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General Remark• 

The considerable ef'fort ot the N CA devoted to st.udy of the problnal 

of flight at su rsonic speeds utilizes a variety of facilities and tech

niques t carr out the experimental pa.rt of the research on these probleu. 

These fa.cilitie and thods, briefly, include supersonic tunnels of the 

continu ua-o ration type ranging 1 sins up to 8 by 6 feet and extending to 

eh nl1l'llbers just above 2. , tree-flight rocket nhiclea covering a Mach 

number range up to 4.0, pil ted research aircraft flying well into the 

supersonic speed range, and various intermittent, tunnels and jets at.ending 

the Mach number ran e to 9. pecial. laboratory ballistic techniques haw 

been ued to obtain Mach numbers approaching 20, but only limit.ed data wre 

obt.a1nec:l. It 18 clear that each of these ethoda is neceaeary for research 

in special cate ries and it t kes all of them to study the large nwaber o£ 

problems related to aircraft and llli•ailes whieh confront us, both aerod,ynuic 

and .tructural. 

A~ previous inspections, aom of the larger continuou.e-operat.io auper

110nic tunnels have been described and demonstrated. t thie U- it ap ears 

desirable to show ou one of our never facilities which is just now going 

into operation and whic is somewhat. unique and different. . This facility 

ia the Gas Dynud.cs Laboratory. 'the words ttQas 

over the yeus and simply refers to the basic dynamical propert:laa ot gues 

as rel.at.ed to higb-speed gas nowa. Thie laboratory was cl'Ut.ed for the 

purpose t explorin the problems of fli~ at wry high speed& and altitude•, 

in other w rd81 the laborato is to be uaed tor study or the hnd•"Mtal 
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aspect.a or t ese roblems . To this end, a m-called "blovdovn" facility 

was eMiaioned and constructed so that air at high preaaurea and high 

temperatures could be supplied to a number of moderate-aised separate 

jets or supersonic test setupa . High asures were necessary to achien 

full-scale flight conditions ( gh olds numbers) with small models,. 

and high te 1p9ratures were necess id air liquefaction at high test 

Mach numbers and to provide a ans f r study-lng heat transfer. More 

about the h h temperatures later. - - 'I1le resulting la rato:ry (which was 

started in 19SO and is just. now oing into operation) corusists essentially 

or a hi h p.resaure air supply an st ra ystem, an air h · ting system, 

and a series of ressure and te ~rature regulating dnices ao that .flov 

can be delivered to any ot a number t outlets at the desired conditions 

at each t>utlet. 

Descriptio r Air at.em 

Chart. l sho 1 schematically, the air suppl and heatin system and 

plan view ot the laboratory building housing the various test jets. Rather 

than describ& the s stem in detail, it · s suttieient to note the pertinent 

poinw. - Air is co ressed to SOQ... pounds per square inch, cleaned and dried, 

and stored in tanka. The tanks haft total volum or 201 000 cu ft and the 

weight or air stored is 2$0 tons . Incidentally, as a matter ot interest, air 

at this pressure and abient temperature is about l/J the densit.7 ot water. 

Air hun the t.anka is piped into the building and may be ted \hrough a .,.stem 

of preaaure { S)'llbol P) and temperature (symbol T) controls in sueh taahiona 

that a range or temperatures and pressures are anilable at the Yariou 

outlets. The heaters can raise the temperature to 1040° Ji" - beating 18 done 
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in t.vo stage.,, the .first stage consisting of a vapor-to--air heat-exchanger, 

and the second stage, electric heaters. ».v- suitable routing of the a:ir 

through the reasure regulators, ressures can be varied between atmospheric 

and JO 0 lbs. So-called "cold' pi in ( s pine is carbon steel) carries 

air at :moderate temnerature.s and ressures ('11' t 10 ° and $00 lbs.) to a 

series of jets in which basic aero mic research is <bne. Hot air {up to 

1040° F and 5 lbs.) is carried in tainless-steel piping to another group 

of jets in which heat-transfer research is done. Another pipe carries air 

at l 4o0 and )00 l • t a · -pressure rRo ie jet. or the jets in 

vhich very l v denaities are de ir d (corresponding to high altitudes), a 

vacuum on the downstrea.:t?J end of the .1et s required, thus the large vacuum 

sphere shown in ~ aerial pbotograp is connected to this jet. 

tJ..ine or Primary roble and ork in Laboratory 

Towar the aim of doing fnndament l, exoloratory work, the 1ets are 

small, ranging in size tro 9 to 2 inc es square. It should be explained 

that by "jet 1 w mean an a par tus n the end or a ipe that operates inter

mittently, i.e., in burst.... · n1: everal !llin tes durati n, exhausting 

The cont· us tunnel, n the ther hand, is a 

closed circuit, nd ir s c ntin um:oed ar und this circuit, thua the 

flow c·n cont· ue definitel • It ortant to note that the large 

nlll1lber of small jets carry out w rk th"'t saves costly time in large tunnels. 

Furthermore, the 'smallness" of the jets permits great versatility in their 

use. Typea of aerodynamic rese re ne in the various jets here include 

basic aero marl° e , t ·a.t is• studies of now around bodies and wings, 

st.ability of aircraft and missiles, ir inlets for supersonic aircraft, an 1 
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most important at the present ti.118, tudiea of skin friction and heat tranater 

or aerodynamic heatin • Mach number extend to 9, and simulated altitudaa 

ap ach 2001 t'eet. oth r fundamental work carried ut in the laboratory 

related to very dgh-speed flight, but not necessarily utilizing the jets, 

include research on turbulence, fundamental. studies of the effeots ot 

dissociation and ionisation of air at very high temperatures, and fundamental 

work on moving shock waws. 

1ef' Outline of · sil• Heating 

In rder to illustrat thi mena c lled "aerodynamic eatingu, 

let us take, a an :ple, ssil lyin t. su ersonic ap eds. First, 

u the air flow ves past th bod ther is a thin layer near the l:lod;y 

through llhich the air is brought to rest at the body sur.f aoe by the action 

of shear between adjacent layers of air. T :is s lear layer is called the 

"bo•dar.V' layer". 'Wmn the air ove OYer the bo at lov speeds the action 

ot akin friction r surface shear is small,, thus the surface "scrubbing" 

does not a preciabl heat the surface. s the speeds increase into the 

super"' nic re o , th scrubb ct at the surface heats t e skin to 

higher temneratures, in fact, the skin temperatures increase with increasing 

speed u to a hi limit. These hi n skin and structure te er.-atures are a 

serious roble to the aircraft an issile designer., and e needs to be 

able to c lculate, tor 1 flight c ditio s, th te • erature di tri ution 

ayer the missile. erhaps the ost irrrooi'tant fli ht ca. is t t in w ·ch 

the missile starts ita fiight at low teMl"Jerature and is ratii accelerated 

to a rsonic speed. or the case sh wn in chart 2, the temperature along 

t.he lliasile body wa very low initially, then tho body' was accelerated very 



rapidl. t.o a Mach nuaber or 4.0 at 40,ooo feet so that the skin is at. 

100° F at the st.art ot M • h. flight. As it continues to f'1 a.t M • 4. , 

the skin ts hotter so that t t nri of 10 minutes and LhO miles, the 

temperature istrib tion is lik 1 • If llowe to continue !nde:f'in"te 

at these flight c n it· ns, t e in l temper ture distributio along the 

ekin :would be the to e e. The imoortant .f'act in the example 

shov is that the mis le ·s beeomin~ hotter with time, that is, heat is 

fiovin into the skin. 

Temperature Distrib tion Along Noszle 

At this oint it is nnronr ate t explain some ot the experimental 

factors involved in the a...-.i aratus desiened to stuey this he 0111&na. ot aero

dynamic hea.tin or heat transfer. C rt 3 show the temperature dis\ri

bution al.on a jet whic generat.es a r>eraonic test flow. Look tirst at 

what happens to the te pera.ture if suppl .. the jet with roo temperature 

air. The air in the etillin ch r s expan<led thro h a nozzle, shat>ed 

aa shown, end reaches e te:moerature for b ~ach number 4.0 !low, of -3SOo F, 

at wh ab te~ ture the air is al.most liqulfied. For higher ch nwnbera 

with the same initial room temperature,, ti! ir w uld liquif and make t.ests 

iapoNible. The only solution s t initiall h"'at the air n the top 

cune show• the temperature distribution alon the noszle flow when we etan 

vith air at 1000° F. The flow te perature in t..lie no.zsle for t .ia case is 

about -70° F and we note that tbia is about the ambient tel!'lperature of the 

air at high altitudes and that we are far away fro tie liquicl-air t rature . 

low, it ve nddenly i.Julerse a cool model in this 1 hot." n :w, t e skin of the 

modal starts to heat, so that t the end or about one-half' inute, the 

temperature distribution alon the model is as shown by the lower curve . 1t 
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the model is left in the now until the skin is at eruilibri'W'll temperature, 

the temper ture along the skin is as shown b the to e rve.. in tact, about 

90..P F, allnost dunlicating the flight example of the pre-vious chart. The 

important fact, however, is ~ the mnlication ot flight conditions, but 

the simulation of heat fiowin~ into the skin wit! time. We make use of 

this fact t obtain beat-transfer data tor the designer, that is.. we 

suddenl"f inleerse the model in the hot tlow (by a technique to be shown at 

a subseqmnt stop here) and record the skin temperatures wit time, thus 

obtaining heat-now coettieients. 'Now, before s owing you this technique, 

if you will fallow your group leader across the shop, we'll show you, very 

briefly, some or the elements of the laboratory air distribution, heatinr 

a.."'ld preaaure regulating equipment. 

Heater Room Description 

lbst cf the equimnent is localised in this area, and although moat of 

the piping is beneath the fioor, y0u can see so.me of the more important 

pieces ot equi~t. Seen against the wall ;me the presaure regulators, and, 

above, two or the larger nressure regulatinp.; •alves. At. the back or the rooa 

is the beat source for the fi.rllt heatina stage, i.e., an oil-fired boiler 

which vat>Oriaes "!mrt.hermtt, a commercial heat-exchange medium. "Ilovth.erm" is 

a. liquid having a vanor pressure of about 81";) Mig at 700° F. •0owthem11 vapor 

at about. 100° F is .fed into the beat exchanger which you see o the verhead 

shelf, raising the air temperature to ~o° F. The second-stage electric 

heaters are seen to your lef't and these raise the temperature to lo4o° F. Now, 

if you will follow our group leader back across the shop, we will show you 

our heat-transfer test technique. 
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Befcre discussing the work done in this particular jet room, I W'CUld 

like to describe an llrleatigation which is being conducted in one of the 

NACl's large, continuous operation, supersonic 'Wind tunnels. 

SURFACE ROOOHN&.55 AT SUPERSONIC SPEEDS 

The previous speakers have discussed some or the fundamental supersonic 

now probl•• which can be inTestigated effectively through use or tll8 jet 

equip•nt ot this new gaa dynaaics laboratory. There are certain types ot 

baeic research, however, tor which the a-.11 supersonic jet equipmnt is not 

suited. For example, in the study or surface roughness etfecte on boundary

lqer dewlopment and surtace friction, large test models must be used in 

order to permit proper simulation and control of the minute rougbneaa ele.mnte. 

'.lhia tJP9 or basic research thus requires the use or a large supersonic 111.nd 

tunnel facili~ such as the Langley 4- by 4-foot. supersonic preasu.re tunnel. 

One of the current projects in this large tunnel is an innatigat.ion or surface 

rouglmtu1s effects at Ma.ch numbers ranging trom l.4 to 2.2. 

Thia euperaonic ro11ghnesa investigation is ai•d at providing anll'lllltra to 

the tollowing broad questions: 

First: at roughness tolerances mst be maintained to pemit the 
existence ot low-drag, low-beat-tr&n8fer la.m:inar boundary 
layers in eupersonic fiight? 

Second: For operating condi ti.cos where lall1nar flow ie not attainable 
and the boundary la;rar is largely turbulent, 'llbat are the 
allowable roughness 11.llite? 

e will confine the present discussion largely to resul ta pertaining to the 

second question - that i&t results of roughness studies tor turbulent 

boundary lqers. 
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IN'.r&RA.CTI OF A 

, 
The facility in tbia room is a los-d.enaity jet. Wbereaa most. ol the 

., tmmela in the Ou Dymmicg laboratory are concerned with high pr~ 
 

high~ number f'low, this jet ie deai.gned for investigation• in the 

• los dm.ad.t7, low preasure regime• 

1'he reduced pressure ia gained by' exhausting the jet into the large 

vacuum s.Ptare which is located just outeide the room. This type o.f tunnel 

ia kn011D u a "au.clc;-down tunnel", since the air i• literal.]¥ sucked,, or 

dra~ through the tunnel. Since at the iretent t.ime we are ruun1ll at the 

moderate liacb number or 2. 9 and .at low preasure, .. are taking the air f'rom. 

the roam :for conftDience. HoweYer, the tunnel is easily connected to the 

preasure ratios as high as 10, to l can be achie"V9d :across t s.e tunnel. 

Theae gh preaaure ratios are 

mparaom.c speeds. Yach numbers as h:i.0 h aa 9 are possible with this tunnel. 

Thia firfi chart ahon the wide range o1 number and pr•sure 11hich this 

tunnel can repr'Oduce.  

The pru8'll"e is ahomi u equivalent altitude1 that is, the altitude at 

which the preaaure is that or the tunnel test section. The loW altitucle er 

high preeaure limit ia determined by the maximum preaaure a'Yailable to ua 

~ 	 in ~e bigh prenure line. fhe law preeeure-higll altitude limit is determined 

by tho 'V&Cll\l1I pumps' capacity to evacuate the sphere. much tor the 

facility it•lf• 



-2 -

DESCiUPTIC:N 0 INVESTICllTIO , 

Cloe oi' the najar investigations being done in the field 0£ auperaonic 
.. 

aeroctvnam1cs is that of the problem of the interaction between a shock 

•ve and a bounda.ry layer. T e . understanding of this prool• prennte the 

kq to the design of a great '.lllalV' aer~uc shapes. In most casea it ie 

desired that the shock wave not be of sufficient strength to separate, or 

detach the boundary layer from the surface. !'he particular ion of the 

owrall investigation wit which this stud;r is concerned is th experi.mntal 

naluat.ion of the etrmgth of the shock ww needed to aeim-ate any 

bot.tndar,y lq81'". This being a .fundamental investigation the experimente 

were confined to the si ple case of the boundary ~er on a !'lat late. 

Any other bounda.'1'7 layer must then c evaluated in taros of its eQUl.valent 

on a flat ~ate. 

As an example of the application of this shock wave-boundary layer 

interaction see 9.hat happens on a su sonic King section. You see here 

on Chart number 2 a w.i.ng section Yd.th its control. .surface en cted. The 

theoz-etical shock -..e pattern is similar to that shown. shock wave., 

which reireaents a jump in pressure, is necessary on this side ai1 an 

u:pansion, a pressure !'all, on the oth r side, in oruer t liurn the now 
parallel to the control surface. If the bound cl' 19.yer flows soothly 

over the aurface this theoretical picture is ve c1ose to tho actual case. 

JloMtv•, if the control angle is too great, the reasure jim;> acroas 

the a~ shock •ve wil.1 too much for the boundary' layer to 

.. negoUate, and the boundary lqer will separate tr the surface. In this 

cue the pattern Will be s:imilar to t.he lower diagram. Here the ahock 
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What we Wish to ahow you today is an example o:t this boundary layer 

aeparation due to an interaction With a shock ave. Ifhe !DOClel .in the 

tunnel is a wtng section with a movable control surface. we will start 

the tunnel 'With the control surface in the neutral position as it is nmr. 

Than I will deflect t le control slightly and yo should be able to see a 

shock •ve originate he.re at tbe hinge line;. This is the shock wave 

need.l'to turn the now parallel to the control surface. a the control 

surface is de.fleeted further the shock wave Would continue to mve its 

base at the hinge lil'le wre it not tor eeparat.ion. Ho•ver, this bou.ndarT 

~er does separate and the shock wave is pushed forward along the 1ling 

surface. Thus by •tcbiug the shock wave move :forward along the mn you 

Will e ·able to observe the growt • of the separated :t•egiou. As ...,. run 

I llill point ou.t to you on the schlieren scrie.n tne hinge line, the anock 

wve in 1fhieb we are interested and the bottnd.arf of the separat.ed. region 

which awears as a dark line on the acreen. You 'l'ill be able to see this 

with the aid o! our scblieren system which is an optical device lmicb allows 

ue to aee density variation. 

What you have just seen represents one ex.a;:ple of .separation with an .., 

undesil>ed. result. This la.st chart illustrates some other oases. 

This first e:xamPle shows a Wing section Which is travelling at a 

high subsonic speed. There is a supersonic region on the surface terminated 

by a shock •ve. In this case1 the shock wave has separated the boundary 

layer. It is this separation and not merely the presence or the enock •w 
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alone which is the source of the stability and control problea at tranaom.c 

apeeds . These trou les include loss o.... lift, lose of' control atfi.cienc;r, 

itel.i. up, and bu.ffa\ing. 

Thie next exa.:a: le is of a SU':'.lers de inl t, t cl ~ si a of a solid 

central boqy, 'litt a cO'lli.in around it. The job of the inle is to 

conveJ.'t the velocity energy o the ow to nressurc enar. tbr ugh a syatem • 
of s oc aves in ·t e annular .::.~e. epa.rat:ion here means a loss in 

e.f1icienc wit resultant loss o engine thrust. 

n this picture the inlet is being ope.rated at co dit.ions cl ruu.lt 

l.ll an exter.n&l shock ave pattern. ;,eparation or thie 

..;evere 	flow oscillations wtu.ch l:US e avo1 ed. 

'.rhis laat ~le a otrs a cross sectio. throu i tha blades o..f a 

results in los o pres l....e ru o. 1i.J.ci cy. 

hat n ave ai."led so f r m this a.sic iJ eat ati 1& 

o the strength of' snock wav....s mien w:i l1 seP&rate a eiTBn dary la er, 

and t.he results are useful in all th.e exruu lee shown and maey" ot ers. 

lbfevv, a co lete undarstan o the chanism ot separation and the 

details o interaction o..,t 11een a shoe~ wav a b cUwJ' lay WJ.ll 

require c.u more 1.0t s1ve r saarc:' • 
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EXAMPLES OF SEPARATION 


SHOCK WAVEM} I 


M=.95 ~ ._. 


TRANSONIC FLOW OVER A WING 

M=2 M=2 

SUPERSONIC INLET 

M=l.5 

SUPERSONIC COMPRESSOR 




