow anobilers , and climbers means an in-
s - ma - e as ing exposure t~~ a - s a,’a-t lsmma - chia -’s . S lab avalanches , the most important source a-a - f winter
hazard in the mountains , occur when the st resses in the snowpack exceed the strengths of
the , m nch aa - ’rs hold ing it in pl~mce . The major anchor is the shear strength betwei’ n this- a-
snowpack a mid t he surface beneath it. a- ’aa - iv lav a --u ’ with a weak shear strength is a pots-ntiai
sliding surface [a-ar ,m slab avalanche. Temperature gradient metamorphism ia-a- one of the
primary mecha-tnisms by which weak layers are produced in the snowpack. A simple model is
props-sod which exp lains this- mechanism of temperature gradiemit- metamorphism and gives
qualitative results which -sGrs ’a-’ a-dth observations .

~4

I. Introduction

Aa ,’a - t l ,t nch ia -’s se ldom touch man or hi s  works , but when they do , this- results caai be d is—

Ii ~a-’ t s’a-’us • Frouaa data reported to the i’ .S • Forest Service ’ s Rocky Moa-mnta-iin Fa-sri’s t and Ra-tnge

Experiment Stat ion it has been estimated that there are a-ibout 10,000 avalasichies in the

United St ats - s  s-as-ha a-’ a - a - s r . Typ ica lly , 1 percent of thes e harm man or hais prop s-a-tv. account—

imig for ,tn ,m vs -u -a- i~’ai- of sa -’vea a lives and $300 , 000 in property da - tm a - m a -a - c each year (Ref . I).

this paper will disc uss this - two major typa -’s of a-tva-m lanc hes and present a simp le a-a -ai ,s l vs i a - s

o f  ,,a a a - a a-, a -s t ructurc metamorp hisnts , the princip le factor in ds-teraaaining this- probability a- a I

s lab - uv ,s l,saici uc- -

It. Types a-a t  Ava la- und ies

Two principle tvps -s ,a (  ,ma,’,tl ,tais a - Ii a -’s ,tro ra-’ ca -aga - a i- - s-d: los as e  snow avsmia - i nch t a -’s and s la - mb

avalanches , Fhe classification ia-s alwa-t~’s based on thi s’ snow a- st this’ point of origi n wit -ha

the d ias t ia - s o t  ion being the mechanical characts ’r a- ’ f  this- snow.

-‘a • h .a - a s a a - s e Snow a-’aa,’,sla - sa i cli a -’s

I ,s~ a- as a- ’ snow ,mv ,m Ia- ins-Iii’s at tart a-tt a-s ps aint a- ’r over ,t small area • Since th ua - -~’ lisa-- i’

I itt Is- m t-s-m a-il cohesion , la -sp at s- snow slides tend to move as a-s formless mass , gt’ s’t,’iui’aa- in

‘ a - i , e a-t a-s thi s-v descend . A clear l~’ distinguishable sliding 1a- mver is mia-at ,mL u ,’a~’ a-s present and

(‘apt -sin. IISAF , Instructor a-al Aeronautics . OF/SN
A s a - s t a - t iC a- s t  a - m ’ a- ’ s s  a- ’ a- a s-f l t - ry Skiing,
Catd et Ma -aunt .mtns -s-ring Club
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~a-a- a- la - , a - a - , a - n , l t , i t  i a - t a - - t’a-s’ s l i a - h i a - a - a - a -  a- a- noa - a- ma t s! t ! a - . a t  a - a - b i t s - I a -  ! u , a - - - ra- ’ na - ,s ia - a - ,’ .I [a - a -  r 15 a - a -  i s  a - a - : t  a- - a - t  t a - a - —

d a - -~ La - a - i t s’ .

i.Oa-’ a-,s ‘-5 ’  -
~~ - a- i a - a - t a - a- ’ a - a - s pa-a- ’~ - a-u, ~ a - s -a - a - a-- a - aa - ’ w a - a - a -’ e a-ts [ a - i l a - a -  - - ta- 51  a- pa-’ - - a- ’ 1 S t  a-’ a-.’ ‘a-’ r - na-a-l a-’ t a- i a - a -

a-, a- - - a - a - _ a -  ~ r,i 1 a - a - a -. Is.- a-” a- a- a- ’ ’’ . [‘la - i a- s - , a - a - i ,‘s a -’ a - a - t  i’ - a- I, 1 I , a- ‘,a , ’ j t  j ,’ a - a - a - I  1 la -a- a- I I l e a -  1 a- ’ a-’ a - i , ’a ,

u a-a-a-~a- a- s - ,’:’a- ’a - it a-~’ a-a-a-- o t  lit i t s. a - a - a - a- - ( - a- r a - - a- lu,,’t is -a - a - - ‘ a- a - a - i t  a-,’a - a-a-a a- s’s - Ia - a - s a - a -- a-l ,L ’t t a - ’ t a - , ’, I a - a -’ a - a - t a -a-,

a- a - : - ’ ’- t _s Ia - a - 1_a s - - ,a - , ’ a - t a - a - a - a -a t  ‘ i a - a -  - a -a- na-a- a-- ~ ;~~~~a-’ ,i ‘ I a - a - t a - a  - Ia -’ a - I  i ,‘:l t I’ - ‘a-ta- pe ra -.a- a -’ I L a -  a-a- a - a - a ,, I t a- ,- a - I a- - . s\ iv

~l d i - -ta - a - rh.a a - a - a -’a- a - s tar,’a - - - a - , t,a - , , 1 - s a-t-a - i a - a - i  t a - a - a - a - a -  a-’ a- a-’ - , t a - i L  t a -a a-a-rv -’t,, l , ,,- ,a- a - a - — i a - ’,, t h is ’ ‘ it ,’’,, I,’

,i ,‘a-, a-uIa - ii I a- - a - - ’ a - a - , l  - I t —  a- a - at Imr ,t 1 aa-ig 1,’ s - i  m a - a -  I U a-a- f t  I, L a - a - I  ~a- a - ”a-a-,’ a - a t  a - a - a - a - a - i at at  a- ,a - ins’s ! -

lI t ,,’ sa - ia -’a-~’ ”,t’iv a - a - l i _ i a  a- a - at !,’ s l c a ps .’s a-a - I  1a-’ ’- a - a - a ’r i a - t a - l a -’ .

‘S

S l a-il’ Aa - - ,a-1 a-smiches

its. slab a - a -  a- I, a - a - a - s - a - ,a- is ti ms. ,a -~~a- ’ a -  s - s - a - ia -- s - a - a - a -  u s -a -  ia - a- ’-, - ii ~s-i’a - a - t a -a- t his.’ a-’ ,oa-’ t l’ a-a, a - t a - i t t  s,’ur s- ,’

Of a - , a - a - a - a - s -a -t ,. a - L ,a -iai a- lt ,, - a - i . a -  ~ 1 , a - ta ,iv ,a - 1 , a - tas - l a - a -’ s, a -i’,- s - la -- a - a- ’ i s - t s - a - ’ j , a - a -’a- j ha - v lit ,’ i n t , - a - a - a - , a - l

ia a - s t , ,’s ,‘~~ 1 a - , ,- a - a - s - a -, Ia - t a - a-- l a - a - a - a -, ‘it s- a-’ a - aa - :a - a - a - a -a - -a -a- ,- a - a - a - a -’ , a - a - L ,’ r a - s t j c  t.~ a-a- Lit- ta-, a - a -~a - , a -  of ~ a - t s ’a- ,’ b a - a - a -i a-i t , ’

.4 - - a- ,  e ,st s- ia -C a-’. ‘a a-~,- ’a - l — d e U i a - a - a -’ a - a - t a - ’a - s,a-t a - a - a -- i a - a - s.- i, Ia- , a- :,,’ tIt , ’ ‘ a-, ’\’ a - ,a - l a - a  -— a - t a -SI, I a - a -a - ka -’L b a - a - .a- ,a - s a - a - a - a - a -
‘s-

a- la- , - ta--ibl,: ’,a-i,-a -~ I - a - l a - a -’ a- ’’’ - i t  IV ,’ ia - I a -’ a - a - t [ f a -’i a-a-s l a - a- ’ ! a - a - ia - , is . a- ta-’;i - t i a - a -. .\ a - l a - a - f i a - u j t s -  - a- h a - h ue’

l .uver fs a- a - a - a - a - a - i  lv a-list ia-a-~a- a - a - is a- a - ia - [ a - .

a - I  

E I i t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

a

-

I t, ’. a - a - a a ’  a -\ ‘ a -’ a - ,’uic l a - i t t a - a - ,- s’u’ a- i S l a -sh N y u  i a - t a G s ’

h a - a -  ,-, a - a - a - ’ t .-a -a~~a-a-k Is h a - - l a - I  sums tb , ,  a- a - a - a - t a - t i m i  Ia -a - a-a - - a- a -a -~a 1 a ’  ‘ a - I a - a - a - s  - a-a ’, a-a- ta- a- ’ h a - a - t n t,ca l t a - a - u s ’ s-

Gr avit a- ’ t i le s t a- s p - a - l i  Ibi s t a - - a - ,  , j a - -a - , a - a - this’ Ia - i l l  a-,- l i h lc  tjh t a - a - t ,- a - u , a - al t s ’ ra - a -a ’a - a - h a - v  h a - ’ a - ’ a ’ s h  I.

Si~~ ly a-- t  a - a - i’d , r i ,  sits ’s_ -ta at -k wil I s l I t , - wti, ’m’i a - I -  - ‘ - t a - a  ‘ a - ’ , ,‘a-a- ’xs’ s-s- a-I Iii, aa -tt’ a-’aisa-th a - - a- s f  i t t,
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anch or s. At the beginning of a slide , the fa-a llowing (-s i lures tvp ts -~~h l y  a- ’cc ur (Fig. It .

flie crown line fails in tension as th~ snow is lits ’a-’,a- 1l~’ pull ed ~upsm -t . The fljuik s , bed

and stauchwall fail in shear. Sinc e the bed is by [a - sr  the largest ,a - r a -- ,s ia - u va -’ lv , ,’si , it

p lays the m aj o r  role in holding the snowpack on the mountain. Am a - v l,uv s-r ima- the sna-’a-,’

which has low shear strength must be viewed a - a - s a pa-a -a - a -a - a -ib is’ bed t a - a m ’ a - i sl ab a-ua - ’jl ,suis -hi a-’. In

atoms- s-,sss-s , the entire snowpack wi l l  a- a -llah ,,’ , u-sing th e ground ,ss this - bed s u r t , a - a - a -a’,

S ince mechanical forces are involved the structure of this- sns-w ia - a - important. The

snow structure, however , does not remain constant ; but na -tIter , undergoes aneta-a-morph isi s

which si rs-- ut lv e f fec t  this- probabilities of at l,a-h ,s~’ ,a- la-ura-ches ,

II I. Types of ~~ tamorphisis 
a
-

There a-re three vps-s a-a - f  metamorphic chu ,ia-a-g,,’s whicha- .a-lt,-r ths- structure a-’f the sm ia -’a-~’\
\

a- crvst,s l a- after they ar~”,imi the snow pack: m e lt - f r s - c ,a -o met -a-a-morphism, equitemperati~\s-

metamorphism and t emps-rat~~ e gradient metamorphism.

\
A . Mel t-Freeze Metamo rph sm

a-,

Me l t— I rs - s - a - is- met-a-a-morphism ~curs w its- re temperature fluctuations ca use me l t la - t~a- a-a-nd \

refreezing, building clusters of  Is. e grains , [ha-- strength of a la-uva-’r of m s- lt—fr s’a-’,-e

gra-sins varies widely. During the melt art of the cycle , the grains a-irs- s- a - a -a - sa --nt ia l ly

-

‘ 
separate and are held together a-a- ma- l~’ by ast  face tenasi a-ama-. The structure is then i’x t m ’ ,,’a - a -a -a-’ l y

\ weak sn a-t ductile. On the sather hand , when - a-’ Liver rs - f r a -’a-’,- es  it s-- a - m i bi ava - ’ emiortna-’sts
‘5

~~,rent~çha.\\
a-’
~~\

E~\&i~
a-

emPerat ure Metam orp hism

““~~a-~w a-’~~\
tcm Perat ures a-s f  — - ‘a -O”(’ and O°C , Ia-’,’ a-’r~ 

- als ,sm a- d w a t a -’u- v.a-pa-’r a - a -a s- a - a - i-s t iii

the s a-ioW p,iL I~~ amount of water vspor is calls-’. thc va-, or density and depends not only

on the temper~~~re\~t on the geometry of the snow 
c ry s t a l . (‘sanv ,,-x u’s’g is sti s have ,s higher

vapor density th~~~cor~~ ve regions (El,’, .~~~~. ThUs results in s’ water vapor shiff usim i g

from the convex at ~ of\he crystal ta -’ the ca-~nca -svs - areas. Ada- lit sna - sll v , the wa-sts-r ~‘ ipa- a t

is transported to ths-’a-ç’~nca~~ region between crystals which ,sre In ~ tact . Equitemper-

ature metamorphism thus\~~s ~~,~~
roduc t’ rounded grains i~~ich art- cs-mint ts-d Is ’ s ’ . tcht  ,‘t ht , ,’a -’ ,
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ThE-a- t a - -a -suits in ,m a-’s’ ra-’ ‘ - t  a - s - a - ta - a - - -a - a - s - a - a - p a - a -k.

-
‘ F- ’ [ a - a - a - a - a ’s. ’ ‘ . E~ tm II a- a - a - a - l a,- a - i  ti a -ra -- a -a -,’ t ia - -a - ,- a-- ‘hi -,“a- k, f , I

a- 
a 

C . ia-~ a - p a -’a ’ ,u t a - a - r a -’ ia- a- ia - b i a - -a - I t “ l it i a - a - a - a -s a - ’ a - ’ l a - [ a - s -aa -

- - [he t a - - a - i a -’ a- t t ’a - i a-’ a- d a - a -’a- ’ a - t a - ! a -’ a - t a -,’ a-’ of i l a - ,  a-’ , i ; a- a - ’ t - a - ha - - a - t a - ’  i t  V ~h’i ,a-. 3~ ( ‘ a - a -a - a I [a- - - a - a - a - a - a-
_

a-’ a-- _ a - i a -a- - a -  I’-

-~ ‘ u s a - a - a - n t  in a- a-,’i a ’a - a- a - ‘ a - a -t a - ’a-” a - a - t a -’ l a -  than ,s s - a -  ta - I - -a - t , ’ a - , a - a - s - i a -, ‘ I a - t a - a -’ v i l a -s -u  t e a - ta - b a - a - to a-li f La-se l a - a -  ‘a - ’ a- a - , i  a-

a-a-- f hi a-la- d , tta -’a-’a -u tr ,u t i a - ’ a - u t a - a I i, ’ ’ a - t’ a- a l la - its’ s - a -a - a - I s - s - ia- i a - a - L  j a - ’a - i , a- m a - c t  a-ta-a -u s -a- t i - i a - a -a- a - p a- ut a- ’a-,’ a- ’ a- a - ra - s  ta - i t hu ,,

- ‘ a- i ’m,’ ta- us- la- , l a - i - - ty p ic ii lv ri-su i t -  in ma - a - sat bs- im’ug a - I c I a - a -a a - ’  [ t ea -h [ma - this- a-a -a- ’ lda-’r I a - v a - a - a - s  at  ( l i e

,‘:a -l a s’na -;s’ of thi s- a-,’,urm l a - v a - r at , flue , a - t !  i r a - - a - I a- a - r u b a - i s  t h ,mt ‘ a - a - i a - it i a - a -’ a-’ l t , u r , s s - t a -’t ’b  : a- - a-h li v [ l i t

a-’ ‘ a r ,a - c t  [ a - a - a - a -, ,, a - , ( a -’ t [j k ,’ a- ’r a - - i  r ,mj t , ’a- b I a - c a -’ - wh ich ia- i t  a - r a t s - c t  a - mt a - Ia - a- a - - p .  ,iut a -a - a - b , a - r  a-’ a- ’r a i a - ’t’ s , S i a - is - a -’

there ia- s lit t la- cs - ba - a --s ia-a- mi b a - t w a - a- a- a I Ia - a -’ ‘ r , a  f ia - a -  iii,,’ I a - a - e r  is a - a -- u - v weak -

1~s’ . A n i  I v a- i s  a - a l  I’ a- st ra t e r s ’ r ,ua- t is - a - i t  ‘I Lua -a-oa’~ h ia -- a - a - t

For a - i ’ a - a - 1 a  [d Iv in a- - t a -s al, ’1 ia - ia -a- tbu s a ( ‘ “ a - a - a - s - a - - a - I a - a - u s .’ a-a-i-.a - a - h i a -’ a - i t a - a - t o t  ua - a - a - a -’rpla - l ’ a - a - a - a -  [ a - a - ’ a- ’s - a -’ a - a - a - a -  a,’,,- t,’i ll

- 
“ a-, assume a-s linear t a- ’a - a - a - j a -a- ’ a i t ure p a - a -- t i  I,’ w i t la -  O ’’C it thus - a - a - r a -~a - a - a - a - a -~ .mna- l — ‘

a - I t
’ 
I u t  t h i s - sl im ’ I ma -’ ,’, Th us -

- ~~tens ion t a -a- a - urhi tm ’ ,srv ta - ’a - a - a - l a,’a - a - t a - a a’a-’ a -a- l i l a - ’ - - is - a -  a- - - u f a - a - I ’ i Is - a - - a - a --a - a - a - I ,sna-h s~~b l ha -- s-\p i a - j i a - a -- a - l

- 
later.
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C C)

F ia - i a - a - ra -’ 3 . Va-I n a - ut j ,a , - Vapor Density wit-hi l’a--mps- ra-a- t urc ’  (Ref .

(‘a-a - a - a - at La-len in detail ,sa -a - increment a-a - I  snowpack wit - ha- thickness dx (,Fig. ia - I . ibi s,’ element

ha-u s vapor f lowia- ig in frouui time high temperature r a - g i a -s a t , v .a- pa-ar [lowing out into this- low

temperature region, vapor be ing produced from the a-as - a- - c rvs t , u l a- s  a - uua - a -h v. a- pa -a-r being coma-densed

onto the sm ia- ’a -a -’ c rys t a l a- . A mas a-a- ba - a- is -a -nec on the v~s pa-a- m- givs-s

a-. . .
‘I(,x ’I + ia-I ~‘h (x-i”dx) + M ~

a - c

[he net r ,uta - - a-’i s - r v s t ,s l growth iii the reg ioma- is:

— (x) — M (x+d x ’i ( 2)

____________________

M — prod uct - ia-a -a-a-

dx
— condensa - itia-a- mi

Figure - a- • t)eta-a-I 1 a- s f  S a - a - a - a wp.ss-k b,.ua-- a-- r

S ince a-I LIl a - a - a - La - a -n ia - s the mechanism causing the a - a - t a - a - a - a -  t ranspa-’a- t , we a-ua-sy a-,-t ’  it,’ (Re f. 3’)

M(x) - a-~ 
D (3 ’ )

‘
a- 

~ ‘ a-



_ _ _ _ _  - 

I

o — dens Itv  s a t ’ t h u s - a-a-u [xliii’,,-

0A1R

hi — s l i lt ’us ia- a- a- i a- - a- ’,- ) ftc ia --a - it

a-au — a - a - i a- a-a- s a- ’f wa - i ts - a - - a- a -p a -sr pa’ s’ a - a - a - a - usa - s  a- a l  a- a - u i s t u re

- ~1I, a - a -

~ 
0A I R

Thus it fo l lows it T ( x ’ )  ‘~ T(x+dx ’) , tIusasa - t~hi, a-a- l - - M ( x + a - t x ’) , I-n a- am eqn (2)  we a-a -a - ” ,- this

a- inupl iss a - s a - a - c t  c r’,’st a-si gs -o w t h in the ~a - re a - s • Since s - u ’ v a - s t ,u I g i -oa - ’ tha -  depends on M( — ‘i — M (x +dx ’) .

a- this- g rea t a -’st c a - v a - st- la- I g rsa- wt  ha - a- a -a [11 occur in th is - m - ,,’g i s ails a- h a - s r ,  th i s ’ a - - a - i psa u ’ ds ’ ua - s i ty gu- a -sa - h is-nt

cli,sng,- a - a - na-a-a - s t  r ,s )a - ia - t hy  • h- a-s r s -s ir 1 Isis_ia - u’ t enuperatura-’ ~a- u a - ua - h is-nt , I ba - is  w i l l  ha-’ t hus - m- a ’g isa-n

s- I a- ’a - a - a -- a - a -~ 
a th is- gm\a m d  (Fig 5 ’) • I n  this’ ve ry  s - a - a - i d  reg ia-sns a-sf  h la - a -’ s nowpa-uck , this ’ va -u ~a - a- a u  a-S

a - h a - ia - a - s i t  v gt - isa-I tent a-upproaches a-’ ra - a- , isa - ’ Li la - a - t - I ,- ta --a - ia- ps - rust -us’s- gu’a - sa - h I s’uit a - a - a - s t a- 5a - u ua - a i’pht [is a-at a-,’t 11 a-’a - s - u r •
I I

(a - ’aua - a a- , a - a -’ a- ’~ I

a--a-
a-)(a
s-a -, ‘.a-
an U

:~a- ;~
-, . - —

-1
a-,

5-. a-,’ —
a-n a - ’

—4 1’ . - —
a - ’

I I

(-ra - sa - tn a - I) 
0 

. ) ) ‘ ~ . 10 . I” . .‘li . .‘5 . I

Ma - sa - sa- Cota-ce nt u’ a - ut ion a -s f \‘a- a- pa- aa - ’ , a-ia-

Figure 5 , Ma - I sa - a -  Cs-a -a - cent - rust ion a- s f  V ia-pa-sr ia -a- tius-
Sna-uwpa - ick , Linear Temperature Prof ile

At this - la-a-we r ba- ua- a- nda - i a - v  a - s f  thit’ snowpack (I • e , , this’ groa-snd),

(4’)

Tha-is , the snowpack consum es i t ass - LI f rom the ground up, eithe r s,,’ t t  ling or creating a- i

hollow a - p u s ’ a- ’ . [hit- t ea-mperuitur.’ ga- - a - a - s I  is-nt grat un growth ta-a - gre ates t isa. ths- regis-si iutuediateL y

-a - a - ’

I
-- 
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,a- ,l b a - a - a -’ , ’ a - u t  t - ‘ (iii’ g a - s - a - a - a - id a - a - a - ia - I  a- i ,’,’ a- ‘-a - a - a - e s  a - i  t hu l a - a - a -  a - a --a - a - a - l a - a g  a-I ( ‘ - h a - i a - ia -’ ,’ I s’ a-~~i thus ’  g a - a - a - a - a - a - i d .  t a - i  (h i , ’

a.- ,’ a - v  “‘‘la- I u •‘g ta - ’a - ss a- ’ )  i he- ‘ a - u, ’w ha ,ls -) s  , t le a -  a- ’ I a-- a- ’’a- ’- a -’ ua - t ia-a- h ha - a- i , ’ t a- ’ a - a - a - ) s a - ’ u  a - a - t a - a - i a -- g a - a - ta- I ia -a - it g a - a -ta - i

g a - ,‘wt ht  st a- a - b  I • hu t -a - a - ,’ a - u ,‘ a - ) ’ a- ’ a - u a l a - a -  ‘ a - a - t a - a- ii’ t ~ a- a la-~~,s i a - a -a - )  Is-ui .

~-\ ~~~ t a -- a- a - I a - a I v  ia - it s- u ,‘‘ a - I  I a-ig a - a - u ’- , ’ a- a ( - ‘a - ’’. wIts -a-i

- - ~b( \ ~ — ~I (a- *a - I \~

ta- iupla.- t sa-g a- i , ’ a- i ,’t a- a - - a -  - u  a - s t  a - a - a - a- ’a-’ t Ii iii thus ’  a- ,‘ aa - l  ,‘ a - i . h’hit s I - - a - e u  a- a--s t a - a - a - i I a - i a - -  I a- ’ th is ’  a - a -a - _ a -a s - b  a - ’ qa - a - t  —

,‘a-iups’ i a t a - a - a - a - ’  a - a - u , ’ t a- suits ’ i i’hi I is a- au • a-a-li ia - hi hu t -‘ a - -a - u ) ’,’ a- ha , ’ ta-ig h~ ~
‘ ,‘d a- us - a- ’d tuna-I a- ’ a- ’ua - a - a - ia- a - ta- ca- I • hiat t wI t  ha- a- ia - ’ a- is-

v a- ps-a-- I Low . i - a -  it pa- ’” a- a - t I’s!,’ I h a - , ’ a - a -  (a - a- l isa-a. - ,- a- a - ui, ’a - i a - a - a - i t ( ’a-’ tia i I a- a -a -ta p s -t a - it a- a- re dl a - a - I rEbut h a- ’ a - a - a- a- a - ia - I eqa-u l —

‘a-
s’a-sa-pes’at us’s- nis’t aa-iia-su’pht is a - au -

Ea-’u’ a - a - a -’ a-is-I ,,‘ a - v - a - a- a- I ga - ,‘wt ha • Eq a- a- t ‘~ a- a- s - a - pa - it  ‘ ‘ -a -  a-

“1

,l a - a -~l~ — dnu~(f la- a- a - i. a- ,~ ‘a- ,, a-a- il’, a - a - a - i  a-

—
‘ Faa -i a- a - ;~1’a-’~’a- 

La-uua-t t ta -’a- a- a- ’ )  ( Ia, ’ a - I , ’ a - a - I te d t .‘ a - a - a - ) ’,-u  ut a - a - u ’’ a - u t t he ( n S a -. t ’ a -  s a - a - u i  1’,’ s-hat a l u a - ,’a- I hay uu , - ra-l ,‘a- ’ (  —

ta - ig th is ’ - — a - a - a - a - I I t a- ’ a - a - tp a -’ i a - a - t a - a - u  a-’ ,l,’p,’a - a , i  ,- uua - ’ a- ’ a- ’ I a--a- a - a - ia - a -h s - a - ’uis Ida-’ a - I  t aglust ’,,

- ~ 
- , h a - a - a - a- la -ta -

-
‘ - ,I’, I

a- a -h I ’,

— s - a -’u iat t a-su i t

I Ih i t a - I a- ’ a- ua -p , ’a- a - a - t a - a - a ,’ ~‘i 
,‘t t I a - ’ I ‘— pa  a- —a- a - a - il ta - i  I ha ,’ •sui a - ’a-s’p,aa-’la- ua - a -’ l a - a - a - e u  w t  it ‘sl ua - ’a-,’ a-a - a - a - a --u

,‘ a- a - -s  t a - a - i gu - a- ’wt hi a-u (a - ia -- a- ’ th is ’ a-;a -aa ,’ s ta - a - t  ,‘t v .a-p a-a u ,Ii I ta - a - a - a - ta -ig i a - i  I a- ,‘a - a - t ( ha , ’ w a - s i  a - a - a - sI,l,’ wi I I a- t a - a -a - I  a - la this ’

*nia-’a-ifl( ,‘l a-’ i tp a -’a- a - I t t  ( a - a - - a -la - a - s i  a- - a - a t  I ,-a- ’a -a- a- -,l (ha s- ,,‘,‘ta- I ‘s I,),’, a- a t  s ’ ,’s ua - a - ,’, (It ,- IRa-’ a- ’u a - i s - a - a - t lis- sa-a ,‘iu uia - l

a- i  h I  itt it I I’.’ a- ’ a- ’a - ’,’, a - a - a - a a - ,’,i h’a-’ ( h i t s  i a -a - a- ’a - ’ ,‘‘- - -

It (it I s a - I  a - u  s- a - a -t (sag I - ‘ ‘ s l ’ a - ’ a- ’ a - a - l St a- ’ s ’a- i t t au ’ a - a -’ a s a - a - h t ‘a- ‘ ‘ I I Ii,’ a-ia-a -’t ,‘iuit,’a- h a h i t a - ’ pa - a- ’s ’ ‘‘‘-a- a -  ,‘a- - a--s a - i ia -ag

u,’ t u b u ( h i t s  Isa - t i  I I s - a - a - h  a - a - i  t a - is a - a - p a-a a- a - a - I  u u a - ,  p t a - ’) I h a -’ • Iii,’ ‘ la -a-- a a- ’ a - h - a - I l  a - t a - a -I I s-a-a a- a - a - u i  la- a - ’  I ta a- a - a - sa -t u u, ’ ,l . a - - ‘

.a-’uti,’I hituig s- i  a - a - a - a -  (‘cIs ut t,’a-a-upa -’u sa - (iua - ,a pa - a- ’,’es$  ~-s I a-ice t h u s - a - a - ’ I - a -  a-a-,’ a - ia - - I a- a - a - a --s -s ga - a - la - i t a - i  a - ut ’ ,  a- ,‘gt , ’ ua i

a - u p s - a - i  wiiI a-a- hi t a - a -  ‘ a - a - a - p e t  Imps- -a- a- a-cl a- a - a - a - -I \‘ s a - ( s~’ a -  I I a - u - s

a-’ -,
a-, a-

h a
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_4 (a- -‘ ta - b _ ‘a - i - a- a-

- — a - a - t

c-s - - a-a- i
-

.

15 a-’

-‘- •i — —

( a - - a - s - a - ia - i a - I l 1) 
ii a- a - - a - . la-I . i a -  . . 2 ”  -

Ma-isis (a -a-aLa -C a--a - it u’ ,a - t Ia-a- ui a - a - f  \‘ apa- ’ a -  , na-

Figure 6 Tempe ra-s ta - a - a - ’,,’ _ a - a - a - a -I ia -I ,a -a - . a-s Ca- a- a - a - a -’ a- -i a - a - rat la -a u
I’m’ a- a - f t t a -’s t a- ’r ‘ a - u ’ s ’ Net a- ’ i v a - a - t a - I  Ca - ’ a- ’w th

a- S Ia - a - ca -’ th u em’ s’ ia -s a - a - a -- a- a - a -- t ta- u in a - a l  a-a- i sis a-, isa- a - a - a - v  a - a -’~’, I, ’ ma- , a - a -a - ia -’ pa- -a - a - a -s lb I a- a- - s - is a - a - I t  is eqia- it c - a - a - a l a -a- ’ a- —

u t  i a - i - a- ’ a- na--I ,a - a - a - u sa a - Iaha La - t at t ,t  t ha th is - a - _ spa -a - a - I Lux Iu , a - a - ’  I a - i a - a -  i [ t t  Ia -’ ii , a - ua v • a - i a - a -I i a - a - _ s b l a -- i’ c,’ s a - a - l t • Iii Is

a - a -- a - a - a - It I a - a - a - i at i a - a , ,  thu s ’ a- I l l  I a - s ’ s - a - i s - a -’ ba--t weea-i e’quit a- a - a - a - pa -i’ ll a - m m ’’,’ a- uia-’ ta - s ia - aa - a -a - ’ph i i s i ta -  , a - u a - s t  t e a - uu la -a- a m , a - ( i a - a - ’,,’ l a - _ i a - I  —

t a --m i t ma--t .unts ’s’p hu is a-a -u is a-’ ,a- a-, a- a-a- a- - a- h ba-a - ’  th is ’  La - a - t t l a - a - s t  thus- ca- a - l a - I  a - ’ a- ’g ia - ’n ga- sl ia - a - s a - uu ,u s a - la - - saa -a - i ( h i s - a - a - a -s m - a - a -u

t -  a - a - a -  I a - s i t  a-ha - r i  a- ig the- I a - I t  er pa-’a- ’a-’ a- - a - a - s • W i thi t ha- is pa i t  [cm l a - a -  a - ’ h a- a - a - a - I s a -’ a - , a -  t a - a - u ’s ’ gu’ .usl ia-a- mit a- thus ’ a - ’ a - a -p o a-

a - a - t i - . ’, I t a - a- a-s [‘ , a - a -a -a - ia - st a - a - u t  t h im ’ss a - a -g h ia -’ a - a - t  t h u s ’ a-a- mia- a -w pa-sck . Sins -a-’ a- a - a - a - a - a - a - I a - . i’ia-’t ba - ’ t a - ’mg a- usia - I s-a - h t a - s a - a - a - v

a s ’ S a - h , ’ a - a -  , ws~ a-’ a- ’ a - u Ia - h  a - a - a -’t s ’x Ia s ’a- ’t  t a -’a- ua-p~ - i  ut ta - a - ’ ,’ a - a - m - a a - h t ,’ u a - t  ua- iet a-suaa a- a s’piiiisu a - a - t a - a -  a- a - a - a - a -a - i’ . Iq u it s -utap,,- m ’ a - s t s a -s’ s-

ua -us - t _ a - a - u ua -s rp h a I a - a - a - a  a-a-- a- ’ ua La- I this -n h a-’ ( ha - , ’ a- I a - ’ a - uu la - a - a - suit a - a - ut - s - ba - a - a - u t a - a - a - a - u.

a-~p b a - a - a - a - a -’uit Iv . th i’a- I a - a - a - a -  iic ’( l’,’s a - a -  a - a Ia - s a - a -’rved ia - -a- i a - a- a - a - u - a- - . lIs a - a - a - a - v a - i  a- t ha ta - a -  ( a - -  a- is- I a - a - a - i a -ps’ I a-- isig

ia _ a u -  a- Is ’ s -a -  I. t Imp ly this a - l a - a - s - a - a -  u ia- ’ t a- ’ a - a -’ a - a - r  , ta-’ ha - , ’a - a - a - a - a - i a- ’ba a- ,’u’v a- ’u’ a - a - a- i a -a - I  t a - a - ’  th is ’ a - a - a - a - s aa - a -’ 1a ,a - a -’h , he a - a - u  ,‘ I ‘a- ’

knsawa-a- tha-- tempera -s t sa - r - i’u’a - ’ t i  Is- ( ha - _ i t  wa-s a-a- prs-s a-- a - a - t a-lurIng thu s - naa- -t a-sans ’ a- la - ia - ia -- ls a - ’ a- ’a- ’ a- -a - a - s • g a -  ( h a -  ,‘i

ha-. a- ’n lv st ’s -a - s it as a - ’a - a -a -l a - - a- ’’ - a - a - I t  • If liii s hay ps a r i ia - ’ t Le a - s I Ia a- ’a- ’s-t ’ a - a - is h a.i,h a - a -’ t a - a - a - I l  v ‘“
- a- - a - u a- - a - a - s i  , it
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wosi la-h s imp Iv be vs-per t~ ’a-I a- a-a- c ’ a -~ 
ia - i t  a- -a-ups’ u’ui ta -a - a-”,’ nua-- t a- a -naa-a rphi isa-u • Es a- rtha -- s , It a - s ’s ’a - uua - s a - a - a - i l 1k a-’ I y

t hat thu s ,,- a- a-~a- s - t pu’ a - a - f t I s’ ws s u L a - h a-’ x t i s t  fs’ equa-’a- it Ia-- ia-a- a- a - s s ta - a - a -’a-’.

S tui s - a-’ I his - r e  t is a- s “a-~i~
a- ’ r I la-s w isa- this ’ ss ua- a -wp a - a- c k, this- a-a- a- -s - s ’ u ia -I pea-sib Is- ressa- It is t s.a-iipa-’s ’ a- a - (a-a-re

grad ta --nt ma-,’t ua aa- ua -a r pha- t s m , a - v a - a - a -  though this-vt’ is a-a -a-’ sa-s t tsdd i t - Ia - a -a - i  a- a t  ta - a - a - a - a - a - a -  t a - a- a - a - a - i a - ’  a - a -’g ta - ’ ua • ‘lit ia-s

resu l t imp l teas this - a-I l, I f a--r enc a-’ betw -s -ua- t s-mpa-’ra-a-tt a-a- a-- e grad tea-u t a - a - uet a - sa - i ia - s a - -ph ita - a - ia - i  a - a - a - is ) eqa-a- its-a -uups ’a-’a—

ta -usa -’ nit’ta-smoa--phtsm I a-s a-~ s a - ia -a -’a- I ha - ’ thu ,- a-’ .up a- ’r (la-sw in th is - h a - ’  va-tue a- ’ a-’ a - a - a - se Pia - avta - I  ta- ig ca -aa -a- a- Ia--a - a - ta -a-i a- ta - ’a-u

a-sn a-u prefeu’t- a--d s i a - Is’ a- a - I  a - l i t ’ s a - a - a - ’w g a - a l a - i, wi t h subl ia-a-a-us a- ta - a -si s ’ s - ca - a - r i ng  on this- s ’ia - i sa - ’ a - - it e  st i l t’

(Fig. 71 • Tha- ia -a- pt’s-It’s’s-ia-I ta - si a-- a- a -a - ia - l u -a-a-c t ton a-s- a- a l a - Id a - t a - a - a - a -  It isa- te ’a-iipa--a’ a - a - t  i a - a - a -- gu’ ,a -s I t emit ga--ui Ins ,

ev en tha-sis gh this _ u- a-i t a - a -  na-s a-ie t mass a-ida-I it ia-in.

a- a- i I a - a - i  a - t  ta - aa - a - a-a- a - b l tn t  a- i ia - a -a- i

\‘.spa- ’i’ n I a- ’w ( t ’ a- ’a - u a - a -  t a - s l i t ’ )

-a-, F! g a - a - u s’ 7 h’ t ’ a- ’ I a - ’ r eu a- t  i a - a - i  ( u ’a- t i ma- a - a - s’ a - a - s (  a - - a - i a - a -I ta - a -a-i
(‘ a - a - a - a - a - a - -a- I by ~‘ a - s pa- a -r  Fl,sw

II t a-s knsswua- thusu t I empesrat a-ira -a - grand tent grant ia-s g u’ a- ’w Ira- a-u a- It rec I ta - a ss a- sppsu s itt- t a-’ t hus ’

P va-a-pa-ar I’ ia-sw , it  is a-a-a-st kiia-swn ha- saw ma -a-cia - t a - i t s  g a - a -a- wa - hi a-Iepa-’a-ua- (s a- a -a - a a - a - suet a - a - a - a - s a- a - a- - a - a - a - ha - I It ia- a-m i a- s this ’

m ’ a- ’g Is a - a-i a - a - a - a - c a-a-a-ups a-a-ed t a - a- hiow na-uchu It a-I a- ’ I a - e a-a-a- h a- a -  s-a - a- the a - a -a - a - t a - a - s t  I la- ’w. A a - s -a - t s’s a- a - I  ,“a - j a s ’ u  ta-a-a-a --a - i t  a - a -

can easily he imagined :

• bb s’gtua-nia-a-g withu a- untla-snui a - ; u ua - ’w p a - a - c k • ta-uipa-a.ss’ this’ ta -’ a - a u l ’,’ a- ’ a - a - t  a - i t - a- ’ p a - a -’111 a-’ s ’! I’ [ga- ira-’ (a-

a-a- na- I a-a -ba -ua- ’ rvs ’ t his’ ra--s a - u t t tng i’ us ’ s- a-’ a- a - s , ~‘arv L ng this’ a-a-a-a-owpa-a-ck thaic ka -ses a-a- wi ll  a-’ .a - rv t hu, ’ t s ’a-uups ’u —

a - i ta -a -r s - grad I s’nt as a-a-sad that ’ a-a -a -a -u sa -I a -nt a- ’ I vapa-am’ ft a-t5 5 • ha-ut va -S pa -a r I I a- ’a-a- a-st IL u- a- -a - a-a -a t a - i  a- ’ a- ’a - i a - ’  I a - i t t  • a - a - I t  hi

na-’ i aa - - t  ma-a - a - a - a-a- da-’psust t ts’ua- ta-i ,u ua - v a - a -a - i s’ u’ s’g ta- a - a - a - .  ilia-is ga-’ a-a- ta - i a - , ’a-,’t Ii ca-fl u Ia-I ha-’ st a-a-si Is’s1 a - a - a - a - a-u

I sa - a-a-ct t a - ’ m a -  a- ’f  a-’ , a - p s ’ a- ’ ‘low .

• ‘‘a-’ a- - l a - i a - i  ia -ag wi t  hi .u a-sn It s)riii snow ’pa-a-ck , ia-ia-pea -a- is’ a - a - I ia-a-s-at’ t a- ’ a - a a h s , ’ u a - a -  I a - a - u -,’ Ia -v a -’ t t ie  a - a - a - a - a - I a- a- ha- —

Rerve this’ rca-Mu It Ing process • \‘ ,a - u-v t uig a - Ia ,’ a - a -u i a - swp a - a - s-Ia - thu tc kui s ’a - a - s wi l l  va - ir a - ’ thi s- a- s’a-a-a ps’r.’ i ta - a -a-- s~

grad tent .ua-u,l the ama -se a-nt a- a r  ia - ta - a - a - a -s a-I s -pa- as I t a - a - a - a -  ia-i this ’ a - l i f t  event a - ’ a- ’g ia - a ma a -- a- a -I ( hit’ a-’ a - ia -swi ss,,’ Ia-

Tha-a - s gr it ta - a - growth a-- a - a - a - a -I ,h ha-’ slush ted .u a- a- a- I’unc t t a -a a-a - a - s f  a - a - a - a - a - a - .  a- i cp a -”, I t t a - a - a - i

a - a - I ’  
a- 4
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- ‘l’haesa-’ sa-x p~’r ima-.t’u t s th us woa-a- ld f _ a- a-- us era- t a- a - a -p a -’ v a - a -  a - a - m a - - (a- r_ a - d ia -- i t t  g s a - a -in sa - m’s a - a -,’t hi ‘a - a -- - a - t a - a -ca - s - t i ,  ‘ a - i

a- a t vapor t l a -aw ,a - m a - a - i a - t a - a - a - a - s  a - Ia -a pa-a a-a- t t  ia - a -ma - . Unfo r tum ’sa -,a - ts - ly , t his - v would ba- ext  a - a - a - a - a - a -- i  v diff ic ult a - a - ’

per f a-a- va-ia-

V. Ex ten a - t a -ss’s ta - a - A rb i t rary Ta-’niperatua-’ a-- L’ ra -a - f I la- a -s

Fa-a-r ama- arbitrary temperature pr o f i la -’ , T a - sb la -- 3 •-a- I la-’wis a - a - p lot o f a-u a - a - a -  loca-stia-,n ia -i thus-

snowpack (Fig. 4’), Froma-u Eqn (3’), wa- a- s -a -’ that a - a - a -- s- a-a -s of s t e e p s -s t  s l a - a pa - ccarrespond a - a -’ s r a - -~ss

a- . of greats-st vapor transfer , Areas a-a - i greatest cla-ara-ge in a-is-p s- s-err s-s pa-amid a - a - ’  a - a - r ca - a -a-. a- ’ )

- greatest crystal grow th.

in practice , temperature gradiema-Is a-a - i  0.2°C/cm to 0.3
a-a-C/ cni ara -’ c a -a -ua- s iders-d t a - a bs-

a-’, 
strong gradients which will produce significas’s t t sa-a-mpes’ature gm ’a-ia-liesa -t ms-tamca-rphtsni (Ref . 11.

U s ing the model , we may incorporate ma -a-’t a-an lv the s-Ifs-ct a-a - f  temper a-sto re gradient but a l a - a - a -’

the effect of temperature itss’lf on temperature gradieot ms-taaa-ta- .s rph iia - ta-a -. Fa- a-r exam ple , a

gradient of 0.3°C/cm a-st -40°C will not produce significant t e m p e r a t u re gradient muet,s -

morphi sm , but a is-a-a -er gradient (a-a 9.2°C/em) at -5°C ws-uld ca - a - usa -’ s ignificant c r v a - t a - a -l

grow th . Obviousl y, na-ore work is necessary before it wou ld be p a - a - a - a - i b i s’ to da-a- quant i tat ive

- pred ictions with this model .

Vt .  Conc lusions

This simple model correct l y demons t rates the a- Is- pa - ma - a - ba - a - a - s - a -’ of ts - mua - pe rat ua - ’,’ gr ,sdia -’uut

j  

metamorphism on both the temperature and ts-niperature gradient . Warm a-a-yeas in the snow—

pack are shown to be consumed with the snow turia-ing to vapo r whichu then diftuses to this-

co lder areas and con ienses . This can s - i t h a - e r  caus e ha -o ll ow layers or is a -’tt la-tment , both a - s i

which are observed in nature. Essent ia l ly undisturbed layers remain at va -’s’ v cold ts-uuap-

a - f  era tures .

it 
The model suggests the possibility a-s i  a particular na-asa - -uni fs ran t eua-aperatur a-- prof ile

which migh t bthave in a manner s imi la r  t a - a -  equitemperature metamorphism. Apparen tl y, thu s

has not been observed in nature. hlowever , without specificall y looking for thu s pra-a-ca-’sa-- ,

a- it would probab ly have been reported as an equita-auuperata-a-rs- process.

It

- -a -~s. .a-, .~~~~ ‘. - 
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Experina-entustiosa- is needed to deteramuins - numerical v,a- l a - a - s’s to a - a - a - a -’ in tha - a -’ s-qua -st ia - a -n a-  a-a-a-

quantitative predictions could be mitads- a-a-nd to determine the m’ s’ l , it iva -  ds- pe nda--ua-ce a- ’ )  t h u s ’

temperature gradient process s-si vapor flow a-a-nd na - a - a - a - s deposition .

‘
a- 

Table I a-,,,

VA POR PRESSURE ~a- VAPOR DENSI’rY DEPENDENCE ((N TEMPERATURE (Ra-’ t ,

— 

T(°C) p 1~~ a- (N/m~~’) ~~~0(Kg/ m~ a - ’ )

-40 l~ .9 .011970

a- —1 0 38.1 .033979

—20 103.5 .088605

—10 ~~~~ .2 14270

0 6 10,8 ,48473i

Table

PROPI- RTIES s-F AIR

T( °C) 
~AIR~~~~~~~ 

p~ 1~
(K~/&)

—40 I0l3l.~ 1 .5151

—30 LOU87

a- — 20 101315 1 .3955

—10 l0l~ 99 ~~~~~
0 l0l- ’ôa-a-a- l.~ a-),’6

*Calculated f rom + p11 a-a- 
1 atm

ii
ta- S
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labIa-’ 3

PROPER’i’ t -:s OF l’IW MIXI’ IJRE

a- a-, 
‘I ( a-a-

~~ ’) iii 0mix ~~~~ a-’~ a- ” ‘)

‘a-

—40 .007839 1,5271
a- 

-* 
- _l0 • 02 ,a SItU - I • 48b4

a-a- 
- —20 

- .059703 1,484 1

“a- l0 .137664  - 1.5565

0 .272730 1.7773

\
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PR,ESSURE flATA t’RUM TIlE a-) I’EN l’a- (R 
* 
FLICIIt

W1’l’llOIJT A l~i lNh’irr W IND~ W.
* \S. E . Icard i -

Abstract 
\
\

:
1 Ground and flig ht tests were conduc ted wi th t h e  Airborn e Laser l-ahoratorv ~~~~ dena-on-

strate operation of the Airborne I’o inting and Tracking (APr ’ )  S v a - t a -’ aa - ’ in the opemi ~~rt
configuration with the input window removed . Pre liminary ca lca- i lationmu wera -’ i~erta - sr”a-~ed to
insure that a rap id dec o uuap ressio n woa -m ld not occur whe ca- t he  A b a - f  eyelid was a- a -t a a-’muea- I ag~’t~u a - r

a- a pressure gradient and that thue air flow tha-roug ha the a-\l ’T w a - a - a - mid not cause a - h a - a - a - a -a - a - i a - a -- t a -a \

equipment or harm persa- a-nne l . The preliminary a- ’s t ia - uat es proved ea- a a - a -s e r v a t i a - -a-a- . flit’ ms -as -
a-a-red dynamic loading inside the APT was low and the cahisa - pr essa-a-re transients were
relative ly s low and did ma-ot degrade f ligha-t or test crew perfa-a-rua-iama-ce.

I. 
~~~~~°~~!I4

Flig h t  testing ha-as been conducted withi thus - Airborne Laser Laborat o ry ia- Al,l,’) t a - s a-’ a- a-n i’ j rm

t ha-e feasibility of operating thu s - Airborne Poin t isa-g a-ua-d Tracking Svsteuia- (APT ) w it haout au

output window a-,Ref. 1). It was the csa-nc la-a-s io n a- s f  the testing thuat this’ open pert s - a -s a t -  
‘a-
’

f iguration appears to allow better beam fa-a-cus ing aua-d more beaa-ta- iua-teu isirv a- a - a-u  target thaa- i

the window configuratiomi. These promisima-g resu lts ha-ave led to furth er im ua-’c st igat ioa - u s- i’ ‘a-

the open port as a candidate configuration fa -a-r thus- A PT, the open port ta -- a - t a -  wa - -a ’ s’ ca -a- ma--

ducts-d w ith a pressure seal between the aircraft and thus- a-\ I’T . ta-a- he a-s via -shale s - a -’a - i I’ iaa--

urat ion , f t  was c lear t ha t  t ue  open port had to be tested wi t h out ata- ha-pa-st window , b a -sr

follow—on tests the inp ut window was removed from the bottotta- a-s f  thue a-\ I’I’ and operation a- a t

the modified Ai’T was demonstrated th rough o u t a restr icted ALL f l i ght ema-velopo . This

repor t discusses the a-a- a-’ry limi ted aerodynamic data measured during gra-a-a,uuud and flig ht

test ing of the follow-ca-a- configurat ion.

II. 
~~j ç~~

iy,~

rha- e objectives of the testing program were to dea-ua-,a- ua -s trate operation a-a-I the Al a- I’ in

t he open port co s ufi gurati s a-mu wit h thue input window removed stud to cs- ia-duc t ha-cam quality

exper imea-uts. -r ho beam quality experiments were aimed at detectita-g beam degradation

caused by t he isa -creased flow thuroughi that - ta-earn path iii t h e Al’ I’. The particu la r a - a - h a - l a -- c t  ) va-’ s

of the aerodynamic test prograna- were f i rst  ta- a - insure , prior ta -a- flightt , ttua- i t this- air flow

through the A PT would not cause damage to equip ment or iii Ita-ry ta - s  Ia s ’tsot i t us- l , stud as s - ca -a -ma - a - h,

to umm as s a-re t he  t ’nv ironment a 1 , i.e . pressure a- chan ge in this- c a - a - ha - in when thus - a-i PT a - v a -’ 1  id

w as opened a- a - g. u inst a-u pressure g ra-a-die su t .

*
~~jor , USAF , Ins t ruc tor , PFAN
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III. Method of Test

Testing of the open port APT with the input window removed was conducted in two

phases , ground testing and flight testing. The ground testing phase was included to

insure that the experiments could he performed safely under f l ight conditions. During

ground testing the aircraft was pressurized , using the aircraft pressurization system,

to sea level’ standard day pressure , 14.7 psia, approximately 2.5 psi higher than the

local ambient pressure. The APT eyelid was then opened and the APT parameters were

measured and recor ded using the existing APT and aircraft instrumentation systems . A

pitot static system was installed at the base of the APT to measure the dynamic pressure

and air vel ocity in the opening created by removal of the input window, Figure 1. It is

assumed that this opening is the minimum restriction that the air flow will pass as it

leaves the cabin. Therefore, it sees the maximum air velocity and dynamic pressure .

‘a- Cabin pressure was recorded using the cabin pressure instrumentation installed in the

aircraf t. Time histories of the cabin pressure , air veloci ty, and dynam ic pressure were

made and compared to predicted values to insure the decompression of the cabin would not

harm personnel or the A1’~ System.

Flight tests were conducted to gather data on APT performance and ’cabin press ure a-

a- ’ transients as the azimuth angle of the APT was changed and to eva luate beam quali ty as
‘
~ effected by the increased flow through the beam path. The only pressure data recorded

a-- in the air were the cabin pressure transients as the APT eyelid was opened and the APT

was scanned in azimuth . The flight testing was conducted as described in Ref. 2. The

inflight measurements of cabin pressure versus time and APT azimuth are presented in the

resul ts section of this report.

a- ,,- ’
IV. Theory

Initial theoretical calculations were made to confirm the feasibility of such test-

ing. Preliminary analysis was run to calculate the cabin pressure transient as the eye-

lid was opened on the ground at Kirtland AFB with the cabin pressurized to sea leve l

a- - . standard day pressure . Additiona l calculations were then run under what were considered

be the worst case f l ight conditions . Plots of cabin pressure versus time were

ge rated using the theory of conservation of mass as outlined below.

Time rate of decrease 
- 

Ne t ra te of outflow of mass
of mass in volume (V) - 

across the boundary

- ~a- 
~

‘ p dV = p (~~ 
f~)dA (1)

S A

‘a-
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a- 
where t — time (s) surface normal vector

p — density of air (lbm/ 1 ) A = surface area (ft2)

= volume ~f t ’a- )

= velocity vector (ft/ ’)

for stead y f l ow

‘ p (
~~~~ ~ ) dA = 0

or one dimensionally

ba-I mli = pAy — constamut

where

a 
- mli mass flow rate (Ibm! S

v = velocity magnitude (ft! )

I ~~~~~App lying the perfect gas relation (p = pRT) and thie Mach relation ~a-
l-1 = a- for air ,

ih then becomes

sit = ‘-
~~~~

— a-’a -N (49.05) aa-~~~F (2)

For adiabatic perfect gas , ) = 1.4

= + 
I 

-

~~ = (1 + —~ — ) 
-i

Substita-mting for T

a-ia- = ~‘~ f’ + ( ‘) 
a-
)

Na - a -w a-Ia- may be calculated by knowing the static pressure (p), Mach number (N) , area of

in teres t (A ), and total temperature (T ).

As a conserva’tive estimate we can assume no pressure losses through the APT . The

static pressure at thue outlet then corresponds to the static pressure outside the opening

in the APT . By the isentropic relationship, the I-bach number is related to the ou tside

a- press ure Lp ) and the cabin pressure (p0
) by:

—2/7

- [(-~
_) 

~ 1] 
5 (4) 

‘a- a-

- - -- ‘a- - -- — 
_ j~~~~ T
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We a-a-ow ha-ave estimates for ~b asa-d p aa-ud a - a -a- a-l~’ a-a-s a- a-I to est i ia -sit~ t hue cabin air temuperatur e

a-, I’ ‘a- and the surface area a- s f  the outlet ~‘a- ’l to so lvi- fa -a - r  a-a-n. \J~uis is aa-u ima-staa-utans-ous

v ilua-- of a-la amid flutist be adjusted as the cabin pressure is reda-a-c~~i - if we assume t ha t  a-~ 
‘a-
’-

is c a -s a - is t a - u a - t a-s v a--r some ama-tall unit s-I tints- (A t ‘a- , we caa-i estimate t~hs- chiange ia-u pressure

in thus- cab ita- by a-a-gain apply ing coa-a-servatioa -a- of a- a- ia -a -as. a- a-

F 1 \ _ \

I-kiss flowia -ig s- a - ut a-s f  Net da-’a - a - r ea - a - s a -’ isa- ma-ami ss —

cab in in time A t isa- ca-a-bin

a-ia- A t  A Ma -a-ss — A o  ~Va - a - l’s

From pe r fec t  gas (~ — —
~ j;--- ‘a-

ha-i

Ao s- —

~~~~

-—-

~

--— - - if U
a- a- 

is cota-Stamu t
a-a-

~ 
\~\ a - a - v stthst itut ion th en

a-ia A t  a-a- 
a - V a -a - i ’ )

or thus- cha-ange in cabima - pressure

a-ia- A t RI’
A 

a- a- 
a-i 5)

- whaere a-~a- j ma -~ ta-iu i t a -a- ua -s -ous a-a-tass f low rata-’ a-, Lb a-a-i ‘a-
- S

-
~ K — gas coa-a-stauut Ia-sr a- s ir  ( 

~~na-~~
’ 

lbf )
I’ cahtua- ~s ir temp ~~R’)

A t  time intet -v~a - l  (s~
— ca-a-bita - volume f t ’a- ’)

-
~ g t a - a - c a -’

a- I’ ~‘ -
- 0 a-a- 0
a- new

t his -a- u a-

a- a -ow ha- ) — 1 

] ~

w ith ‘~~~ 
new ’ we solve for a suew a-la , us iua-g Equat ion 3. Wa -’ can ss’t a- a- p an 

~ a--a - - u t lye a - a - i a -’,- —

ess to sa-a-ive for I’
a-a- 

at each ,a -a -- which results in a plot a-s f cabin pressure a - I ’ ’) versus

_ _ _  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _
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I
time . Figure 2 is a-a plot of thue iu a- it l. a -l tlaeoretical misa-alysi s s- I cabin pressure vs-rsus

time. isuit ial conditiotus are similar ta-a- tha - o s a -.’ that were set ia- u t ha-e grea-miud tes t .  la- i t h i s

calculatioa-a- cabin pressure (I’ ) was assua-uted to las ’ ima - iti aul y at sea is-vs-I pressure (14. 7

psi), outlet static pressure (P) at 5000 f t  pressure alt i tude (12 .2  psi) , ea him a- tema -a-ps’r-

ature t’
a-,

) coa-a-staiut at 70 
- 
F a-a-mud outlet area (A) 11.45 ima- ’. lest ps- ia- it Ia- ’ t i- a - ama - a - Ri- I- 

- 2 m i t

turre t ma-z intuth angle lii i was selected as thia -- fli gh t  worst case sim a- ce it preseua-ted t h e  a-
largest pressure differential bet-weea-u cabin pressure amid outlet stat ic pressure. ‘la - a --

cabin press ure (P) was assumed to lie 5000 ft pressure altitude (12.2 psi ) , thu s- a -nit let

stat ic pressure (I’) was estint ated at 8. 0 psi us ing pressure coef f i c let i t s  ohta-d ma-a-’d da - a- rimu g

fligh t certification of thus- open port coa-afiguratioma-, see Figia-re 1 , cab ima - temperature

(T
s-
) constant at 70” aa - ad the out let area (A) 11.45 ia-u 2. I”ig umra - ’ 4 sha-sw tl ta - a- results a - a -I

thus-se calculations. ‘rbae primary purpose of the ca- u lca - miatio ns a-~ us to shaa - a-w t ha a - a - t evemu w i thu

instantaneous ops-a--uiiug of this- APT eye lid ta- ma- der w a - a - ra - a - t pca-ss ib is- f 1 ighat ca - a -a - ad! tiouis t Iters- was

no chance of na -u ‘‘ a- ’xp la - a - s i vi”’ rap id cb s -c a -a - na - press ion.

An additiona l concern of safety persom umuel was time flow vi’locitv aria-a-ma-id tla-e a-a - j s s’ u i i a - a - R

in the bottom a-sf thue a-\ I’T . Thus- ye b c  i tv lie la -h a - a - ro s a- a-a d this- opening wa-a- s ca- a- lca - m Ia ted ia-s imug

conservatioma a-sf na-miss ama-d assunaitug perfect as , a-a - ta --ua - l y na-id isentrsap ic f low.

l.a- - a -  a - a - s  a - a - S5 a - a - n a - a -’ t hat

mit a-~ Ày • a-- a- ’ t a - a - a - ta t u t

and that we have a sink located a-us-XE ta - a- a-u solid wall.

__________________  \ \ \ _ _ _ ~~~~~~~~~ \_

r~~ 
ink (a-li) j

/

•-a-.I I
/ ..- — —I. — —

v

Figure ‘a . Contra-a-I Volume for Mass Flow Calcmil at ia-a -n s

-.. m a ,~~a-ww a h a l f  sp heric a l control volume as shiowa -u ia-u Figure ‘ a a-a- las -va--. I’lae muaa a-m s

- a -  1- -wa Into - b, aink i a - a -  denoted by it, ha - is nuass ma-a-st front ca -a -a - uservati oa -a - a- a l naa-uss Ia - a- -

- . ‘a .’ ~~~~ a- l i x  throughu t he ba a - a - If spherical surface area arousud thus- a-a-ink a-

-~~

7;

“a 4
— 

— ‘
~~~~~~~~~~~ —~~~ ~~~~~~~~~~~~~~~~~~~~~~ — I
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Tha-en a-lu • p a-’ 2 IT i’~

— where p — demusi tv a - a - f  air ( 11 a m -  
1 ,a-)

r — radius from simik ta-u spherical sa- a- rf ace a- a - r c a a- I t’)

v ve locity a- uora-a-a-a-al to sa - i r l a - a - c t -  ( f t / )

It is possible to a-ieg l a -’ct coa-ra-pressibility, sia-ice thus - veloci tv  a-at a \‘ a- ’ rV s haa - rt ra - ud ia - m s

r from thus- sink is well below Macha 0,5.

* liii - density thea-i bc-c a - a - a - a - a - es coua-stan t and equa l ta - a - thus - dea-us l t \  a- a - I thae air ia -u the cahitu .
a- 

[‘he initial velocity Profile ca - a - mi a-a-ow bs- calc ia- lated as a - a - l ua - a- h-t io tu of this- ra-adia -a -s a - a - I  the

sp herical area ,

a-, a-li
v —  ( a - a l

Q 2 ~~T r 2

if the itial mass flow a-ia- and this- cabin air dc - a - is I ts o n r a -— h a - a - a -a-w a-i .

Assumima -g perfect  gas relation

RI’
— 

2 
~ ~ a- ~ 

(7)

whaer&, I cabin ILna-pa- lat a -mt-i

I’ cabin Pa- ’i’ss U rC 1 Ia - I  a
-

Figia-re 6 s haows Lla - a -’ thus-caret ia-a- a I lii i t ia b vi’ iocit~’ d is tt i  ha - a - it ia - a - a - u a - a - s  a- la - a - ’ i- a - a - a - I ba - us a - a - I thtt’

spherical surface art-a is ia - a - a -- rca - usa --c l - It can ha-a-- s a - a -’ a-a - thi~u t thu s ’ va- I a - a a -’ I~ ~ a - I u’ a - a~a- a- a - a - a - f t  vi’ a - v

q a a - ick b y and is l a - - a - a -s tha-a-a- n 10 fps it 10 i a - i a - lies Irs-a-a-a- thia-’ s i a - a - k .  Il a - c va- b c  it v f i e l d  s ra - a-a- mtu d

the s- pea -a- ia- us does not a - a - l a - pa -a - a - u’ to l a - a -- a a-a- iga-uific a-am ut s a - i t  a - t v  l a - a - i a - a - i r a - I  -

V . ~round and Fli ~~~ lest g e g t a - l t s

Thu s- gro s a-tud tests  were c o nd a-s c t ed by pressurizing t has - a i rct ’a -a - a- t to sea h-vt - i  statia-Iara-l a-

day pressure ( 14.7 path ’) and then openit ig this - Ala--i’ ca -veli a -h. i’hae cabita pressaa-re was

recorded ia-s ing the aircraft  system. Static amid total  pr es sa - a - r a - ’s wer e a--e c o rd t a-a - h a - a - I  n a- a-

opening in the base of the Ah’T, Figa-ure 7 is a -u plot a- a l  this- change ia - a - caha- (a-u l a - a - a -’ s s u a - t ’ a- ’ wit ha

t tm e. It is interesting to compare t iais measurenaea-ut wi thu the theoretical a- -s I  Itutate

(F igure 2’) for the grsa-sa-nd t e s t .  The tha s -o ret i ca l  est imate , thaa - a -a- a- gha- laa - a - ss ’,h a- a - i l  s a - ’ v a -’ u ’a - a - i

rat her critical assa -a-mpt ion s , proved to be a-u comuservative ca -a - lca - a - la t i a - a - tu.
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[‘la-c velocity atid dynamic pressure calculatiom a-s were a-a-made from t ue  pitot-static data.

Figure 8 is a plot of the change in velocity with tints-. It can be seen that thue velocity

never exceeds 200 fps which at a cabin altitude of 5000 ft corresponds to Mach 0.18. In

the theory section we sh owed that the ve locity dissipates very quickly as the distance is

increas ed away froa-ua- the opening. F gure 9 shows thue chama-ge ia-u dynamic pressure with time .

[‘hue a-uaaximuna dynamic pressure was measured to be 0.27 psi , the dynamic press ure was well

below any structural limit omi the APT.

The pita-a t static system was removed from the base of the APT for tlue flight test ,

since propaga tion da ta was req uired s-mu this flight. Tha-e cabin pressure was recorded

durimug opening of the APT eyelid and also thuroughu an azimuth scan of the turret. Figure

10 sh ows tha-e cabin pressure response versus time for a typical opening of the APT eye-

lid. a-\ comparison of thue th eoretical results (Figure 4’) shows a favorable agreement in

tlue data. [‘his pressure response is similar to what migh t be seen if the turret was

rotated at a-a-tax speed from an az imuth angle of zero degrees to 90 degrees. Figure 11 is

a plot of thus- change in cabin pressure as azimuthu angle is varied . For this data ,

az imuth angle was rotated slowly so that cabin pressure was essentially s tabi lized at

each point. The largest pressure changes occur between 30” and 80 , wha-ichi corresponds

to the changes in external pressures on thus- APT as recorded durima-g earlier flight tests

-j  
and noted in Figure 3.

\ 1.  Conc lia-sions and Recommaiendations

The primary objective of these tests was to show tha-at the aerodynamic environment

due to changing cabin pressure would not cause damage to equipment or injury to per-

sonnel. Tests show that aerodynam ically there is no reason to prevent operation of

t hae APT without output and input windows . Dynam ic load ing inside the APT is low , and

cab in pressure transients arc rela tive ly slow and will not degrade flight or test crew

performance.
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CONVECTIVE HEAT TRANSFE R AUG MENTATION Ii?
COMBINED TECHNIQUES

R. C~ Oliver
* and D. N . h1ack~~

Abs trac t

Current Air Force developments in lasers and advanced propulsive systems have demon-
strated the requirements for high rates of heat transfer. Many augnientative techniques

a- exist and this paper reports on the experimental evaluation of a combination of two of
the most promis ing convective techni ques , nucleate boiling and surface promoters .
Res ul ts ind ica te tha t these techniques can be used in concert , wi th additive effects ; no
detrimental effects were noted in the range investigated.

I. Introduction

4 Current Air Force and industry research and development efforts have illuminated a

require ment for enhanced heat transfer rates. Seve ra l specific areas of application are

laser mirrors and turbine blade cooling. Increased heat transfer techniques cou ld also

be employed in many standard cases resulting in decreased heat exchanger size or increased

a-~ performance or efficiency. Successful developments of some advanced systems may require

the use of augma-sentative heat transfer devices.

The baseline case for convective heat transfer is a constant area , smooth , straight

channel with only gravi tational forces present. The multitude of available techni ques

a- are found in several publications , those by Berg les (Ref. 1 and 2) being perhaps th e

most coa-4ptete. Very briefl y the techniques range from passive , where some surface treat-

men t is considered , to ac t ive , where mechanic al devices , vibrati on , injection or suc t-

ion and electro -nuagneti c fields are employed. Additionall y, dev ices such as swirl f l ow .

surface tension or additives comprise another distinct class (displaced promoters).

Add to this the app licatioma - of these techni ques to either boiling or non-boiling proc-

esses and you began to see the magnitude of the possible combinations . Of course ,

combined techni ques ’of any two or more of the bas ic tech niques emp loyed sima-a-l taneoa-a-slv

should also be considered while seeking the “optimum” augmen tative device .

Bergles sua-anarizes the research to 1973 by no ting that passive techni q ue s app ear
most practical in the near term and that the only active techniqa-ues having present

prac tical utility are mechanical aids. He also noted that - work on compound techniques

should be extended , as the few available studies indicate an increased effectiveness

(Re f. 2).

*Major, USAIa-, Ins tructor of Aeronautics , DFAN
*4
d c , USIa-a-F Academy

-- 

87 

-



- — — ~~~ TTI~ r~

11. theory

The system selected for study was a displaced promoter with nucleate boiling. Types

of disp laced proa-m ters include disks , inserts , ring ima-serts , etc. with the purpose of

tripp ing the boa-a-ma-durv layer. lii, .’ repeated disruptioa-a- of the boundary layer redtmces the a- .
- —

boundary la -a -ve t thickness a-a-a-a-d ea-a-hances the la-eat t ra ma -sf c r.

rhuea --a-retically tluis effec t is sha-owaa- by cons idering tha-e local Nusselt ia- umber developed

for laminar flow but also app licable to turbulent flow (Ref. 3)

N .332 Pr 3 
Re “ (I)

U xx

or

4 Ia k ~~~~~~ l’r~ (2 )
X 

a-,

Whore N is the local Nusselt nunuber , Pr the l’randt l aa-umber and Re the local
U xx

Ra-Wa-s lds number. Furtha-er , ha , k , i a - , x , aa-a-d p are tia-e convective heat transfer coeffic-

ient , tha-eraa-aal conductivity, viscosity , dis tance , and the velocity , respec tively. Frona

this we note that as the boua-idary layer distance , x , is decreased toward zero, ha- tends

towards infinity, which is certainly ia-i the righ t direction.

The validity of this trend has beeaa- verified by a number of researchers listed la-v

Berg les (Ref. 4), while Webb and o thuers have developed predic t ive te chniques for ra-’-

peated rib or ring geometry using non-boiling flows (Ref. 5 and 6).

It was our goal to demonstrate that this augmentation cota-id be na-sa-intained in ca-a-a-a --

junction with nucleate boiling enhancement , to verify that the effects are additive .

Addi tio nally, considera t ion o f the effect of the promoters mu s t also include cha-anges fri

the critical heat rate. Yang reported a 15-30’ . reduc tion of sub-cooled burnout ha -ea - ut

fltvces due ta -s large scale roughness a,Re f . 7) .  Bergles noted ttaat surface coa-a-ditia-ins a-ia-s

not appear to si gnifican tly alter the boiling curve for reasoa-a-ahly huiglu flow velocities

(Ref. 8), while t)urant noted an ia-a-crease ia-a- sub-cooled critical ha-eat flux witla relat-

ively course mechanical rougha-ucss (Ref. a - ) ’a-~ Canabill , tms ia-a-g swirl flows , repor ted oa-a-

increase of 2OO’~ ia-u the c n t  ca -m i ba-eat f ita-_ ic ( i~a-’1 . IO’I . la - a - sua-mma-ary, we a-aaust evva-uta -a-a liv

consider the ef fect  of such augmenters a-a - ma - the cr i t ica l  hucat ra te ;  this e f f e c t  appears

to be presently a-mndeter iauined. ‘the experimental pta -an reported ha - a -a- re ta -uc la -a a -h es ia-a-vesti-

gat ions of convective flow withu nucleate h a - a - a i l i a - a - g  with a-a-a- ud w ithua -aa- mt thae a - i s a -a- of a d isp lac ed

promoter. The critical hea t flux was investigated but not qu antified. l ’ i - ia - a - , ar v emphuasis

was ia-u the boiling phase prior to the’ cri tical heat rate.

Iii
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III. ~~p~rina-ental Design ata-d Data Collect ion

The experiment was conducted in the Phaysical Cia-emistry Laboratory at the U.S. Air

Force Academy from October tla-rough December 1977. The test apparatus consisted of an

alua-aa-iia-uia-i tinned surface , 11.43 by 11.43 ca-n by 1.9 cm thick. Uniform two dimensional fins

a- 1.27 cm thick were used on the fluid side in the direction of flow . i’~a-e fins maintained

flow direction and increased the heat transfer from a TENCO Hot Plate Model HP-l9l5B

mounted under the non-finned s ide of the device. Plexiglass moumnted across the device

(on the fins) formed a water tight apparatus . A nuanifold at each end introduced and

- ‘ 
removed water. Iron-constantan thermocouples were used to measure the incoming and

“a-- exit fluid bulk temperatures as well as the device surface temperature . i-lass flow rates

were naeasured with a-a- graduated cylinder.

A typical run would coa-aIa-lence at an established mass flow and ha-eat rate below the

onset ’~~~~ a-ucleate boiling . Heat transfer parameters were noted in the steady state and
- a then thue heat rate was increased. A number of points were sampled 10 to l5~F apart

until the crit’iç,~l la-eat rate was approached .

Several con f i g~~~~~ons were tested. The baseline condition was the clean config-

uration , as previously desc.ribed. ‘Modifications using wires forming rectangular ring

inserts were installed and te~’t~~ . Densities of 0.3937 and 0.8 inserts per centimeter

(spacing of 2~~54 and 1.27 cm ) wer~-a-~xamined, Data collection for these cases was as

described for the baseline case. “a-
” ,

‘N

N—a--IV. Discussion N 
a-

The experimental data were redumced and plotted as the rate of heat transfer versus

the surface-fluid bulk temperature difference. Figure 1 presents the resul ts of a l l

three cases , forced convection with nuc leate boiling , c lean and with both insert con-

figurations.

As tha-e figure illustrates , the critical ha-eat rate was reachued at a smaller tea-a-a-per-

ature differea-uce for the two cases usia -a-g wire inserts for boundary layer disruption.

Thae c r i t i c5a- 1  ha-eat rate [a-a r thac baseline case occurred at a temperature difference

(surface - fluid bta-lk) of 175 F. For the lower insert dea-a-sity treatment the temper- ‘a-

ature d i f ference was 125” F. [la-c huigher density treatment resum ltod in temperature diff-

erence of l00 ’F. Ft- u.a-na- due data ama -al yzed , no significant difference ia- a - the crit ical

la-eat flux was observed for these treatments. If laighuer fluxes were used perha-aps some

differea-a-ces would be noted . h1owe~-er , th e  object of this study was heat transfer below

t haa -’ critical flux. [he increase in ia-a-sort density . t ha-en results in ea-a- laanc ed convection.

For a givea-a- flux the decrease in the tempera -a -ta -a -re difference is ima -dicarive of an in-

creased conv a-’ct ivc Ia-eat t r ,a - a - a - s [ - r  coef f i c ica- ut .

H 30
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Heat transfer coefficient to the maximum temperature difference in each case resulted
-. 0in values of 23.71 , 41.03, and 71.20 B~ LJH per ~q Ft- F. The absolute values of these

coefficients is low because of the limited mass flow rate. The flow had to be maintained

at low rates to insure reaching the critical flux with the fixed power heater. The

possibility of different results at higher flow rates must be considered and experiments

should be performed to confirm this result. Such decermination was beyond the scope of

this effort.

V. Conclusion

The data collected indicated that the use of displaced promoters , namely rectang-.

ular inserts , increases heat transfer rates for flows where nucleate boiling is present.

For systems using nucleate boiling, then , the additional use of inserts will increase

the heat transfer rates. No mention of the increased pressure loss is made , but its

effect must also be considered . It is also highly likely that even a third or fourth

technique could be coupled with these to further increase the heat transfer rate.

Specif ically , f lu id addi tives and surfa~e treatments which increases the nucleation

sites should be considered.

The data collected and presented here imply that further increases in the insert

density will further increase the heat transfer rate. While this is true, basezI on both

theory and the reported results , the rate of increase decreases with increasing insert

density (diminishing returns). The optimum design would have to consider the increased

pressure losses, initial cost and operating expenses , perhaps more frequent defouling.

The combined techniques do , however , have additive effects and can be used in concert

to further increase heat transfer rates.

The data collected are not deemed sufficiently general in flow and heat transfer

rates to justify empirical predictive equations. The data do , however, ind icate the

possibility of using these two techniques in concert and encourages the research into

the use of addi tiona l techniques with these or other combined techniques.
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A bs t rac t

A c l - j r  i c a l  tlt ickness f r  a slab sit I’~~ec ted to laser radiat ion is defined. It Is then
shown that t ‘r s la t s ‘1 t h i ckness c res ter than this c r i t i c a l  t h i c k n e ss  a a imple equaL i t t

~
hi ’ v i  y e t  I r i ;  a lut i f —  ;pact Si, I i tt  I ott  to t h e  I t t a  C eqita t ion, may I’~’ use d to pred Le t  front
t i l t  (c , - isv it t  t ic til es • in addi t i n t  it Is sh t sw t i  that for thin slabs • of  th ickness l~~ss

1 h i  th e e — i  i t t  i t s  ii I t ite cr1 tea  I th ickness , another s hip i~ equation may be used to
u i . ;p ;t t  i c  It ittc t:i:~~ ; . ( tt rther , t i- i tt  S tt r t . t t e melting t1t ; , s b r  a ish , ; it  Interntedi,it~

t c~ ii ;; ; t v  u- ii i i i ,  to I t - h o  tutd ed by the t inc a c ompu ted I rot ; thu’ two equs t Ions u- I ted

I * t ir hnc i  1’

A n I p r  taut parasietu- r in any invest iga t loti of the u’ I fec ts of Ii igh — power laser ra i l  -

.1 t i’ ; ;  tin s i t  lulS is the t Inc required to me it the front surface . w i  .1 u’t ileittar v s lut —

I u’t tt ;  ‘1 th, h i t  t conduc t I on cqua t ion as g I ~‘t ’!t I v  Cars law and Isegi r ( I t ’ I. 1 i F, ii I i —

c i., i i V use f it  I ( o r  preul Ic C lug it itr I SCL ’ therma l response up to the t litte when the I ro t  t

s t i r  t a c t - hi i~~ ins t u’ se it. iIti’~~t’ so lut ions assume one d im~ns Ioii~ I heat I lot: and ilt c I ~~c t

rad t a t  lye and c;’iivec C lye l o s s es

i lt i  f r u it  surface t t’mpcrat tt rt ’  of  a hal t  — sj iacv o I thttu nitul coiidt tc t i v i  rv k au th di t t  in~ —

l v i  t t  ~ initial lv at  tetilpera Cure 1 and sub j e t  ted Co a f lux it tint form intu’ns It  V I v i  t t t

ñ a I rac t lou t.~ uhisorhied at the sur face is

• ~ ~ (v-) 1 ~surf o k

liv t i t - - v  Lu ’ initiate [rout st ir  l ac e  tue It ing, • is Ca icula ted in uquat i~~ ti ~
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I f  a cr 1 t ical thickness , , is defined as :crit
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then equation 2 may b~ rt•w r( Iten as

• —

crit

it wi ll h~ shown in this paper that if a s itU’ is of thickness greater than ‘erit ’ then

the time required to melt its front surface is also giveti liv equation ~ ii .t’ . . the Sante

as pred icted liv the half-space e iu a t i o n ’l .

Fo r uniform absorbed flux , t.t  I , on the surface ot’ a (lotiiogefleiiuS slab vi t I t 1 c l~nesi~ (,

the front surface temperature is g iven by

5

I’ ~~~~~~~~~~~~~~~~~~~~~ ~~I ,, 
~-. e

surf o k’ 3k 2 2
‘ I T  nt~~ 1 a

Fquation S is transcendental , and an iterative procedure must ne us~ -1 if me lt time s are

desired . For thin stabs (~ 
iT 2 

t /~~~ l’h equation 5 can be reduced to

I - — -I’ -* ~~~~~~~ + �~!~~ _
st t r t  0 k 3k

-~ f rom which the t ime required to initiate front surface metting , r 1, is given by

- 2

— 
_ _ !L -

Us ing equation 3 . is a lso found to be

‘ 
t cr it —

2 ’

It is interesting to note that the f i rs t  term in equation 7 is the melting time for a

very thin slab tinder uniform heating conditions (i.e., dT - dx (F) .

Thus , it is seen that front surface melting times are easily calculated [or “th ick”

slabs via equat Ion 4 and for ‘ thin” s labs via equation $ , but one mus t work considerably

harder to de term ine me l t ing  t imes for s labs ~f intermediate thicknesses . iltis Investl-

gation establishes the range of applicability of equa t ion .i and 8 In terms of th e

critical thicknesa , L
cr j t ~ 

def ined in equa t ion 1 and derived in the next sect io n of t h i s

paper. It will also he shown that melting times as predicted by equations 4 and 8 may

be used to bound the actua l melting t ime of slabs of interntedial- t’ th icknesses.

11. Definition of Critical fltickness

An iterative procedure was developed to compute front surface mel t ing times for slabs

t)4

- - -- - -  ~~~~~~~~~~~~~
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of various materi als ~nd th icku e~ s es I t  q “~ and int ensities , I’li.s. 141114’s We t- C ct’mpared

to r~~. th e t int. requir ed to melt the ro t i t  su rfa ce .0 a ha l t -spat’. iuhi ~e~ F.iI to he same

f lux (Fq 2~~. Figure 1 depic ts  ty p i ca l  resu lts obtained in thea,’ ~t ud i ps .  h r  re s u lts

v t  thi.~. com paris o ns sugge sted tho ex is t ~ nc~ v t  a ‘‘ c i i  t i c a l  t h ickness ” whic h is ,I.- ii .0

to h. the minimum thickness where the t isis t -equ i red 0 We It t hiS t i~~it I it lit ace ol (Ii, s la t’

is eq ual to the time predicted hr the hal t-sp ac e solut (On ~r - *

- - W ith th i s  defini t ion in ha nd , information as to what factors Jet e’nni iii . t i  i t tea I t b i t  ci.

ness was sought * ar requ iring tht ’ front surfa ce of tile s ta t ’  to ate It at time equa l I

it was found that

-
‘ t (~~Ir — 

~ ~~~~~~— II,

seemed to he a fundamenta l d imensionless param eter. I t i l i r a t i o u  ot t- ritic *i thickness

data acquired in the comparison study described *hove sh owed that

a k A l
- I l05crit  ft I

where s - 1.1.

Critical thicknesses and corresponding ‘a va Itios ’ for a ~‘ar i  t t’ v i  W e t S  Is are present ~d in

rubl e 1. Th ese data sh ow that a is independent vi mate r ial  propert isa • i t t  ii her at tid i r s

ver i f ied that t h is parameter is also independent of absorbed intensit  v .

I
-t Thus , it  is proposed that • for slabs o f thickness greater than t h e  c r 11 ical thick —

ness i tq  ~ , one may with confidence pr edict front surface n te tt  it ig time s v ia equations

2 or .e Further , it is suggested that r , may be uscd as an upper bound on front surt’Scc

mel ting t imes t or slabs which do not meet t h is c r i t e r i o n .

it was po iiit,d out above that • [or “ lb ilt ~ $ 1*1’s • equat ion -. vt  8 can he used t o  pt’~’ -

4 tc t front eurfac . melting t imes . In the course of this a tudv • it was iound th*t “ thit n

s lab” could also h. defined in terms 01 the cr i t ica l  thickness. W It h t h is ti~ [i~ii I-ion .

it will h. s hown that the rang. of appi tcahi lit v of equation ~ or $ can h. r~ t~ h’1 1shi~ tI .

4 III. Pefinit t o n of i’hiiii Sla t ’s

4 u s In g squat ions ‘i and 7 , It is eas y to show that the I toni sur f ac. mel t ing  I m is I vi - S

slab is give n by
IT — 
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For thi n slabs the s~ r te. converges extreme l rapidly, and t ’ may be adequate ’ v approx-

Imated by th~ f i r s t  t erm . fbu~~.

C ’ !l ~~ 
~~~~~~~ t’ ~:_, I l t 5

-~~

A thin s lat ’ , it ’ i- our pt i rpt ise • amy I’,’ de f ined  5$ one till fl e’t iot t~~tt  such that th~ ~~ri ,-s

cont rIbution to the surtace therma l response at melt lug is negl ig ib le.  This titi able’s one

to use the ve ry s imp le sqt il t ion 7 t o  predict  I rout suriace tsr It It i~ t hiie ’~ and requi i- es

- . t ’ “ I T  ( 1 , 5

1
where I is sonic ama Li frsc t Ion wti (cii we art’ it rar l i v  ehivt’~ e’ 0 tie Ii,ti l . litce T

F lowe r hound for r .  equat ion L I is satisfied if

-, . - .‘ IT~~~T
.t)1 r i i _ ’’

4 ~~‘ 
sl

Using t he expression tor -r g t v e t t  p r a v t t n t s l v  i l  q $5 . eqtiatioi i  I ‘~ ti ter he r ewritten as

~ lii ~t

-.11~~1’ ~~_ 
t

~~~j~

2 • 
1 2.2 *. - 

~ ) 1.°’
~‘(‘  t cr it — 1_ .

\ 2 . 2  1 3

It is easily shown that equation It’ is satis fied when

.t ’2 ~ 
il •’ S

cr it

I1-iua , it is proposed that • f o r  s labs of thickness less thi~ii about itt t- ,’ e’ — [ lit  its o f  a

cr i t ical thickness • equation 7 or 8 may be’ u~ ad to pred ict I rou t surface itt~ l I ti~ t lutes

( i .e. , r~ ~~
‘
~~‘ Further , since the ser ies Cont rihution is negl ec ted in equation 7 ,

1 
may be used as a lower hound on f ront s urf ace ’ m~~L t i  nt~ t m itt s t o t -  stat’s of  m t  ,‘ i-t ied t a t e

thicknesses ( t i2 
~c r t t  

-- ‘ 

~cri t
’
~
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IV.  Coneltiston

flits paper d.l (u.s a e v i l  tv ~ t t h ickness f o r  a s l a b ~ t iti let’ t e d It’ a t - .’ i t ~ . t ant [ i t t x  v t

Laser radiatIon . fit is cr 1 it ’a 1 tti tckiiess can hi’ used in hired Ic t I ng t i-ou t suit’ face
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C RiTICA l r H l & K N t s s  VS ‘ FOR VARIv t I S  METALS

_ _ _ _

k A r  , **- m‘ie’ta l - . 1 cm — s en — Is k crit z

A luminum 1.84 -t 
611. 0.51 2.27

Magnes ium - 0 .Qt, tiOS. 0,26 2.22

t’ itaniuui - 0,l4~i 1600 . 0.11 2,3 8

stain less-Steel 0 .24 0 1400. 0.lb 2 .38

lead 0 . i2 0  300. 
- 

0,04 2. 08

Copper t ,q l 1050. l.~~0 1.82

Nicke l 0.67 1428. 0.4b 2.38

Cadmium Q,~i44 2~~4, 0.12 I 2 .17

Si lver 4.18 935 . 1.50 - 1. 92

L~ ~J - 

* r 300 ° k
0

¼ ** -
— 5 , c  l0~~w / cm~

Table 2

PREDI CTION OF FRONT SURFAC E MELTIN G TIME S

THEN

I 
£ 2

- - 17 crit
~ 

‘ cr it - ‘
~~~~ 

— 
4~” (2 .2)~ 

EQ 4

t t
j

“ .62 ‘crit — 
2.2~ 

- —
~~
-

~~
— EQ 8

.62 
~cr it 7 <

98

~~~~~~~~~~ 

- ii iii ~~ :~i~~~rT’ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~



-
~~~~~ __ 

—-

~~~

-

(0

5-:

W N

I (1)
I.— (0
-J Z

I
D N I.—

J _J _.

4
_J
(0

(Z3S ) 3VgIJ. DNU.13VV

Si’)



‘

~~~~~~~

_

~~~~~~
:-

~~~~~~~~~~~~~~
—

~~

. - —- — -- - ‘- -

~~~ 

-‘  

~ i:~I 
-- F I

i’tu~ ~~~~~~~~~~ ~~~~~ ~~~ t ;\I ’t :RI’ - :!’- l’A ~\ i ’ t t s~~\ ’ i u ”.
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S. . I c a i t i

-\ ) is C ,ls I

‘~
i i t  t - ~uti 1 s’-  rh, I~~~~~~i s t  uc tu l ‘Js us  or C t s - I _u l:’Cv ‘ets:t - s- : .  Isi s :; :u::d n ot  t r ai ts  -

t , - r .  I’~ dis c - sos - s u: e’:~ s ’, t a t  t~~ - t l . - - I  i t  , st r - ,ui l : :t  s - - - i i : :  u s  lit u Ivu.’s -v i- t ’ l ,u i:t~’
- -  rv the - , -j -  - ~ ,- :  t - C o f  ‘ t iass ~

- ‘ :: ‘ t - - :  t i-a - I s’ii~ - u  C i ; i c~ - ~- a s  I i i  - hc I l w ,

I .  : u t r - 41 - 5 t

1 i , ’ to c :ccr ‘ ,s - r  I ‘ t o  i::pi . t c i . s t : t  ‘1  ‘ I s x i ta : : s  ‘ - ) s s ’S I t - ’ : -: t I e  coo d’ ua i - ic  laser

vii t h e  f oss ’ I,t t a::d c ~ t it i~v 1 s: : i -  : at - cs  , ‘ t  ~i~’ .\: r i - ::,- ‘ ,tst- r j~-vrat rv , ut u nu  ¶ 5 i l i 5

s~~I::u u- S- t i e ’ was d,’ t t ’ loped r i  map It i t  s~~t : i - : s  u p i t t : ,c ’ and s’s I t itS to  its  t s r p e  ra Ui~t’ . l ie

s - x p e ’ r u .e : : t s  i : R t ’ l . u J  :t~ ’ds - l I :;~ t ii:,’ f i s~~ I:. f l i t ’ wind t : t : t : t , ’ i • it i t  i ’ l i~ lu tu - t f t  , ‘ ~~~c-~~’
, ~~i t ’

,~ 
-
~~ LI , ,ind then. :‘s - usur ii: t i t :5 ’ -o~~s cs ’ : : c s ’ : iCra t i _ i t s  of Cii i  5 C race i:as ni vu rious

1 ~‘ca i s  ‘n ttis s i -  t a c t’  v u  the airs: rat 5d ~
- 1 . iv a

~’p Iv h i t  C lie a::a I vu - s  lie tuCeut mass

and ¶ it .l C t an s  I c r  an e s t  u r iot s -  o f  t u e  ,‘ x l t a i : s  t t’1 title’ t t i ~~~’t  lil t tu rs’ cv:  ld be ittads . This paper

,‘utl L t t s ’S ‘t i - t h o ’ i s - t  j s- ,u I l’aa i:; I i  l u s t - s -~:it ’u il’s - t t  S .

11. s’ I I n l t  I - :  Ot : s r t t s

- , r jt ’ W I S  t ut :I ’,r -, 1 ,‘ — - 
r 

— -  = -

— j  -c . (I

where
lvii i : - : -  v i  5, - n  i t S -  ~‘ , - t  I

u I’ra nd~ I , : t- Iu u-

I Ilu n~~ I d i f  t its iou s-vt ’ ificient

— t N’ t i I u t ~ hcal s i t  couista uit pi- e s s~trs-

Ii s u i - a l  s - u ’ ns l : :s - t j v f  Iv

St . - : s - l i : - t - h  ~n - - l - o r  —

: . u s ; u  t i l l  :~~ t v c u - I t  i s  S , t : t  0 h 1

sic us I iv , thuS S Un i t 5 ’ ’  h Ilt ~‘

Ii — i”:uiu s d i  i t  its to - - cs ’s’ I t ic lent for cstnuponent
j  in ,u multi—component mixture

~, 
ino is’cu l,ui’ therma l s l i f f ut s iv i tv  k oc

Ilalor , I sit- • Instructor vi ~cronatit ics. F\N 
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~ f ltej  t c ,~ua 1 to mc r a~d t lit ii I I 5 ’s-i s ds ’w:tw ,i rst s t i  r l o t -  ‘lit a r v tt i l  I us ’ c - ‘  I i~ > ‘ - - u - i - si it- —

itt ’ the heat t lux pet- : t : t i r  .115 a t l t r o u t c l a.i i s :

:1 q = ~~~~~~ -~~~~~- -~ 51

The turbulent s’Xst lsa :ist t’ causes  a nsi i,, t lvi,- i- -i Cs - iw r ta t  it  ut - s-si v i  out ,  coin l’u ’ :ss ’ Itt 0!

mixture
_5~

_
. i,- _ 

-

1. - . ‘- ~~~ J _ _ ~_i -
-

S ~~~t 
I

~i”idi:u t heat flux liv mass f low rate we h as’s’ t h u  ts i II’wi : ic r ‘u t t : r ln: ls’ i t t  I

di 1 _ ’)
- di,’ .

For the ana lo~ v to bo ld hctveen laminar and tui l - - ;  I s -n t  I lows rbs ’t:

C ~

or ,

We are now able to re late the mass frac t ion di I t ~
- reac t ’ iv ituc I t t  ‘5 i-ui t t t r s - di f t c  u- s ’ t : s C

in a flow . If the Lewis number is otto  , we have ses’li :ul’ s ’\ ’c t ins t In’ rat  i ,‘ of  h i s ’S t I tx

to tu~~ss flux at any particular point in the low is the so rs - 1. u rs l l t s s  of cl:~’ Cvl ’ c’ s’f

fl~~ (laminar or turbulent I . It follows that Clue ’ re lot t s ’ t i sl: p l ’ s’ ti,-5- ,’u: Ls ’ t - ps’ra to rt - suid

mass concentrat ions at any particular point in the I ru’o s t r s -a:- -  ~ uu d au tv ti,5~ s ’t l:s - r

locations in the flow are also the satu~i.

i
_ I’ I’

— S. 
~~~~~~ 

= . - 
-
-

~ I 1O~- t.’

or ,

T T I’
- 

- - 
11 15

i: — it ’ 5. , — ‘ ,~~~~

adjusting this equation ,

r 
— 

r 5 ~
- 

— -~
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Experimentall y ,  if we desire to estimate the temperature in a flow (knowing the

temperatu re in the free stream and at one other loca tion in the flow), we can do so by

modeling the flow and introducing a tr ace gas into the flow . Measuring the mass fraction
of the trace gas at these locations and using the following equation , we can es timate the
tempera ture

T — ~~~~ (T - 1’ ) + ‘l’,,~ (13)

This equation of course assumes that the mass f iraction of the trace gas in the free
stream is zero (tii ~ 

— 0)

IV . Conclt ’sion

-k
Experiments verif ying t his techni que have been performed by a number of researchers

and are s ighted Jn Reference 2 pg. 472. This techni que was used to estimate temperatures
in hot exhaust gases of the Airbo rne Laser Laboratory Laser Exhaust Plume . The experi-
ments were run in the subsonic wind tunn el at the U.S. Air Force Academy . The results
of these experiments are repo rted in Reference 3.
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A i ’st t’ &s ’ t
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this Pepsi- tnn’nt ot’ Avt ’esnsu (Ii ’s 12 ’’ wi nd t uitni ’ l~ • An anal v a t s  vi i- hi’ pt-~ils lent areas of the
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( ‘t ’flIflpt’ t’ Is I lv as’s I Isi ls le is’ I ilsI t tutu,’ Is • w i t h  a 1.’’’ si isine t ci’ ci  I- tnt I at - t ,‘st si ’,’ lion , si-i’
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Atr f  low 
& 

- Test 8tand Fan

‘~ ‘—-Scales and Pointers

Ft ~~~~~~~ i . WI tust r isiiiu’ i Cittus t i-~~~ t t

‘.‘r,’Iu ug thu mb-screws at -c provIded to se t the pointers to acre under iw-wind conditions,

A lt - is th-awu through the tunne l liv a four—bladed el ec tric fan mounted at the wind tuuuutel

ex I t .

4
Il l. M.~~h$ntcal I’s s ree -Measn r i iu& Sy$t ~ fl!

- ‘ e ,  i i t t ansi mt-ag vs Angle vt Att ack

P For (ow suiglea -of-atta ck , u, ’
~ 

c hanges tuca r ly linearly with angle of at tack , w h i t e

the 
~~ 

curve (a parabol ic . hirag is always posi t ive , whe ther a is positive s’t nega t ive ,

whit e t Il t call t ake on posit ive or negative values. Figure 2 shows an ideal plot of

l i f t  and drag coeffic ient . vs a.

FORC E
COEFF!CIENT

C

\

~~~~~ 

f~~

Ft g tit. ’  2.  I’s-p 1 uI I - I t t  lOut f l i uu g  u , ,’,’t I t s - lent a ~~~

lilt,

I-

— -- — - .. _ i  -- ‘ r : ~~~’ ’
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15. P~ inter Const ruction

Figure I shows the prese nt method of measuring and indicating l i f t  and drag

ts’ r e’i’S wI th u  the s’l.ssroonu wind tunnels. Lift and drag are measured using the same method

~s s us lv the’ lift-measuring system is ahoim’I . Lift forces the model , test stand , and steel
spring u pward , pulling a string In the direction indicated. Th. string p u i i s  on the

~‘s’(tuter , whit-hi (a balanced liv a co u nterwei ght  and a small spring. ‘he small spring is
omitted from Figiure’ I (sir s impl ici ty .  As l t t’t increases , the string is pulled and th.

poluuter insures toward rime righ t , indicatin g an increase in force.

Lift
4 ,-

~~
Test Stand - -- -----~~, .4 “-~~~~~~ 

- . ,~“

Thnnel Ch~~~ t s -

~~~~~
Pull.y ~~--_ ~~~~~~~~,,- -— C~wtt.rw.ight

F Igeit- ,’ 3 . Machan I cii I F’’ run’ hicaqeir ing Svst etc

As l i f t  decreases, tension to the string is relaxed , and the counterweight and steel

sp ring force the pointer hack to  the left , indica ting a decrease in force . The

mechanical system is not capable of indicating downward-acting lift .

C . (‘soap of Point er Fluctuat ion

the stee l spring is not very stiff , and the pointer assembly is of low-mass

constructi on. Turbulent flow inside the wind tunnel causes the modal to vibrate couu-

s iderablv. the fan causes the entire wind tunnel to vibrate . Together , these two

e f f e c t s  cause th e poin ter t o fluctuate erratically , making accurate readings very

dl If icu l t .

I’. Resultant fla ts anti Uncertai nty

hk~st iii the test models used in this particular wi nd tunnel (1172 scale models ’)

- - 
produce a maxittautu l ifting force of 0.70 pound . Some larger models i t /4 ~ scale ’ ) produce

4 
up to one pou nd of l ift. Typ ical values of l ift change by on ly 0.02 pound when 0 is

changed by two deg rees. Corresponding changes in value s of drag are only about 0.01

poiatd. However , thc pointers fluctuate up Cc 0.06 pound for both lift and drag. This

fluc tuation covers a greater rang. than the distance betwe en two data points. A 0.06

107
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pound f luc tuation for a incit e 1 proeluc ing ~l• 70 pouttd vt  lif t  equates to aim uncertainty of

up to ‘4’~.. I’h is same it tic tus t ion list- a uuiax itutunu it rag s it 0 . 22 pound u, typ ical lou’ a I / 72

scale model ) equates to an unce rtaint~- vi up to I ? .  F igure -. s hows a ty pical range

o f pointer fluc tuation against a calibrated s cale.

Scale - 
~

- - 
_ 

_ 5, -

Range of Fluc tuation — ---- - - 
—

Pointer - -—

-t
F’ i$ u u i . ’ ‘I. l’s’ (flte’u’ 1”! lu , I u i .it lvii

When data is taken and lift and drag cvet ~~icient. are plotted against angle-of-

attack , a large range y E uncertainty is evident as is shown in Figure S . it is des i r-

able then to reduce the range of uncertainty as much as possible . Time improved m etro-

mentation system presented here was developed to as’csunuplish this goal.

~~ 
RANG E OF UNCERTAINTY 30 RANGL or UNCE R TA INT~

-
~

0 2 4 6 8 t O 1 ,2’ 14 16 0 2 4 6 8 tO i .2  14 16

ANGL E OF AT TACK t~ .) ” ANGLI OF A T T A C K  (c
~

) °

I-I g u s t . - S - ‘I,’, lu,iul I, ~i 1 (usIa i ns  i’m t it liii s’

108

_~~~~~~~ _ . .
_ _ _ _ _ _ _ _ _ _ _  —-



lv . ~~g,ita1 Measurement Sys tern

time use o f e lectronic circuitry to solve the pointer fluc tuation problem was chosen

because of its simplicity and versatility. Voltage fluctuations caused b y time wind

tunnel vibrations can easil y he smoothed into steady values with filters , and electronic

signa ls can he’ easily contro lled and measured.

A. Force Sens ing

Strafn guages we re used to sense lift and drag forces . These devices measure

time amount of bending that the steel springs experience. An enlarged strain gauge is

shown in Fi gure ti. The (oil pattern has a nominal resistance of 120 ohms . However ,

when the strain gauge is stretched , its resistance will increase by a s light amount.

Sol,tu.,r Poi~u t  ‘— _
~~~~~j~~~~~ 

- - - --—--
~~

- -

Resistive Foi l  - -  
~~~~~~~~~~ 

-

Plastic Facktng -

~ 

._L.-
~-Mounting Guide

I-’ ig u u t e ’ I’. St u- _ u tu u Citusge

Conversely, the resistance will decrease slightly if the strain gauge is compressed.

The change in resistance is proportional to tu e amount of stretch or compression the

stra in gauge experiences. Cite strain gauges were mounted on the surfaces of the steel

springs as shown in Figure 7.

Stz*in Gauge

_ _ _  

Steel Spring

Circuit

F’ t gure 7.  St u - _ u lit C,suug .’ Mount lng

In this configuration , as a spring is def lec ted downward , the strain gauges would be

s t re tched , and their resistances increased . On the o ther hand , if the spring were do-

flected upward , the strain gauges would be compressed , and their resistances decreased .

Fig ure 8 illustrates the stretching and compressing of the s train gauges upon bending of

the springs.
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StraIn Gauge

— Steel Spring Compr eas ion -
Downward I / I.ow ltes (atance

,~~~~~~~ fl ef lect ion 
- 

-
~~~~~~

-
- I 
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F I gure 8. St u.s l u s  ~~ut ug, ’ S t i . -t  i t t  md ‘uinupit -ss t ouu

B. Strain Gauge Mounting Problems

Strain gauge’s must bt’ precisely mounted to give proper indications of spring

def lection. Norma lly , a refe rence line is scribed on the surface to which the strain

gauge is to be mounted , and the gauge is aligned with this reference line, as shown

in Figure u5~ However, because the test stand springs were located in hard- co-reac im

-~ locations , a reference line could not be scribed .

3cribe d Reference Lint
- - - -

-
.
~~

- --.‘ -
~~

-

/ /
1

C i d ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ’ Mounting surface

Strain Gauge - - - _ _ _ _ _ _ _  -

Figure ‘-1 . l d c s l  S i t u  In u~ su s gc M ou n t  t u g

As near proper as possibl e strain gauge alignment was estimated isv eye. Atu a result ,

the strain gauges ended up slig htl y misaligned as shown in Figure ’ 10.

Str*in Gauge

- 
- - 

______  Refe rence Line

Mteal ignsent

F (gur u’ 10. Si u- ,m l it u ; seigi ’ M l  ~i.u i t  gnun -nt
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To properly mount the strain gauges in any future endeavors , the spring unit should

be removed from the wind tunnel. if this were done the springs could then be p laced on

a suitable workbench where proper mounting procedures could be followed. This was not

done in this first modification because of the time involved and the difficulty of

disassembling the wind tunnels.

C. Conversion of Force to Electrical Signal

Through the use of these strain gauges , lif t and drag forces on the model pro-

duced an electrical resistanc e in an electrical circui t. The strain gauge resistances

changed linearly with the amoun t of force ac t ing on the model . The gauges were arranged

in a Whaa tstone Bridge circuit as shown in Figure Il. A change in aerodynamic force

caused a proportional change in voltage . The potentiometer was adjusted to provide

aero ou tput voltage under no-force conditions.

-
4 ___________________

T
~~~( 11.-e---——Stratn Gauges

Figure 11. Strain Gauge Bridge Circuit

0. Temperature Compensation

Only two strain gauges were mounted to each steel spring in the wind tunne l.

The other two strain gauges in each bridge circuit were dunmty gauges , mounted on a stri p
of altnuinmmt and placed in close proximity to the active gauges. As a result , all  four
gauges were always subjected Co the same ambient temperatures.

(in many circuits using active, and dunety strain gauges , the active gauges are

remotely mounted , while the dunsity gauges are mounted with other circuitry . The two

types of gauges are then subjected to unlike temperature s , and they have different
nomina l resistances. As a result , the electrical characteristics of the circuit change

as tempe rature changes. To avoid this problem , the dumany strain gauges were co-located

with the active strain gauges.)

E. Electronic Filtering and Calibration

The strain gauge outpu t signal with a S volt power supply was about 1 milli-

volt (.V) p.r pound of force ac ting on the model, However, the signal fluctuated as

Ill
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the springs vibrated. The signal imad to be filtered and amplified before the true

signal could be accurately measured. Ftgttre 12 shows the voltage front the strain gauges

with these random fluctuatio ns ove r a period of t ime.

vo lta g e

o

4 
Figure 12. t u i t  ii tered St ra  In Gau ugs - Vssltag..’

This signal could not be disp layed as a fixed value. Howeve r , the fluctuations wers -

easil y fil tered with the proper electronic circuitry. The voltage then appeared smooth

and took on the average value , as shown in Figure 13. The vol tage was also amp lified

to a level which corresponded to the amount of force acting on the model , so that for

example, one pound of force produced one volt , 1.5 pounds produced 1.5 volts , etc.

voltage

o ~~tt me

Figure Ii. Filtered Strain Gauge Vo l tage

A low cost operationa l amplifier (op-amp) using a feedback resistor and a feedback

capacitor was used to accomplish the filtering and amplification . The op-amp circuit

is shown in Figure 14. Amplification , or gain , was adjusted by varying the value of

feedback resistor R,~.

znput
0

~~~~~I o ~~Arn:

F

~~~~~~~~
Put

Fig ure 14. Op—Amp C irc ut t

1(2
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Ga in for the circuit in Figure 14 is given by the equation: Circuit gain —h—— . Fi l t—
S

er ing was accomp lished by the parallel combination of and C F~ 
The time cons t an t

formed by this circuit is the product of tohrns t X C~ ( farads ’i and is expr e ssed in

seconds . A larg er time constant will allow the circuit  to pass only lower frequencies.

therefore, it was des irable to have a very larg e time cons tan t so that only d irect

cur rent ~tx’) was passed . Consideration for values of and (
~~

. are discussed in

Sect ion lii , .1.

F. Digital Force Display

To read the voltage produced by the op-amp , a digital vo 1~~ueter ( flVH~ was used .

if  the amp lifier is calibrated to produce one volt per pound of force , and there are

1. ~-. pounds of force acting on the’ model , the digital display would indicate f,3’lU .

C . Lift Measure at Negative Angles-of-Attack

rite mechanical pointers, as they come with the wind tunnels, are’ rigged so that
they can only iadicate lift in an upward direction , 5~s the model can only be tested

for l ift at positive values of (~~. Howeve r , the test stand is adjustab le iron 2O ’~ nose-

up to 20 nose-down. Fortunately, tiuc digital measurement system produced a negative

vol t age wh ich was proportiona l to l i f t  acting In the downward direction , and the DV~-t

used had the capability to indicate negative voltages ; therefore , an added capability

for negati”e lift measurements was achieved . For examp le, if the test model was

oriented in the relative wind at IY -10 
-
, giving rise to a 0.33 pound of force in the

downward dir ec t ion , the DVN would display ~73 7j 7—.

H. Dig i t a l  Measurement Uncertainty

The digita l instrumentation circuitry was calibrated tis produce 10 millivolt s

per pound of force. The amp lification was kept low to reduce the cost 5s f the c i rcui t ry ;

the DVII used , however , was prec ise when measuring low voltage signals. The D~~t ~Us p lav

fl uc tuated within a range of 0.010 pound. For examp le, a 0.43 pound of force would

cause the DVII disp lay to fluctuate from “0.425’ to “0.435” over a period ~ f time . i’his

uncer tain ty is six t imes less than the 0.06 pound uncertainty experienced with the

mechanical system. The digital system produced , therefore , l/t’ the data point scatter

of the mechanical system. Figure 15 on the following page slmows graphically how the

digital system reduced data point scatter. Dig ital uncertainty at maximum value’s of

lift and drag was under 1.5 for lift and under 3. O~. for drag.

4 U i
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Figure 15. Digital Data Uncerta inty
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1. Digital Circuit Equipment l)escriptieut

lime external feature s of the Fllter/Aemp lifier are shown itt FIgure lu’ .

10—Turn ~~ro1n~ ~.
_— Selector Switch

Potent totse t er - 

- 
- - -

~~~~~~~~

Banana !acks 
~~V~~~~~~~~~ - -st ~~tn  Gauge input%

F l ~~ut , - I~~. F U t e r ’Am p l t f t e r

Refer to the Appendix A for the circuit schemath- . Five volts were app lied acr oss  the

strain gauge bridge cIrcuits’. ro zero under no-force cond it ions 5k ~) potentiometers

were used to set the bridge cix-cuit output voltages. ero~ g had to be accomplished
becaus e model s of dlxfe rent weight def lected rite stee l springs by different amounts

when they are mounted to the test stand. The potentiometers were 10-turn types to
make zeroi ng easier , as this was a sen~~irivt’ circuit.

the strain gauge bridge circuit acted as a variable voltage divider. As the act-
ive gauges were deflected , the bridge circ uit output vo ltage changed. The selector
sw itch selec ted lift or drag strain gauge velt .uges . This voltage was then applied to

the op-amp inputs . The positive strain “auge signal was applied to the invert input ,

so the output was 180 out of phase with the Input. For positive deflections , the

lift gauges were in compression , and the drag gauges were in tension. For this reason ,

dumisny and active strain gauge arrangements were opposite in the lift and drag circuits.

The calibra tion resistors i,50t~ (~ moltiturn trim potentiometers
’m were selec ted by the

selector avitch in conjunction with the bridge circuit voltage selection. Vary ing the

values ot~ these resistors changed the gain of the amplifier. Therefore , amplification

could be calibra ted differentl y for lift and drag using only one op-amp . This kept

par es costa to a minim ums. The I u F capaci tor , in parallel with the 500k 0 resistors ,

formed an gC ac t ive filter with the op-amp . The DC Offset potentiometer was a multi-
turn trim pot. It was adjusted so that the op-amp produced no output voltage when no

input voltage was present.

115
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1 , Filtering vs 2erotng ~x~~- L-u s

h o r ~ t i~ a l t v , the digital system should be capable of f i l ter ing all of the

st ra t u m  ~auce voltage fluctuations as shown in Figure 12 . However , because the airspeed

fluctua ted ~nd the I:*’Je’ 1 and the v i utJ tunnel vibrated ex cess  ive lv  • an excessively large

f - J ~’ac~ cap e- i t o r  ~. exces s i v e in the sense discussed below ) w~u1d he needed to comp le tely

u- ... t ku ~u_ tt  ~~~~

- i - i g l na l lv , a ~‘ ~ C feedback capac itor was used , as is shown in Figure 17. For

a c~~l ihr a i on of 1 ~~~~- per pound , the value of was set to 100k a

500k ~-

~~ ~ ru :~- i ~0— ~~~~~ •- 
~~~~~~~~~~~~

10< - - 0

~ - l~~. 
,- - 1l’u- k C i r cui t

:h~- tiu ~~ ~-oustant was lOOk O x  S aY • 0.5 seconds. A typical time constant is shown

itt Figure l~- . An it-pulse voltage at t — 0 would cause the output waveform shown.

voltage

I C

Figure’ lt-t . t ime Constunt

The time constant produces a lag in response time in the zeroing circuit.

liter r u e - zeroing pets are stopped rotating , the output voltage would continue to rise

or f a l l  f o r  the duration of the time cons tant. this t ime lag, coupled with the high

sensit ivity of the circuit , made zeroing a very difficult procedure.

to a l l evia te the si tuation , a tradeoff was made between filtering qualities and

ease of zeroing. A I ~~
}. capac itor was substituted for the S ~F capacitor. The

resultant time constant was 100k O x  I ~F - 0.1. Zeroing was made easier because of

LU’

- - —-  - - -  - - -
~~~~~

-
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the smaller time lag. ‘l’here was also ve ry litt le difference in filtering quality

between the two values of capacitors since stoat of the fluctuations were of shorter

per iod rhait 0.1 second. (See Section V for an improved zeroing feature.)

V. Results

Figure 19 compares the uncertainty ranges of the mechanical pointers and digital

disp lay. The improved characteristics of the digital measuring system are quite

ev ident. The test data showe d that the digital measuring system did reduce the un-

certa inty error by a large amount (6007. reduction in lift and as much as a 5007. re-

duct ion in drag) resulting in a significantly improved data quality.

V i. Cost of Modification

The circuitry used in the modification was designed to be low Cost. The price of
• all circ uitry, excl uding the i)VM , was about $230. Because the circuit used very few

components , it had low gain. uucput was only about 7ntV for a 1/72 scale model at max-

inn~n lift, To read this low voltage precisely, an expens ive IWM (costing around

$1400) needed to be used . lime DVII used in this modification was used by time Department

of Aeronautics for a variety of app lications aumd therefore contained many features not

required for this wind tunne l modification. ‘l’he same digital accuracy can be main- —

tam ed by further amplifying tite strain gauge output voltage front our lOntV/ lb to 1V/lb .

This higher voltage could then be measured witim a low cost l)VM, available for about

$150.

- 
- 

One drawback of the initial circui t was tiuat the t inue constant changed when 
~F 

~~~~

adjusted. This circuit was greatly Improved by using only $3. 00 worth of additional

parts. The improved circuit is simown In Appendix B. l)uring zeroing , time filter

capacitor was cut out of time circuit. i’his reseulted in no time lag during the zeroing

opera t ion, yet it permited the capacitor to be large enough for improved filtering

qualities. The gain of tluis circuit could be set to 1V/lb. or to lV/tlewton. This

higher voltage could easily be read to the tlmousandtims place by a low cost DVII.

Using the improved circuitry and a low cost I)V M, the cost of a single nmodificatioim
- 

, would be $383. The c lassroom wind tunnels are currently available at a cost of about

$2 000. Therefore, the cost of the modif ica t ion  is only l9-~ of the total cost of a new

wind tunnel.

Vii. Conclusions

The classroom wind tunnels itt their original configurat ion can only be used for

basic aeronautica l demonstrations with time mechanical measuring system. However , wi th  the

L 
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improved accuracy of the digital measuring system described here , time wind tunnels could

be used for more exact experi mentation by und ergr aduate students.

l’he electronic circuitry used in the digital measurement system was inexpensive and

readily availabl e front electronic supply houses. A student cou ld easily obtain riu~’

required parts and build a new nueasuronment system in about one month.
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- VIII. Reconisstmdat iouø

I’he d igi ta l measurement sy stem should b. reto ims i r u te - t e d us i n g  the improved c i rcui t ry

pro vided in Append ix Li . 1’h is inipr.’vcd c i  reuu I i rw f Ui the use of  a iu’w cost  DV~i. I f
timers are any future plans I .‘i- us iumg time 1 . ‘ wi uid t tutni. is tei pm-cc I se expet- Iment a, I

* 
reconsnend tha t a l l  wind tunnela couuimui t ted t .~ t t i t t . .  pull-pose bt’ mod I lied to the D ig ital

dis play system .
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A COMPUTERIZED UNDERGRADUATE AIRCRAFT DESIGN COURSE

C. T.

ABSTRACT

The integration of computer programs with an undergraduate aircraft desi gn course is

descr ibed with emphasis placed on the cemputer program known as AER O464RPV , which was

wr itten specifically for the course. Timis approac h to design education has proven highly

ef fec t ive at the Air Force Academy during the period 1975 through 1977.

The course is structured t o  require periodic tasks of students throughout the semester

to inc lude (1) an initial weig imt estimation, (- ‘)  wing, fuselage , and tail de sign, and
•1

- 

I conf iguration layout , (3 i  lift , •‘c ro— lift drag, and drag—due—to— lift determination , (4) a

ref ined fuel and empty weight analys is , and , finally, (5) a final report. Manual calcu-

lations are required for all tasks , and extens ive familiarity with the design process is

emphasized. Computer programs may be used only after initial manual calculations have

been comp leted.

Two computer programs are used. The program identified as AERO464RPV was written

specif ically for the design course and employs course method s, This program is discussed

to some extent in the paper. It requires basic vehicle geometry, aerodynamic coeff ic-

ients , and a mission profile to be entered as inputs . Output is controlled by an input

var iable , and progresses in comp lexity as further information becomes available. The

program computes we ight/fuel fractions and “flies” the vehicle while attempting to

ach ieve convergenc e with a historical empty weight. Ear ly in the semester , initial

geome t ric da ta such as wing characteristics and fuselage volume t ue  available as output.

Centers of gravity follow after component locations are established . Fuel tank sizing

is au toma t ic and a refined we igh t analysis is possible. Finally, fuel sequencing, stat ic

- 

- 
margin s , trim drags , and a t ime history of fligtm t are all obtainable by the end of the

semes te r when s u f f i c ient vehicle data is available. This program ’s value lies in the

fact that (1) only course methods are employed, (.~
) its input and output structure allows

*ptaj or , USAF , As sistant Professor of Aeronautics , DFAII
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the student to develop an initial data deck and add to it as further information is

gained , (3) rap id evaluation of desi gn change s is possib le , (4 ) previous output may be

re-generated mere ly by changing one input variable and without having to disassumbie or

rearrange the data deck , and (4’ its structure allows for modification to accomodate any

f ig hter- type vehicle, The ba seline vehicle is an advanc ed RPV using a J- 85 turbojet

engine. To date , the program has been successfu l l y modified and used to investigate a

manned , t ighter/trainer/ ECM veimicle , and now includes a TFE 7 i I-~ turbofan.

The second program , known as DIGITA L DAIt OM, predicts aerodynamic coe fficient s 4nd

-4 stability derivatives for the wing, tails , and fuselag e as well as for the integrated

configuration. Its unique input and output capability a l lows  the student to input either

one component (e .g. w ing) and receive all pertinent information or t o  input time entire
I

configuration and st i l l  receive individual component results together with t ime to t a l

configuration results , The coefficien ts obtained here are used as inputs to AERO4b4R~ I.

It should be noted at this time that DIGITAL DATCOM is a 197 1 version which was heavil y

modified for Academy use, A new and expand ed version ident ified as AFFDL-TR-7t~-45 and

documented in 3 volumes was recent ly publi shed by the F l i gh t Dynamics Laboratory . Wrigh t-

- 
- Patterson AFB , (~iio .

To date , AERO464RPV ha s:

1. Successfull y been employed over 3 semesters to assis t  stud etmts in accomplishing

rapid design changes , and to eva luate the e f f e c t s  of these changes .

2 . Demonstrated a clear advantage over other computerized methods due to the fact

that only course methods are prograiimmed , thus allowing isisediate duplication of manually

acquired data and instilling confidenc e in the student .

3. Enhanced the student ’s learning process by providing ad equate data upon which to

base undergraduat e design decision s .

4. Added to the student ’ s appreciation of the interrelation s hip s between configur -

ation , center of gravity, and aerodynamic character is tics due to the building -up process

of the data bank as well as the extensive capabilities of the progr am.

(24
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5. G iven the student an appreciation of the usefulness of the computer as a tool.

- 6. Demonstrated an adaptability for conversion as ev idenced by its successful modi-

fication and use where a multi-role , manned fighter was investigated.

- In light of the above, it is conc luded that the use of a baseline computer program

employing onl y course methods offers significant advantages to an undergraduate aircraft

design course.

I
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A IF:CiINIQUE FOR VORt iCi 11 MEASUREMENT IN CNSTEADY FLOW
*John I- . Keese e

Michae l S. Francis

Jame s ~l. Lang

AbS l’FA(’ r

A technique is described for determining spatial vor t ic i tv  distributions in non-

stationary f luid flows exhibiting a periodic . ime—varying mean ve locity field. Al though

vo r t t c ttv  is one ~f the most significant physical var iab les  in  many complex flows involv-

tug shear, it is a quantity wh ich has been d i tt icu l t  to measure acc urate1~- , rime method

discussed tim time present paper is one based on a simp le pr em ise which involves no

assumptions on t ime dynamic nature of the flow and is therefore inherentI~ accurate.

The basis for the method lies in the generalized d e ti n i t to i m of circulation as

fo llows

r(t) ~~~~ ~J’(~ ,t) di(~
’
) ““I

wimere

r is the circulation about a closed spatial contour , c.

1 d~ is the inner produc t of the velocity vector with ~hc local patim vector

on time contour , c.

Equa t ion ~(‘1 can be re lated to the vorticitv variable througim Stoke ’ s timeoreni :

• di~~) ‘
~ff c(;.t) dI~ ’) ~2\

where

T - T x .v .z .t” is the vortic ity vector.

A is a capping surface of the colmtour . c -

I t  A is taken to be the p lanar area enclosed hr the contour in the xv-p lane , for examp le .
one ext racts  an expression for the spatiall y averaged ~~— ~~ a-component el vort i c t t v :

~ yt)  ~~j~~~~.t) 
. dt(~~

Capta in , l’SAF, Reaearch Assoc iate. i-LTSRL
**Capta in , (‘SM, t h ie f .  Mec hanic s Divis ion . FJSRL

***Ma~or , USAF , Associate Professor of Aeronautics , IWAN
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If a number o t con tours  are arra nge d in a relative lv ( t i m e  miesh conf igurat ion • the  ~1 t at ii —

hut ton .st vurt ic l t \  iii t ime ~•tic losed region caim be inferred, lime sima tat I lv averaged

a —coni ponen t ot  vo r t Ic it v t or the “ i — tim ei t ’memm t 01 rime Is’s h can timt ’ mm ‘c dete ’ rimmim med fm-em

th e to t lowing re(at ion~

~ AT .~~ 
ti’(~ . t )  • di(~~)

i C I

S (ni t (at- express ions t o t  I he 01 a- m ~-o i t- i c  t r y  L~0lil(i0Ilt 1 ii can he obta l imed hr orthogona l

ro ta t ions  o t  t ime tn t,’gm-a t ion platte ,

~he pl~o Lt ~Iutt’ i two I ~-ed in eva lust I nt -. t hese t o t  c~ ra Is m-equi i-es the ace ut -s te measure —

r emit 01 ‘j .- 1o~ I t v t  \ c o~
- i t  v ~-~‘t~4’on,nt s at vat  tous s ( ’ l t  1.11 Io,- .it t~’ mm~ . ~t m t s  ~- atm I’, i~~~~’I~l—

p1 tshe’d with a o t t- be t-  of ve’ locitv nleastm renmemmt Jt~- ict’s currently ava i lab ti. . A stiff Ic l en t

number 01 samnp l trig locations nina C hi’ employed a loimg each contour segrietit for an a~-~- nm-a ti

determination ot  the integral.

-‘i primary eomms t de r a t  iou for most rea l flows of interest is t ime extraction of a rime —

vary trig r- ,’an value o t t ime’ ( l tmtd ye b c  I rv from a d at -a signa l wh t c i m a Iso com mta ins r~ ndi’nm

f luctuations caused hr turbtm lt’nc~ and not se . In this cast’ • a velocit  component . or

ot her f low variable q , can be wri tten in time lot-nm

q( t )  
~flT + q ’(t)

where q den~ t i’s the t tnme — va ry tug nmean value e t the’ var i able q . and q ’ is a random

f luctuat ion  c imarac t .’ rtaed hr the re lat io n

~ 0

rhe time — varying mean value et time variable’ must then 1’.’ extracted b~- a phase- loc ked

ensemb le averag ing t’t’ tmum i que. lii time present app l ication , equation t~~
’1 can be

rewri t ten

~
—j tT~x’. t)  dt(~)
1 C~ ~~

-

wh ere the overb ar represents an ensemble averaged time-varying value of  the variable’.

An evaluat ion of the enti re time—varying, spatial v o r t t c t t v  distr ibution involves

the determinat ion of th. ensemble average of velocity at each measurement lo cati on .

A sample of an instant aneous cycle of data is cons tra ste d w ith its cerrespommd ing

ensemble ave rag, in FIgure 1. Each ave raged data set may require from a t e’w to several

hundred data “ records ” depending omm the level of turbulence at ti mat location , rime
-
i-I
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Osc iflat lon frequency . f 8.2 Hz

q(t) q(t)

taceipotstud
Enas.biI

•,
tot iutttait•

Cyclas 
, .

q(t) q(t) 

~~~~t/T -, t/T

Figure 1. Comparison on Instantaneous Data Record wi th
Corresponding Ensee~1e Average
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subsequent spat ia l  integrat ion around each ~‘euitonr requires that th e’ indi~’iduua l tempora l

emmse m hle averages he stored for later examination as new It -asurenu ents are taken. S i nce

the mesh may involve a large number of & - lements • each i t se l f  ii contour , there is a pot -

c u t -j a b  requirement t o y  the hand I immg 01 a massive am~-nmnt o f data , d ie t  i t inc a need for a

digital comput er-based data acquisition system.

To demonstrate the usefu lness of the method , an experim ent was constructed wiuerebv

an unst~ adv , separated f low was generated behind an osci h ating fence-type spo l Icr on

• one surface’ of an a i rto i  1 ~NAcA 0012 i in inconup retsi l -  be flow. Fhe experinment was ~on-

• ducted in USAF Acade nw s .t’ l in 2 f t~ x .~~l in (3 f r \  subsonic wind tunnel. The spoiler

osc i llation frequency could he fixed at values between 0-30 liz . Spoiler mean height

and amp litude could a lso hi ad jus ted  (o r a given series of measurements.

~ A mu lt i-component constant  temperature , l inear ized hot-wire anemomet rv svsr ~’u ’ was

employed for ye b c  it - v  f ield rneas lrer’e-ui rs In the reg ion surrounding the rove is” I low

portion of the separat ion zone . x ’ -geor’et ry probe was oriented to provide two

orthogona l components ot ve loc t t v  (0  0~ in tegrat ion plane - A nalog output vo l tages

d i rec t ly proportiona l to  the inst an ian,- ’ s ye ( ‘ c i  t v c ’ n p t ’nen t mumagn~ tu des were then

sanmpl ed by a (‘Di’ II, -~ ~ dat a ac qu is I t I ~‘i ‘ ‘ - - ai h r, -as tut - t ’me n t loca t ion , data

records having a icngt tm et one and ‘ i t - a It - . i’d  c - , t o s c i l l a t i o n  were’ t i- i  cih’red into

the computer by an I mi te lie pick ~ip ~ *e - I s  • .1 out t p mm t - i  responded to a presc r I bed

va lue of the spoi ler  hei- ~ht I’his~~’m - s  -t ‘‘ •-~~~t t. -~ t ~‘t  phase—lock ing the i n i t i—

ation of samp ling to an event v ! - t e -1 -  ‘i m e  t ; ’ - - ~~~~, o m a : ’ ,- r i - ’d ic f low t j e ld  dt-ive’ . .\

general scimenma t ic of  the exper t  ‘1 t I  ‘ a n - a  m 1 .s is i ’m ’- 5. - n t  e~ I in Figure 2.

rhe ~ata reduc t ion al gorithm invo lves L OI1VC is S I  - I vo l tage to ve loc i ty ,  ensemble

averag ing as discussed above , and subsequent s te rag , - •‘t tim e’ averaged data on disk. Fach

data set was tagged with the probe location and :me -rodvnanilc reference data m pressure .

temperature , free s tream velocity , etc, ’l . lime use of hot-wire anemometer probes pre-

sented certain limitations on the possible measurement locations due to  the intermittent

reversing nature of the flows . Data va lidation vas , therefore , ttcconmpl ishe’d us j ug both
analog comparator circuits and a sof tware-verif icat ion scheme in addition to f low visua l-

ization photographs. A complete discussion of these restrictions and the validati on

scheme is presented in the paper.

The probe was moved and accurately positioned by a motor ized three-dimensional

travers ing mechanism having a continuomis analog position output. ipon comp letion of the

storage o f each data set , program contro l was e’xe rcised to i-cc ‘s it ion  time probe through

a ~ A converter voltage output. his  voltage was emp loyed to d ive severa l sets  ol

solid- s tate relay s in a power distribution circuit. Time data acquisit ion amid re’posit-

liming process wa s accomplished until time entire contour seqt mence was completed .

I ‘‘1
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Finally, disk stored average data were recalled to core menmory for t im e  spat ia l  i imre-

gra t ion ca lculations. Individual do to points correspond 11mg to conunon phase u n  ( m i t  s of t ime

oscilbatioim were iimtegr ated to  provide the circulation of various mesh elements at that

time , Repetition of the integration procedure for other phase ang les then provided the’

entire spat ial and temporal distributiomms .

Resu lts of prelim inary measurements us ing this apparatus and tec imnique are presented

for a number of osci llation frequencies . A schematic of the ro-tangular nmesh config-

tiration is presented in Figure 3.  Data fronm 225 separate’ locations were sampled for time

Il contour integrals. In time examp les prov ided , hetweci m 25 and 100 records we’re’ used for

the averages. Figure 4 disp lays the vorticity contaimmed in the contour labeled “h’ In

• Figure 1 . Spatial distribution for given pimaae angles can t hen be obtained ‘v suitable~
cross-p lott ing of these distributions. It is then poss ible to track reg ions of con-

centrated vorticity as they move spatiall y.

4 l es t- s  currently being conduct-i’d emp loy a much finer mesh contour array and i nvolve

a laser doppler velocimeter for non—intrusive veloci ty immeasureinents in time interior of

time’ reverse f low separation vortex. These new nmeasurenme’nrs w ill  a1~ o be discussed In

t ime paper.

Results obtained to date indicate time capability of th e’ nmetimod to mmcc ura tc lv  de terni-

tue t he  vortici ty distribution In a comp lex , uns teady f low. A nma~or iidvaimtage ‘i rime’

‘ 

technique is its ability to assess the LIVC rage Vo r t  Ic i ty wi timin a region wi t lmout a f f e c t  —

j ug measurements w i t - t m In it - . Time spatial resolution of re’stii toot distributions is d ie t  -

a ted by time n u n  inmum size of time individual contours which are employed . This factor is .
in turn , often dictated as much by time capabilities of time aval lab be data acquls I tio im

system as by the nature of time f- low i tse l f .
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