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Starting on the 4th line of the page, thl! paragraph should read : 

Wh en lines Rre employed, the mau term f p (x - "o) i• maxi­

r.,um at i\p, or is equal to I' ~ at the time when full extension of 

the unstr~tched length occ~rt ?However, during the period 0£ line 
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Fourth equ~tion on p:, 6e should read: 
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FOREWORD 

This report was prepared under Air Force Contract No. AF 29(600)-1711, 
Proj ect No. 7856 , Task No . 78548. by the Cook Re s earch Laboratories, a 
dhuion of t he Cook Electric Company. Chicago , Illinois. Thi ■ contract ia 
monitored by the Directorate of Reaea.rch Analysis , Science ar,d Engineering 
Division. The contract monitor i !i Mr. F . Utech . 

The work was conducted in the Aerodynamics Section of the Cook Re ,,; eard. 
Laboratoriei under the direction of Mr. R . O. Fredette, A11ociate D ~rector, 
with Mr . H. L . Wackelin a.a Project En11ineer. Tho section of the repo..:."t which 
pre£1ents the wake charact.el'i1tice and the equation, of motion pre1ented in 
App endix 1 were prepared by Mr. R. D. Turner and Dr. J. S. Thale, reepectively. 

The wi ~d tunnel teat, were conducted in wind tunnel A of the von Karman 
Gas Dynamics Facility, Aruold Engineerin1 Development Center. The coopera­
tion and effort afforded thi ■ teet program by the Air Force and ARC peuonnel 
concerned, and in particular by the ARO Project Engineer, Mr . J . Don Gray, 
waa e1pecially valuable. 

Volume I, THEORETICAL ANALYSIS and Volume W, MEASUREMENTS 
AT MACH 8 AND RESULTS of th~ 11eriee DYNAMICS OF SEPARATING BODIES, 
will be published at a late1· elate. 
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ABSTRACT 

Wind tunnel teats were conducted on a data capaule ahape in the interference 

field of a carrier v~hicle model at Mach numbers c.,( <i. 0 and 5. 0 with limited data 

at M • 2.. 0. The data obtained were analyzed and a preliminary evaluation mad" aa 

to the itgreen,ent with method• of prediction. It ia al .own that in area• where the 

flow field i111 k.1own, eatimated values of the deri-vativea obtained with relatively 

simple calculation techniques agree reaaonably well with the data. A diacuuion 

of the direct applic,ition of these data to capsule aeparation analyse• i• preaenbd. 
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SECTION I 

INTRODUCTION 

Thia report presents a summary of the wind t:unn11l teat• conducted and the 
evaluation of data obtair.ed tlierefrom undf'r the second phase of work performed 
in the pu1·auit of this contraC't. The fir at phaae of •h~ contract on Dynamic a of 
£eparation consisted of a atudy program conducted to obtain ·baaic data on the in­
f111cnce of mutual interference and other factor• on the dynamic propertiea of 
capsule bodies separating from high performance vehicle,, and to predict cap1ule 
ejection fore.ea and velocitiu required to effect aeparation and the trajectoi·ies 
resulting therefrom. The reaulh of thh work were pre1ented in an Interim 
S11mmary R~port. That report, howeve:..·, exiat1 in only a limited numbe1' of 
copiee and is not generally avail-.:.>le. Therefore, an unclauified conden1atioi,. 
of that report haa been included a1 Appendix I to thi1 present report in order to 
provide back~round information on the study prosram cor.ducted, and the theoret­
ical analyse. developed therein, prior to the conduct of the wind tunnel te1t1. 

The wind tunnel teat• reported on herein were conducted to provide 1tatic 
data on a capaule ahape at varioua ro1ition1 in the interference field of a carrier 
vehicle. These te1ta repreaent what would be a fir1t atep in a comprehen1ive 
teat program that would provide a validatlon of initial concluaion1 reached in the 
atudy program and would provide data for analytic treatment of aeparation prob­
lem,. Tb.ue te1t1 were conducted in the AEDC wind tunnel A at Mach numbera 
of 4. 0 and 5. 0 with limited data at Mach 2. O. The .modela used for theae teat• 
conaiated of a flared body cap1ule model choaen in the atudy pro1ram for it1 
over-all desirable qualitiea and a carrier vehicle model repreaentative of a hi1h 
performance rocket vehicle. Theae modell are dhcu11ed in Section U alona with 
the tect proc'!durea followed. The moat important capaule data obtaine"d are pre­
aented in Section W and Schlieren photograph• of variou1 run 1equencea are 1hown. 
A c, 1rrelatlon of the teat data to the Schlieren plcturea point• up the effect of inter­
ference at clo1e proximity between modela and the occurrence of maximum force• 
ar~d moment11 on the cap1ule at proximity to the carrier bow wave. A prelinanary 
evaluation of the 1tatlc data and the correlation with predicted values are presented 
in Section IV and the application of the data to the development of empirical-tt.eo­
retical procedure• ia con11idered. Section V cliacu11e1 the direct application of 
the data to separation analyses. 

Manuacript released by the author Au1u•t 1960 for publication. 

AFOSR-106 1 



SECTION 11 

WIND TUNNEL TESTS 

Two separate wind tunnel t~sts were conducted for the acquisition of static 

'1;:-..,4 ior the Cook Resea r ch Laboratories' capsule rnodel. The first test was es­

sentially a scale-effect test of a lar1e model of the capsule shape. This model 

nad a cylinder diameter of six inches ;,nd an over-all length of 15 inches. The 

testfl wt,re conducted in the AEDC wind tunnel A between 21 July and 27 July 1959 

to provide basic dA.ta on the !lensitivity of the Cook Research Laboratories' cap­

sule Ahape '"o B. eynolds number variation, these data being necf!ssary to the eval­

uation of the small scale teats of the capsule ar.d carrier vehicl~ in cumbination. 

The proximity test• •·.•ere .:.onductcd in tunnel A betweeh 5 October and 17 

Octnber 1959. These teat• conaisted of static measurements of capsule data 

while in the interference field surrounding the aide and base regions of the 

carrier model. For these tests a small capsule model with cylinder diameter 

of 0. 8 inch .;md an over-all length of two inches was use~ in conjunction with a 

carrier model with a 4-inch diameter and 24-inch length. Data were obtained 

during the partial exposure phase of the capsule emergin1 from a port tn the aide 

of the carrier body; close-in data were obtained by positionina the capsule model 

laterally and axially in the side flow field of the carrier model; wake-penetration 

data were obtained by traversing the capsule model aero•• the wake boundary 

behind the carrier base; and wake-capsule interaction data were obtained by 

traversing the ca.psule axially down the wake centerline. These four phaHs of 

testing repreaent the most important aspects of separation from Lhe side or base 

of a carrier vehicle. 

A. AEDC Wind Tunnel A 

The AEDC tunnel A is a 40 by 40 inch continuous, closed circuit, variable 

density, i,upersonic wind tunnel with a Mach number ran1e of 1. 5 to 6, 0. The 

Reynolds number in the test section is varied by varyina the stillina chambu 

preuure. The test section is ftquipped with a horizontal sector which provides 

an angle of attach variation of •. 5 to +15 de1rees with a straia.ht stina, A double­

pau Schlieren ayatem la provided tor ob•ervalion 0£ now field•. The output• 0£ 

balance •train ga1e brid11es are di1iti&ed and punched into a raw data tape which 

h later fed into an ERA 1102 di1ital computer to1ether with the desired pro1ram 

to yield force and moment coefficient data. Preuure tai,,s on the model■ are 

connected to transducers and the output is di1itized and punchfld into the raw 

data tape alona with the force data and tunnel conditions. 

AFOSR-106 2 



B. Models and Equipments 

The capsule model h::ilance, capsule and carrier vehicle modeh, stings, 

and the auxiliary positioning equipments used in the&e teats, with the exception 

of the ARO axial actuator, were designed and manufactured by the Cook Research 

Laboratories for these teats, as part of the contract requirf.menta. Figure 1 

shows the general dimensions of the capsule a!ld carrier vehicle modeh uaed 

i.1 the proximity teats. 

For tht: partial exposure phase, a positioning mi!!chaniam waa inatalled in 

the carrier r.nodel to move the capsule model in and out of the ejection port to 

obtain data at various partially exposed positions. The carrier model waa sting 

mounted to the ARO axial actuator whicl:. in turn was mounted in the sector huh. 

The ARO axial actuator is a devi::-.e providing axial traverae ir. the tunnel. 

Fc•r the close-in phase of testing, an auxiliary ating poaitioner, (ASP), wa• 

mounted on the ARO axial actl:.ator and carried the capaule model. The poaitioner 

provides an angle of attack range of :lZ0 degree• and lateral traverae for the cap• 

aule model. Figure 2. ahow• the inatallation of equipment• for theae teats. In 

the figure, letter A is the small capaule model and balance auembly: B i8 the 

CRL auxiliary sting poaitioner (called ASP); C i• the carrier vehicle model; D 

is the carrier vehicle sting: and E i8 the ARO axial actuato1· . 

The wake penetration teat• were conducted by wall mounting a second car­

rier model ~nd probing in the wake edge region with the Cook Research Labora­
tories' capaulc model mounted on the ASP. 

The wake core aurvey waa conducted by mountina the capaule n;odel on a 
ati.i;.g ~arried by the ARO axial actuator. Thia inatallatiol'. i8 ahown in Fi1ure 3. 

In thia figure, letter A i8 the wake aurvey carrier model; B i8 the wall atrut: C 

i8 the capaule mod!!l and balance aHembly: Dia the capaule model •ting: and E 

i8 the 1ting adaptor on the ARO axial actuator. The wall at rut and carrier model 

ahown were the aan1e for both the wake penetration and waka core teau. In all 

of the1 e teat, the sector wa• uaed only to provide a baaic mountin1 for the equip­

ment. Yaw angle waa not varied. 

Figure 4 1howa the lnrge cap•ule model ua:::d in the acale-effect teata. The 

model waa 1tinc mounted to t !-,e aector and the aector wa• uaed to provide angle 

of attack variation. 

In order to mea1ure thie force., and momenta on the amall cap1ule model 

employed in the proximity tests, a miniat•ire internal electric atrain sage bal­

a.nce wa1 developed. The Cook Reae1.rch Laboratorie•' capaule model balance 

AFOSk-106 3 



is a compound, split- sting, thret" -component type designed to measure normal 

force, axial force, and pitching moment in a single plane . 

The balance and capsule model assembly was calibrated at AEDC prior to 
the t e:.ts. The design ~alibration load! were six pound• of normal force and eix 
pounds of axia! force. As stated in Reference 1, Rtatietical analyeie of the cali­
bration results indicated that ,.mcertainties in the moment and forces were less 
than one percent of the design loads. However, because of zero ehifte due to 
t emperature, which occurred during teats, the uncertaintiee were frequently as 
higl. as five percent of the design loads. 

C. Test Procedure 

The te et position, eurveyed in the proximity teete are ehown in Figure 5. 
For the close-in tests and wake penetration te1t1, angle of attack wae varied at 
each data point. Angle of attack is referenced to the wind tunnel centerline. ~.,or 
the partial exposure and wake core tests, the angl~ of attack was zero. 

Data Wfl!re obtained for the following conditions 

Mach No. P 0 (peia) Re 

Partial Expoeure 5 . 0 150 0 . 42 X 106 

5.0 75 0 . 21 X 106 

4.0 72 0.38xl06 
4.0 35 0. 18 X 106 

2.0 zo 0.34xl06 
2.. C 10 0, 17 X 106 

Close-in l!:ffecte 5.0 150 0 . 42 X 10° 
5.0 75 0. 21 X 106 

4 . 0 72 0. 38 X 106 
4.0 35 0, 18 X 106 

Wake P"netration 5.0 150 0 . 42 X 106 

5.0 75 0, 21 X 106 

4.0 72 0 . 38 X 106 

Wake-Capeule .uiteraction 4 . 0 72 0. 38 X 106 

P 0 "' Tunnel ,tilling chamber preuure 
Re • Reynolds nl:mher baaed on capsule cylinder diameter 

AFOSR-106 4 



In addition to these data, free stream polar a were taken at Mach 4. 0 and 

5. 0 at variou& Reynolds number a. The free stream data were taken to pruvide 

reference for the. data analysis and comparison with the data obtained from the 

scale-effect teats. 

The capsule data obta.ine,d were load, moment, and base preuure coeffi-

1..:ier.ts. Schlier<?n photographs were taken at moat of the data points. 

AFOSR-106 
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SECTION Ill 

SUMMARY OF DATA 

A sum ma. ry of the mo 11t important data obtained ia pr eaented in graphic form 

in .t 1gu n~::; 6a th rough 10. The data, for the moat part, are plotted a ■ printed out 

from the computer program. Some adju ■tmi::nt for zero ■hift• wa• made where the 

shifts were obviou1. 

Figure, 6a through 6f pre1e11t free 1tream polar ■ taken at M = 4. 0 and 5. 0 

and varioua R.eynold1 number, for thl~ capsule model. The■e data ■how the varia­

tion of the coefficient• of axial force, normal force and pitchin1 moment with anal• 

of attack. The ae data were obtained by po1itioning the cap■ule &1 far ahead of the 

carrier bow wave ae pouible. The approximate area of free 1tream data acquhi­

ti.~n ia 1h1.,•wn in Figure 5. The individual polar■ are preaented to lhow the data 

ecatter. Figu""e• 6g and 6h 1how the effet:t of Reynold• number on the mea1ured 

data. In Figure 6h, the data from the scale-effect teat• of the lar1e cap■ule model 

are included for comparilon. The data ■how relatively ■mall variation■ with Rey­

nolda number at the higher values tested approaching independence of Reynold• 

number a ■ it increa■ ea, and good correlation of normal force curve ■lope between 

the two models teated. 

Figure■ 7a through 7d pre ■ent data for all of the partial expoa1.&re condiUon• 

teated. The partial -,xpo■ure data were taken with the cap■ule model at a fixed 

.xial ■tation of X/ D • zero, which ii the reference ■tation on the carder model. 

The lateral po■ition of the capaule model wa■ varied from a fiu■h 01· aero expo■ure 

po■ition to the full out or 100 percent po■ition. Zero expo■ure i• d•ifined a■ the 

!)O ■ition of internal tan1ency of the capaule model ba■e circle to the carrier model 

cylinder and full expo■ure the po■ition of external tan1ency. The percent of ex­

po■ure i• the percent of cap ■ule model baae diameter lyin1 external to the carrier 

model crlinder. The lateral po■ition of the capaule model with re■pect to the 

carrier model ii given by 

~ • O. 341875 + O. 003162SE 

where 

E i• the expo■ure in percent. 

A• ■hown in the curve ■, the Reynold■ number effect ii not 1reat but a ■trong Mach 

number effect exi ■t• between the Mach 2. 0 and the Mach 4. 0 and 5. 0 data , Figure- ■ 

11 and 12 1how a Schlieren record of typical expo■ure aequencea at Mach 5. 0 and 2. 0. 

AFOSR-106 11 



Close-in data are shown in Figure& Sa through Si. Data variation with both 

lateral and -'lxial travel in the flow field are shown. Figures 13, 14, and 15 show 

Schlieren se'tuen\:es that can be correlated with the test data and show the shock 

wave interaction at the carrier surface and at bow wave intersection. 

Wake penetration data are presented in Figures 9a through 9t:. Two axial 

positions of the wall mounted carrier model were used to obtain theae data. At 

f".ach axial position, capsule lateral poeition and angle of attack were varied. How­

ever, because of the increment in axial position resultin11 from the anale of attack 

variation, data at different angles of attack could not be obtained at the same axial 

positions. Therefore, the data were fir st plotted against axial travel for fix c d 

angles. Slight extrapolation of thtise data segments allowed the reading of dat. 

at fixed X/ D values and these points are plottad. Figure 9a represent• the middle 

r-1.nge of the extrapolation and 1hould be reliable a1 extrapolation erron in thil 

range should b"' negligible. Figure 9b represents the fore and aft extremee of 

the extrapolation• and may not be as accurate. Figure 16 shows a Schlieren 

sequence of a typical w~ke boundary traver1e. 

Limited data on wake capsule interaction w111re obtained. The variation of 

CN and CM in the wake wae extremely •liaht and 1hould be zero. Therefore, 

only the variation of CA along the centerline ii 1ignificant and ii presen+.ed in 

Figure 10. 

For both the wake penetration data and the wake cap•ule interaction data, 

the axial position of the capaule model (X/ D) ii referenced to the carrier model 

base. 
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Figure 16. Wake Penetration Phase - Typical Echlieren Sequence Showing 
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SECTION IV 

DAT A ANALYSIS 

The test data obtc1,ined have been studied to determine the trends of varia­

tions and the local flow conditions that would be nece ■■ary to produce the::setrend 111 • 

The data are con■idered in four main r.ategorie ■; Partial Expo■ure, Clo■e-in 

Effects, Wake Penetration, and Wake-Capaule Interaction. 

A. Partial Expo■ure 

Tht= partial eAposure data ■hown in Figure■ 7a through 7d indicate that the 

force and momen: coefficients vi,.; y approximately a• a function of the exposed 

areas of the cap ■uk :nod11J . For 11implkity, the data of the ■ e fl1ur,u are pre­

sented a• percentage function• of total dbplacement for complete cap11ule expo­

■ ures. The normal force and pitching momenL follow the inter ■ection plan area 

vatiation of the cap11ule model with expo11ure, which is defined a■ the projected 

area of the no•e and flare in the curved plane of inter11ection o! the outer peri­

phery of the carrier with the cap11ule. (Since the carrier diameter is much 

greater than the cap11ule diameter, the curvature of thi• plane ii ne11ected). When 

th~ cap11ule model is ■ubmerged in the carrier model, the projected area h zero. 

With expo11ure the plan area increa■e• reaching a maximum at 50 percent dis­

placement when the area i ■ the maximum projected of the nose and flare. Fur­

ther di11placement redu~es the 11rojected interHction conical area until full 

expo11ure at which time the inter11ection area, by definition, again become• aero. 

The axial force follow• the expoHd frontal crou- Hctional area (or baH area) 

of the cap■ule model; increa1ina uom zero at the fil!1h position to total baH 

area at the full expo11ure po1ition. 

All of thue tut• were conducted at an an,le oi attack of aero (relative to 

tunnel centerline). The normal coefficient, CN, curve• •how a 11mooth ne1ative 

increaH a■ the cap11ule flare emer1e1, due to the momentum of the impinain1 

air1tream. Shortly after the noH cone begin• t~ emerge, the CN value 11tabiliae11 

over a fairly lona rans• of expo1ure; thil i» pr.)hably due to a combination of 

Hparation over the flare and increa•ed cavity pre111ure both bein1 affected by 

the •hock wave ca•t from the noH cone of th:a cap11ule. At approximately 10 per­

cent expo1ure (percent expo11ure i• defined in Secti 'ln m of thil report), the nnse 

cone ii completely exposed and the nose cone and flare bottom he1in to feel a lift 

fo~ce ne1ating 11ome of the downward fore<- •• ■hown by the 1udden riH lu CN, At 

full t!xpo1ure, the CN curve h rilina toward aero indicatin1 the tendency to 10 

po1itive which would re1ult from the increa1ed preuure on the lower 1ide due to 

chokin1 between the cap•ule and carrier model1. 
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The a:J.al forr.e curves in Figure 7c 11how a smooth increaae of CAT with 

exposure being a manifestation of the exposed frontal area, 1'he meaaured baae 

drag coefficients, CAB• Figure 7d, are euentit.lly conatant after 20 percent ex­

posure a1.d the values agree very well with publiahed data for free fii~ht bodiea 

(Honner, for example, Ref, 2), indicating little interference effect on baae 

pressure. 

The pitching moment coefficienh, CM, vary app1·oximately according to 

the &l'd, expoaed, A• ahown in Figure, 7b, CM increases aa th e uppe,. portion of 

tht: fiar " and nose cone emerge. The pitching moment then decreaaea until ap­

proximately 80 percent expoaure when the no1e cone ia fully expo1ed. The nose 

contribution to moment increaae1 and CM rile• to approximately zero at full 

cap1ule expoaure, 

A• the curves ahow, the effect of Reynolds number on the dllta ia not great 

and probably due to alight boundary layer chanae ■, The effect of Mach number 

ia much more pronounced•• 1hown by the Mach 2. 0 data. The Schlir.ren photo-

g rapha indicate the now at M • 4. 0 and 5. 0 ia parallel to the 1urface of the carrier 

where•• at Mach z. 0, the approachin1 fl.:>w turn• 1li1htly into the cavity. Data at 

Mach numbers 1reater than 5. 0 are needed to evaluato the Mach effect• in order 

to determine whether or not the trend, from Mach 2. 0 to 4. 0 and 5. 0 continue at 

higher Mach numbers. 

A• 1tated previou1ly, the partial exposure normal and axial force indicate 

these data to be a function of the projected exposed areas of the capswe. Fi1-

ure 17 ahows how the normalised CN and CA curves at M • 4. 0 follow fairly well 

the variation• of the projected plan area of the noae cone and flare of the model 

and the baae area expoaed. The c;N curve was normalised by the maximum ab­

solute value mea11ured durina expo1ure. The CA curve was normalised by 

CAmax, the value of CA at fwl exposure. 

The dra1 of the slopin1 1urfacea of the cap1ule model wa1 predicted u1in1 

modified Newtonian preuurea applied to the field 1enerated by the carrier body 

in the vicinity of the cavity. At Mach 2. 0, the Newtonian preuuru aave rea1on­

able agreement to the CA variation. However , the predictic:-n1 at Mach 4. 0 and 

5.0 were somewhat areater than the mea1ured :!ata. 

The Ne:wtonian preuurea overpredicted CN at all Mach numbeu indicattn1 

th" p1'obabilitv of cavity overpreuure exi1tin1 over moat of the expo1ure ran1e, 

No conelation between the Mach 2. 0 data and the Mach 5. 0 data waa eetablhh,.d. 

The m"'aaured data at Mach 4. 0 and 5, 0, in aeneral, show relatively small 

value• of the coefficient1. The maximum ?".e,ative value of CN ia le11 than for 

a - 2 de,'l r ee an,le of attack in th,. free 1tre;am. At full expo1ure, CN and CM are 
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close to zero. However, the value of tht! total <irag coefficient at full expoaure 

(when the capsule :.i.u, e i @ tangent to the carrier 111urfacej b juat le•• than when 

slightly removed from the surface as is shown by the close-ir1 data. Comparing 

the Mach 5. 0 and Mach ?.. 0 data indicates the forces and moment ahould decreaae 

with iucreasing Mach number. Other capsulr configuration• would no doubt vary 

greatly but should follow the variation• in exposed area. The preuure exiating 

in the ejectio:1 cavity would aleo vary wi th th r.i configuration. 

The prediction111 of ejection requirements for the capaule ahape , may be 

made u•ing the exposed area• and applyinai Newtonian preuure data to the area . 

The wind tunnel te1t data ahow that the Newtonian pr,u•ure• overpredict the lift 

force reaiating capaule emergence and therefore will indicate conaervatively hi1h 

values of ejection velocity required. The wind tunnel data aho indicate that atatic 

overpresaure in the cavity ia qnite import~nt in reducin1 the normal force on the 

capaule. However, when ejection velocitie• are quite hi1h it ia not likely that 

enough time would elap•c durin1 capaule emer1ency fo _ thi• cavity preuure to 

build up to the atatic values or even increaae at all. In thi• case, the prediction• 

of '!jection requirements u•ing ttata from •tatic wind tunnel te•u or eatimated 

with the Newtonian auumption would be leu conservative and perhap• even more 

realistic. 

B. Close-in Effect• 

A •tudy of the clou-in data, Fi1urea 8a through 81, reveal• that two dia­

tinct areaa of con•ideration exl•t for a cap•ule in the •ide flow field of the carrier 

vehicle. When the cap•ule h po•itioned below the carrier bow wave, excur•ion• 

in X or Y •how little chan,e in forcea with poaition• forward oi the expan,lon flow 

generl\ted at the base of the carrier. What chanau occur are due to a chaqe in 

dynarnic preuurc and Mach number from condition• at infinity. Mutual interfer­

ence, if it exl•ta, h •o small that it cannot be evaluated. The normal force curve 

alope• and axial coefficient• differ only •lightly from the free •tream mea•ured 

data a• would be expected in thh reaion. A •liaht local eff•ct h apparent when 

the cap•ule h very clo•e to the carrier •urface and thi• ia due to local interaction 

between the modela. 

When the cap•ulc approachea clo1ely - or inter1ect1 - tht1 carrhir bow wave, 

very pronounced cha111e• occu:t; thh la a critical re1ion of con•id,.ration. Im­

mediately behind the bow ,rave, the local dynamic preuure h appreciably in­

crea■ed and the local now turn• away from the car .dcr axl• resulting in an induced 

angle of attack on the cap■ule. The cap11ule model, beina of finite len1th, h in a 

highly nonuniform fi•ld becauH of the rapid field chan,e behin1 the •hock. How­

ever, a rea•onable approximation to CN and CA value• at the ahock wave may be 

found by a judiciou• application of oblique •hock di.ta tt' the free atream cap•ule 

ch:iracterbtic •. 
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In orde r to determine the changes in aerodynamic characteriatic• of the 

capsule ln p r oximity to the bow wave , a region correaponding to the capa1,le 

positions used during the wind tunnel teat• is ■ elected. Thia 1·egion ext<!nd, 'llong 

the bow wave from a forward poaition over the side ejection port. The curvature 

of the carrier bow wave in thi• areiil has decrciilHtl tu the e.ic.tent that the bow wave 

has become euentially stJ"aight. Thia has been shown by many Schlieren photo­

graphs of the ~arrier model and other cone-cylinder bodiea. The relative •traight­

ness of the bow wave greatly aimplifies the meaaurement of the wave anal• and 

p~rmit• diJ'e.:.t determination of flow deflection a.nd pr~s•ure, etc., immediately 

behind the bow wave from oblique ahock tablea. 

Exiating c:lata on flow field cl-.ar111.cterietic• auch a• the data of Clippinaer 

(Ref. 3) ahow that the decay of preuure and flow deflection aqle behind the bow 

wave aft of the expansion flow frc•=i the ahni.1lder are near exponential function• 

o! the axial w.111taiice behind the wave. The fl«N• field ii determined by the carrier 

geometry, and phyakal u:.H ir.troducea only aocond order e!!ect• auch aa aome 

poaaible Reynold• number dependency. For the aame carrier model, a aufiidently 

amall capaule - when placed near the ahcck - would experience an effectively uni­

form field whereaa a lar1e capaule would be aubject to lar1• field variation• alons 

ita length. The effect■ of theae 1radienta muat be evaluated over the len1th of the 

c•p•ulP. body in order to reaaonably predict the capaule loadin1•• 

Varioua mean• of evaluating the effect• of fluw nonunHormitiH on the cap­

aule loadina• may be uaed. 1'he aimpleat method iii to determ.in'° th~ now deflec­

tion angle and local dynamic preuure at the midpoint of the capaule and apply 

theae value.a to the irt:11;; i;tream characteri1tica. A refinement of this i• to :apply 

a strip theory where the local characterhtica (n(lnr.al u,rl axial force coefficient•) 

on eler,1ental lenath 1ection1 of the body are computed u1ing local field propertiH 

or the •lender body approximation• of Mo1kowlta (Ref. 1 of Appendix 1). 

1. Prediction of Cap1ule LoAdin1• at the Bow Wave 

The flut example of 1tattc data prediction wW be made u•iuai Uu: local 

flow an1le and dynamic preuure at the midpoint of the cap1ule body. Normal 

and axial foi·ce coefflclent1 in the flow field are defined a• follow•: 
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where 

CNci is the fre 1:: stream normal force curve slopt. 

~ ill the local fl.ow inclination angle, = a 

qz is the ratio of q b~hiu<l the oblique .hock to q in front of the ahock 

ql 

Considering the Mach 5. 0 data, the bow wave anale in the reaion of the 

test points, a• determined from Schlieren photograph•, h approximately 18 

degrees . From oblique ahock table• for thl!'!Sf! :::onditiona, 

Pz 

fl· .L 

= Z.57 

&iz • 8
2 

• 8. s0 (flow deflection anale). 

The aubacript l refer• to condition• in front of the ahod~ or free atream 

condition• and the 1ub1cript 2 refer ■ to conditi01'\I immediately behind the 

ahock wave. The abaence of a 1ub1cript indicate• local flow propertie ■, 

A• 1tated previou1ly, the preuure and fl.ow inclination decay rapidly 

with downatream po1ition and the variation ia exponential, From the ,data 

of Clippinger (Ref. ·3) for a lS-de1ree cone-cylinder body, at Mach 5,0, the 

pre11ure and flow inclination variation wa1 determined to be 

-2 x/D 

• e 
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w,~ere 

x/ D a streamwise diatanc~ behind bow wave in carrier body caliber,. 

These ~xpreuion!I are valid for valuea of x/ D at lea1t •.tp to O. S which i ■ 

the capsule length. The variation in dynamic preuuru a• derived from the 

static preuure relationship is 

.....i.. ■ _i_ (f P2) 
4a, Ma,2 

. 2 P2IPa, 0, 286 

l<l +0.2M2) ( f P2) 

where 

p
2 

-2 x/D 

£ P 2 • 1 + <j;a, - 1) e 

The midpoint of the capaule body with nou touching the bow wave i• located 

at x/D • 0. 25. 

Solving for q and AA at thi• poaition uaing the oblique ahock valuH 

}Jreviously determined 

Then 

~- 1.53 
4a, 
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CN mea s u i' ed • 0. 027 per degree 
a. 

and 

For CL • 0; 

CNz • 0. 248 

For CL • -SO; 

CNz • 0. 041 

CAz • 0. 445 

TbeH value• compare very well with the meaaured data at (X/D • 

1. ZS, Y/D • 1. S) and (X/D • 0.S, YID• 1. 25) both poaiUon• bein1 where 

the capau.le noae i• touchin1 the 1hock wavei a• wa• determined from 

Schlieren photogT&ph• of the teat point•. Referrin; to Fi1urea la and 8b, 

the agreement in CN and CA is aeen to be within 0. 03, for both an1lfl• of 

attack and both po•ition•. 

The aecond ex.ample of atatic force coefficient prediction i• the pre­

diction of CA by part• or atrip theory. For the caae of the cap~ule model 

the important contribution• to drag are 1enerated by the noae, the flare, 

and the baae preuure. In thia ca••• the dynamic preuure• uaed were 

thoae at approximately the midpoint of the noae cone and the midpoint of 

the flare. i,•or baae drag eatimation, the flare dynamic preaaure wa• uaed. 

Thia computation waa carried out for a -S de1ree anal• of attack which made 

the effect• of a111le 0£ attack very amall and theae were neglected becauae of 
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the relative insensitivity of CA too.. The effects of static pressure were 

calculated and found to be negligible, th.is 

CAnose is the drag of the nose, for the local Mach nurnber, corrected 

to the capsule base area 

CAflare ie the average flare pressure coefficient as determined from 

wind tunnel teats, corrected to capsule base arei\ 

CAbar.e is the base preuure coefficient from teat. 

These values are, 

Local q ratio• a• computed from the derived expreuion for ..S.. at 

the nose and flare midpoint• are, 
qm 

4N • l. 73 and 

4a:> 

= 1.37 

Then 
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CAT = 1. 93 (1. 73) + 0.067 (1. 37) +0 . 04 (1. 37) = 0. 481 

which agrees with the test data and Figures Sa and Sb. 

2. Comparison of Calculated and Experimental Capsule Model Data for a 

Lateral Excurs;on throuRh the Flow Field 

Tlie approximation to tht= cap1tule characteristics in the region below 

the shock wave ia made by applying local O.ow field condition• to the capsule 

free stream characteristics. Flow field parameters for a cone-cylinder 

body with cone half angle of 15 degree a :it M = 5. 0, as reported by Clippinger 

(Ref. 3), were used to obtain the following now field conditions at XI D • 

1. 25. 

YID ...f.. 
Pao 

0.7 0.84 

l.0 0.77 

Solving for~ from the expreuion, 

~ • --2-
4 ao M 2 

00 

and using the relationship• 

p 64 
l'ao 

0.88 -0.5° 

0.83 +1.0° 

the following field point characteristics, at. YID• 0. 7 and 1.0, were cal­

culated for the angle of httack of +5°, X/D • 1. 25, M • 5.0. 

- --~-
YID ~ CN CA 

400 

0.7 0.888 o. 108 0.275 
- -- ·-

1.0 0.842 o. 136 0.270 

1.5 l 0.455 0. 52.0 

- -- - · 
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The Y / D • 1. 5 values were calculated for bow wave condition• :u de3cribed 

previously. Comparison of the above values with the curves for Cl • +5 de­

grees in Figure 8b shows good agreement with the me&a...lred data. The pre­

dicted values fall within the accuracy of the measured data. Figure 18 

shows the comparison of the calculated and measured data. In the figure, 

the predicted points at Y/D • Z.0 are free s t ream values . 

The comparison• of the rcs•1lta with these simple means of calcula­

tion indicate that once the chau.cter of the flow is known, rather simple 

consideration• can predict the forces within acceptable limih. Thfll m~tbod 

of characteristics can be used for developina the !low field. 

In order to dete1·mine separ,,.tion requirement• and proximity traje :.: ­

t oriea. the equations of mct:!on summarized in Appendix I must be employed 

in conjunctfon with the aerodynamic data. The correlation of the data from 

static wind tunnel Lea ta auk :,lies the basis for obtaining some of the aero­

t;iynamic coefficients needed. The equation■ of motion have been written 

so that local field properties and inotantaneoua cap■ule velocities are u■ed 

in determinina capsule dynamic preuure and anales of attack. Thu■, the ■ e 

equation■ apply to ■ituationa where flow disturbance• generated by the car­

rier and/ o .. ·.n■ tantaneou■ velocities of the cap■ule relative to the carrier 

are significant function• of the carrier v :! locity. 

Dynamic derivatives such as Cm (pitch dampina due to body an1le 

rate), Cfflc\ (pitch damping due to rate Jf change of body angle of attack -

vertical acceleration), etc., are naturally not determinable from a ■tatic 

aeries of wind tunnel te■ t■, nor are the effects of relative motion between 

the capsule and carrier. 

The ef!ecta of dynamic derivatives durina the short interval of prox­

imity may be anticipated to be ■mall relative to the effect• of the •ta tic 

term■, Con■equently, until ■uch data are available, it i• neceuary and 

quite probably adequate to uae estimate ■ of these derivative ■ from uniform 

!low characteristic ■ of the capsule multiplied by local values of dyn'lmic 

pre■aure in the equation■ of motion. 

By far, the larae ■t uncertainty in det.:irminiq separation character­

istics is the effect of relative motion on the flow field aenerated by the 

carrier. Thi• effect may be expected to be particularly ai9nificant in the 

partial expo■ure phaae of aide ■eparation and in wake core and penetrat ic.n 

ejection■. The extent to which relative motion will produce flow condition• 

and conaequently cap■ule aerndynamic coefficient• intermediate to effect­

ively unmodified flo·.• confiauration■ (infinite ejection velodtie•) and the 

condition■ established in static wind tunnel tHts (aero ejection veloci ty) 

can be established only aftt:r \;onduct of dynamic ejection testa. 
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C. Wake Penelration 

The data obtained from the Mach 5. 0 wake penetration te1h are pre1ented 

in Figures 9a through 9e. The curves of the aerodynamic. coefficients v1 po1i­

tions crossing the wake boundary show relativeJy continuous char·acteristic1. 

Examination of the normal force coefficient variation preaentt!d in Figure• 

9a and ';lb indicate111 flow deflection11 of the order of 15 degree• with 1:eference to 

free strea.111 diredion are experienced along the wake boundary. 'fhia flow de­

flection is in rf!aaonable agreement with the wake anale (12. 8) predicted by Love 

(Ref. 4) for a car·rier vehicle of thia configuration at a free atream Mach number 

of 5. 0. Due to this flow deflection, the c?pau.le normal force coefficient waa 

negative for all angle• of attack investigated except fo-: the +15 degree an1le of 

attack caaee at the large Y/0 location,. Theae trend• in norr.1u force .:oefficient 

variation are what would be expected in thta region of the carrier flow field. 

In Figure 9a it i• 1een that for the -15 de1ree caae, the normal force coeffi­

cient increaae1 rapidly aa the capaule ia poaitioned closer to the wake centerline 

("i./D decrea1ing). Thie trend is greatest at 1tation1 close behind the carrier baae 

(X/D • 0,50), As a result, the CN value& at low Y/D for the -15 degree an1le 

are greater than for the -10 degree a11jle. The curves cro11 at approximately 

Y/D • O. 46 at the X/D • 0. 5 1tation. Thia e!!ect ii the reault o! the opening of 

the wake, in the region of the capaule model, due to the interference of the cap-

1ule body on the carrier baae preuure. The opening of the wake decreaoea the 

cap1ule area expoaed to the his}l energy 1tream outaide the wake ed1e reaulting 

in a decrease in CN· At angle• o! attack cloae to zero, the wake appear■ to be 

relati•.•ely undisturbed by the presence of the capaule model. A• the capaule ii 

turned more broa.daide to the 1tream (more negative an,le of attack), the flare 

preuure increaae1 until enough flow and preuure ha• been propagated forward­

along the upstream aide of the capaule body - into the recirculation region fo,lo~aJly 

increaae the base pre11ure to a value preventin1 normal expanaion around the baae 

corner. The wake, then, open• locally in the region directly in front of the capsule 

model. 

The axial force coefficient• indicate the effective dynamic pre11ure ii 1i&e­

ably reduced even With the capaule at Y/D'• equal to O. 65. The axial force co­

efficient was uaed to obtain a meaaure of the flow field dynamic preuure 1ince 

thi• coefficient ia relatively inaenaitive to small anal• of attack variation•. Ratio­

ing the axial force coefficient meaaured to the Mach 5. 0 free atream value (ll .295) 

at Y/D equal to O. 65 indicate ■ a dynamic preuure ratio of •pproximately 60 per­

ceut. As Y/ D i ■ reduced, thi• effective dra1 ratio reduce• to nearly zero at Y/D 

equal to O. 35 and X/ D value■ of O. 25. 

The moment data given in Fi1ure 9c 1how the aerodynamic moment is poai­

tive for all caliber location• and angle• of attack leu than 15 degree•. Hence, 
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during a frpe flight P.jection a fa·.ror:1ble pitching :noment would be attained which 

would increase the capsule angle of attack and cause it to fly clear of the wake 

boundary. 

Figure 9e gives the variation of CN for various Y/ D and X/ D locations at 

Mach numbers of 4.0 and 5.0. It can be seen that similar trends are exhibited 

for both Mach numbers. The Marh 4. 0 data, however, are considerably lower 

than the Mach 5. 0 values. Presented in the same figure ill the variation of CN 

as a £unction of wind tunnel total pressure (i.e., ReyJ1o]d11 number) for a Mach 

number of 5.0. Ruults of these te11ts indicate that Reynold• number has little 

effect for Y/D leu than 0. 5. For Y/D values greater than O. 5, some alight 

increase in CN is noted for the lower Reynolds number. 

The data from the wake pe!!et.ration tests indicate that a reasonable predic­

tion of capsule coefficients can be made in thi• rt:Klun by u&ing local flow field 

conditions with ter.hnique. si:rdl,.1.· to those developed for the characteristics of 

shock wave iu,eractior, wiih the dl!ad air space behind the carrier base. 

D. Wake-Capsule Interaction 

Figure 10 ahowlil the variation of drag coefficients baaed on free stream 

dynamic pressure and fl.are base area as measured for various caliber location• 

behind the carrier vehicle. The reference point on the capsule used for dhtance 

measurements was 50 percent of the capsule length. All capsule drag measure­

ments were performed with the capsule'• longitudinal axis parallel to and aligned 

with the carrier vehicle-axis. The Mach number and tunnel total preHure for 

~ which these data were obtained was 4. 0 and 72 pounds per square inch •h•olute, 

respectively. 

The variation of drai coefficient as shown in Figure 10 can be attributed to 

the variation in Mach number, dynamic pressure, and in cloae-in poaitiona to the 

exiatence of static preHure gradients. Obtainina a quantitative description of 

the forces appliesd tc ~ body in the wake would require theoretical methods which 

are capable of describing the velocity, Mach number, pressure, and temperature 

variations both longitudinally and tranaversely, a• well a• of conaidt1ring the inter­

action the body has with the undisturbed wake r.'1-aracteriltics. Since such theoret­

ical methods are unav11ilable, recourse to.empirical methods which may .ipply 

over limited ranae• arid conditions should be conaidered as poHible means of 

attaining estimates of engineering value. Such empirical methods can be obtained 

by employing results from sub■onic turbulent wake analyse• for basic functional 

variations in wake properties with longitudinal and tran•verae di11tancea where 

c.srtain needed empirical conatanta are obtained by comparing these variation• 

with wake characterhtica measured at supersonic speeds. Following this pro­

cedure, the velocity depression in the wake as a function of the tranaverac 
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distance c1.& given by Schlichdng (Ref. 5, page 493) is, 

[ 
3/2] 2 

U a 1 - (..!..) 
Umax ro 

and (from Ref. 5, page 488) the variation .in centerline velocity with longitudinal 

di s ta nce is , 

-2/3 
- (X) 

D 

for axially •ymmetric casea.. By employing theee two variation• and comparing 

with the mea;;urement at Mach l. 33 given by Howarth (Ref. 6), the following 

empirical relation•hip re•ult•: 

wht·re 

XA Xt 3/2 
-- = -- (0. 684) 
D D 

and Xt/ D i• the di•tance from the carrier baH to the po•ition of minimum wake 

diameter (Ref. 4). At di•tancea which are lar1e compared to Xt/ D, the •tatic 

preuure approache• unifoA·mity at the free •tream value and the wake dym.mic 

pre••ure become• larae; thu•, the effect of a •tatic pre••ure gradient on •tatic 

forces bc~omee relat!,·ely le•• important. Since the variation in •tatic preuure 

ia unknown, it is a••umed that rea•onable e•timate• can be obtained by takin, 

the t;tatic preuure equal to the free •tream value. Thi•, with the further auump­

tion that the staination temperature remain• equal to the free •tream •~1nation 

temperature enables th-, calculation• of den•ity and Mach number, which com­

bined with the empirical velocity variation. yield• an eatimation ot the dynamic: 

pre••ure. 

U•ing the above relation•, the average dynamic preuure and avera1e Mach 

number acrou the po•ition• of the wake occupied were computed i1noring pouib!e 
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capsule wake interaction and longitudinal gradients. The drag coefficitmt1:1 utted 

for the capsule were the free stream values tabulated below. 

Mach No. Co 

1.0 0.820 

2.0 o. 592 

3.0 0.435 

4.0 0.330 

s.o o. 294 

Theee w~re obtained from wind tunnel teah in a uniform flow excPpt for Mach 

numb~r 1. 0 which was extrapolated. The average Mach number at thei midpoint 

of the body was used to enter thiii, tabl£. The comparison of tJ,e ca~'-"lated with 

the meaaured values is ahown in Figure 18 a» ratio• of the local drag coefficient 

to the free stream value at Mach number 4. 0 (i.e., Cn • 0, 33). The agreement 

between the measured and eatimated values ia reaaonably good. The maximum 

deviation of 0. 05 or approximate:ly 10 percent occurs at 2. 5 calibera. At this 

distance, gradient• in Mach number and dynamic preaaure a• well &.» atatic prc•­

sure do exist which have not been taken into account and probably a.ccount for a 

substantial part of the diaagreement. Moreover, thia is a region of reduced wake 

diameter where capaule wake interference would be expected to be more pro­

nounced. 

In the close-in poaition, Fi1ure 19, negative dra1• are indicated by the dab. 

In this region, solid and daahed curve.s are al'--nm for the eatimated value. The 

dashed curve was obtalned undeir the aa1umption of a "dead air" ■pace exiating in 

the co11verging portion of the wal.ke. The aolid curve is baaed on an extrapolation 

of data preaented in Reference• 4 and 6 which ahow the exiat111nce of an increadna 

static preuure with diatance behind an axially aymmetrk body. The lmproveC: 

agreement with the meaaured value• indicates that negative dra1 vallle• aaaociated 

with thl• capaule (having aignificant length) in thi• region are attributed to ~o•itlve 

atatic preaaure gradients. 
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Variation of CA and Baae .A:-ea 

Variation of CN and Projected Conical Area 

o~-J-_ _._ _ __._ _ ____. ____ "---~-~ _ ___., __ .___ 

40 60 80 100 20 

EXPOSURE (%) 

Fi1ure 17. Partial Expoaure - Comparison of Capeule Projected Area a and 

Meaeured Force Data with Capsule Expoaure 
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SECTION V 

APPLICABILITY OF DATA 

The data obtained from these wind t•.mnel te1t1 are applicable to the deter­
mination of separation and trajectorie1 for cap1ule bodies of identical shape to 
the capsule model of test. In applying these data to other cap1ule1 and carriers, 
or condition,, consideration must be given to: 

(1) The effects of scale, l. e., Reynolds number 

(Z) The relative size of the -:ap sule to the carrier vehicle 

(3) The specific shape• of the capaule and carrier. 

The results of comparing the mea1ured aerodyr-amic coeffici~nts with free atream 
characteristic• show that the difference, are almoat entirely accounted for by 
!'limply applying local flow characteristics to free atream coefficients or by •impl" 
geometric con1ideration. Con1equently it ii anticipated that a almilar procedure 
may be u1ed for other capsule and carrier shapu employina the now field• gen­
erated by the specific carrier. The effect• of acale and relative 1ize are dl ■-
cuued in the following ■ ection1. 

A. Scale-Effect 

All of the teat conducted, with the exception of the wake core 1ur.vey were 
conducted at more than one Reynold• numb-er. The variation of the data with 
Reynold• number, for the mo1T1t part, wa■ small; often within the •ccuTacy of 
measurement or the acatter of the data. It h believed that the data taken at the 
hi1he1t Reynold■ number• can be used and conaidered conatant at Reynold• num­
ben 1reater than the teat maxima. Some free atream data wen taken at Mach 
5.0 at Reynold• number ■ appreciably lower than in the other phaae1 of testing in 
order to extend this range downward to give some in■i1ht into the 1cale-dfect on 
the free 1tream capsule characteriltic1. At the lower value1. 111trona variation• 
arc aeen to occur aa ahown in Figure 6h. At the ht1her value ■, however, the 
variation ii relatively alight and observation of the teats of the large cap1ule 
model, which greatly extend the Reynold• number ran1e, jndicate an appt'oach 
to constancy. 

It ia not believed that the carrier vehicle influence on the cap1ule will be 
affected by incre.aing Reynold• number for the cloae-in phase. The partial ex­
po1ure pha1e 1.nd wake penetration phaa.e may be influenced by chan1e• in the 
carrier vehicle boundary layer, the character. of which i ■ determined by the 
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Reynolds number. The local Retnolds r..umber on the carrier vehicle at the fol'­
ward edge oi the exit port, based on thf, distance from the nose, ii. approximately 
14 times as great as the capsule's based on its centerbody di.1.meter or, for the 
maximum test conditions, about 5. 9 millions. At these Reynold• numbers, the 
boundary layers should be turbul-::nt and an increase in Reynolds number would 
result only in t.oundary layer thickneu variation which would at most produce 
only flecond order influence :J on the capsule. 

Based on all of these considerations, at Reynolds numbers greater than 
those of these tests the maximum Reynolds number data are applicable. For the 
range of Reynolds numbers of the test1 the test dabl, of course:, are directly 
;1pplicable. For Reynolds numbers below the test values the data must be used 
•vith 1~eservation and only to indicate relative trends or magnituces, as in this 
region the scale-effects become pronounced and unpredictable. 

Figurca. ZO and 21 show the range of test Reynolds numbers converted to an 
altitude vs capsule centerbody diameter variation. Theae figures indicate the al­
titude limih of data applicability for the test Mach numbers. The relationship 
between Reynolds numbe:- ar.d altitude is based on the ARDC 1959 model atmos­
phue. The free stream data (Figure 20) include tests of both the small (2 inch 
long) and the large (15 inch long) capsule mudel. Since the Reynolds numbers of 
the tests of these two models overlap, the region of direct applicability h contin­
uous. 

In the high altitude region above the upper limits of data applicability, the 
dynamic p1·easures, at the1e Mach number1, are very low. Therefore, the cap-
1ule load• are 1mall; approachina in1ignificanc? a1 the altitude incre"1es. Thu•, 
at very hi1h altitudes, the decreaaed reliability of the data ii not of 1reat ■i1ni­
ficance. Under theae conditioi:.1, the mau and inertia u! t.he cap1ule body and 
the initial conditiona of aeparation are the moat important parameter• in trajec­
tory calculation,. 

B. Relativ!' Sise of Cap1ule and Carrier Vehicle 

Fo-r t.he z:11~n,i:•.~.ity teats conducted, only one size of cap1ule and carrier 
model wa• te :1ted and the data are directly Applicable for this ratio of diamctcra 
only. Howev,!r, thi1 ratio wa1 :ho1en to represent a relatively large caps:.ue 
and capsule to carrier diameter ratio• higher than theae would not be l~ke,ly in 
practice. Tl.e compi=.ri!~:! ~! predicted t:: :::::.::;;:-::id val:i.eis for the clo,; ..: inphasn 
show that local flow conditiona applied to the cap1ule characteriltic1 at the cap-
1ule reference: center give reasonable prediction,, thereby indicatina that, except 
&t the shock wave, a nearly uniiorm local flow ia felt by the cap1ule. ·rhe data 
1hould then be applicable to relatively 1maller cap1ulea. In the influence of the 
1hock wave prediction• of cap•ule characteristic• may be made as dhcuued in 
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Section IV and the ac(.uracy of pr ediction should improve as the capsule size re­

duces because this size reduction results, again, in a relative improvement in 

the uniformity ::if the local flow around the capsule body. 

To apply the measured data to a relatively larger capsule than tested would 

probably yield erroneous results as t~e actual capsule wo•1ld be immersed in a 

relatively more variable flow field than was the test capsule model. The flow 

field variation over the larger ca.psule is due not only to the increased length but 

a.lso to the increased diamelt:r. For a larger capsule, the circle& of influence 

around the carrie1· vehicle which would intersect the teat cap.aule cente'rline·, tnte-r-

1:>ec~ the capaiule body appreciably below the capsule centerline (longitudinal axia). 

C. Calculation of Separation Charactf'ristics and Trajectories 

The wind tunnel data may be uaed directly to prudict atatic loading on the 

capsule body at any position iu the flow field . A comparhon of the proximity 

data with the free stream data modified oy local flow £ield characteristics, for 

the close-in phase, indicates that the field characteriBtics of the capaule model 

may be determined at Mach number• other than the teut values once the flow field 

characteristics at these Mach number• have been determined. However, in pre­

dicting cap11ule separation trajectories, conaideration 1&"&1.lBt be given to the relative 

velocity between the capaule and car:-ier, and the resulting field disturbance, 

which will modjfy the capaule forcea. 

The cqu~tions of motion diacuued in Section m of Appendix I deacribe the 

dynamics of the capsule body taking into account the flow field diaturbance due to 

the relative velocity of the capsule body and should be u1ed for trajectory com­

putatic.n. 

For those \;&sea where the diaturbancea from £ree atream conditions are 

large, the equations of Appendix I ahould be employed. In inatancea where the 

disturbances are e:maU, the simpler equations d~acribed in Reference 7 may be 

used to determine the separation char1,.cteriatic• and trajectoriea. 
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SECTION VI 

CONCLUSIONS 

The analysis of the wind tunnel data has indicated that rec1..onable agreement 

is obtained between thc:se data and va.lues estimated by employing free stream cap­

sule characteristics and correcti ng these with the local ilow inclination, Mach 

nu mbP.r, and dynamic p'l'."eseure of the field generated by the carrier vehicle. Con­

sequently capsule c-haracterietics in the vicinity of a vehicle can be obtained with 

the relatively simple expedient of generating a flow field, such u by the Me~od 

of Charact'!rhti.r.11 or other mean•, and by obtaining free flight characteri•tic• of 

the capsule. 

Reasonable agreement of axial for~e coefficients in the wake core are ob­

tained at dhtances beyond the wake clo•ure by considering the effect of dynamic 

pressure 11:1d Mach number a• dominating effect•. Improvement• can be made in 

the estimation of axial force coefficients by eatimating the effect of gradients in 

the axial direction. However, in the ca•es con•idered, such corrections would 

produce refinement• of a relatively insignificant magnitude. 

At po•itions cloae to the ba•e static preuure buoyancy correction•, which 

can be \)btained from treatment• •uch as Love (Ref. 4), rea•onably predict th" 

negative drag forcee obtained. 

For capsule"' that are relatively •maller than thou of the current te•ts, 

similar techniques •hould yield •atiafactory ruult•. For relatively larger •ized 

Cilpaule,, interactions with the carrier vehicle will be increa•ed, Such interac­

tic-.,s ma.y be expected to produce change• in the flow field which will reduce the 

accuracy with which the aerodynamic coefficients may be e•timated. 
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APPENDIX I 

DYNAMICS OF SEPARATION 

CONDENSATION OF INTERIM SUMMARY REPORT 

('!'he List of Sym L•ob is at the end of thil Appendix) 



SECTION I 

INTRODUCTION 

This study is concerned with the prediction of separation characteristics of 
capsule bodies ejected from the side and base are-as of high performance rocket 
vehicles in various stages of flight. 

The incre&1ting use of large impulse rocket-powered vehicles for scientific; 
experiment• in the region of the ec1rth'• upper atmosphere and beyond has indicated 
the de::.irability of ejecting vari.ou;1 types of capsule• at intermediate stages of the 
~,rrier vehicle's flight. The types of capsules of immeeiate interest arc data 
capsules, camera packages, and biocapsules. Capsules may vary greatly in shape 
and size. In addition, the regime of fliaht required at separatiun can also vary 
widely. Henc~, many configurations and separation conditions can be envisioned. 
In this study, two poaaible areas of separation have been considered, viz (l) ejec­
tion of a capsule !rnm tl\e aide of a carrier vehicle and (2) ejection of a capsule 
from the base of the carrier vehicle. 

A survey of all av•ilable literature in the area of capsule ejection has indi­
cated that relatively little work has been accomplished in the specific field of 
capaule ejection. A number of sled teats have been conducted on pilot ejection 
seats. These tests ur.fortunately reflect aircraft types of configuration and are 
re .,tricted to relatively low Mach numbers. A similar difficulty eX!&U with tht' 
results of investigations in connection with store separation from airr. raft. Mos­
kowitz (Ref. l) h.as developed exp re 1&ions for calculation of the lift of combination■ 

of bodies. These expreuions have been used in this study to compute the part of 
the interfe!'enc~ lift of bodies of revolution due to the upwash field generated by 
~ne capsule and carrier vehicle on each other. 

The final objective of this investiglltion is the determination of force or vel­
ocity requirements necessary for satidactory separation of capsules. This is 
accomplished by calcuution of capsule separation trajectories. Prellminar1 to 
performing any such calculations, work in two broad areas is required. Theee 
are, (l} determination of pertinent aerodynamic characteristics and (2) formula­
tion of motion equations representing both dynamic and aerodynamic effects. An 
interaction of these two areas also occurs since the flow field into which the cap­
sule is ejected is in genf!ral nonuniform. These nonuniformHies and their effect• 
must be incorporated in the formulation of motion equations. 

These aerodynamic consideration• and the equation• of motion are diacuued 
and presented in this appendix. 
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SECTION II 

AERODYNAMIC CHARACTERISTICS 

In order to determine the requirements for satisfactorily separating cap­

sules from a carrier vehicle, it is necessary to determine aerodynamic cha~·ac­

teristics in three general areas. These are: 

(1) Tl1e char a ct er .i. ii tics of the flow fi eld caused by the presence of the 

carrier 

(Z) The aerodynamic characteristics of the 11eparating r:: apsule 

(3) The ef!ects of interfer·: nce between the carrier vehicle and separating 

capsule. 

Investi giltion in the second area above is straightforward and hence is not 

considered here. It is sufficient to remark that the capsule configuration• e:m­

ployed in dynamic calculations were a sphere, a right circular cylinder and il 

composite nose-crlinder confi6t:1"ation "nth a base flare. 

A. Flow Field about Sides of Carrier 

The carrier flow field parameter• that must ">e evaluated are flow velocity 

and direction, Mach number, pressure, and density. Where ejection is to take 

place from the side of the carrier vehicle, the flow field about th~ carrier from 

the point of ejection aft must be known. Where ejection takes place from the 

base of the carrier, the flow field in the wake of the carrier vehicle is of impor­

~ .. , ... .:. In both cases, interference effects are of importance. These topics are 

now discussed briefly. 

The carrier flow field parameters for bodies with attached shock waves 

may be determined with varying degrees of accuracy by one of several methods. 

The Method of Characteristics is equally applicable in irrotational and rotational 

flow and provides the ultimate in rigor in inviscid flow calcul;..tiona. Real gas 

effects can be considered ..ising the method o! Gravalos (Ref. 2). For blunt b<:'dies, 

over which a part of the flow field is subsonic, relaxation techniques such as those 

described by Gravalos may be used to det ~rmine t:he flow field in the subsonic 

regions. In the high Mach number case, r eal gas effects become extremely sig­

nificant and must be incorporated into the calculations. An appreciation of the 

characteristic• of the flow fields about the carrier vehicle can be obtained by 

considering the results of computations. 
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The variations of flow field parameters about a IO-degree half an~le cone­

cylinder at a free st.ream Mach number of 2.. 075 obtained from results of Liep­

mann (Ref. 3) a.re shown in Figure A-1. From this figure, it is apparent that 

essentially free stream conditions !)revail in the flow aft of a position five to six 

body diameters aft of the nose. 

At higher Mach numbers, more significant effects are encountered. For 

exampl~, Figure A-2. show11 flow field parameters about a 15-degree half angle 

cone - cylinder at a free stream. Mach r.umber of 7. 0. 1'h <.! ae data. ,u·e deduced 

from data of Clipr,inger (Ref. 4) and show flow field parameters as a function oi 

axial distance from the node fur three transver11e diatances. Velocity variation 

is not illustrated since throughout the majority of the flow field the velocity is 

within 95 percent of the free stream value. From this figure, it is apparent that 

aft of four to five calibers from the noa,e, the flow parameter• ahown do not vuy 

rapidly as a function of axial or tranaverse distance. Howner, it ahould b~ n,ned 

that a reduced Mach number will exist throughout the field corresponding to th•~ 

total preuure loss through the shock wave. 

As indicated above, calculation of the flow field about a blunt-nosed body 

involves obtaining the subaonic and tranaonic portion• of the flow tield before the 

Method of Characteristics can be employed to obtain the auperaonic flow field. 

The flow field over a cone-cylinder carrier with a spherical nose at 85,000 feet 

altitude with a free stream Mach number of 15 has been computed. The subsonic 

and transonic portion is obtc1.i,,ed using the method of Gravaloa and the supersonic 

portion using the Method of Characteriatica. Pertinent reaults of this computa-

tion are ahown in Figures A-3a and A-3b. The relationship• employed to derive 

these results were proKn.mmed on a digital computer to exp edite the computation■. 

Of particular interest is th" lar9e deviation of denaity from the free atream value 

in that portion of the field aft of five to •ix calibers. Variation• in the flow field 

parameters are relatively amall aa func!iona of poaitiona aft of this atation. Aleo 

of intere ■t are the relatively low Mach numbers throughout the fl.ow field. Velocity 

variation ia not show::i aince it is within 10 percent of the free atream value through­

out the majority of the flow field. 

B. Flow Field in Wake of Carrier 

Analyais of the flow field atructure behind a high ■peed body is made diffi­

cult because the wake region involve• aimultaneoua interactiC)n of an external 

inviscid flow with an internal diuipative core. Furthermol'e, the caae of moat 

practical application, the tur:,ulent wake, involve• a time dependent tranaport 

mechaniam about which very little is knowr,. 

At the preaent time, then, wake characteristic• rnuat be determined pri­

marily in an empirical manner. However, conaiderable progreu toward11 
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description of the wake has be.,.n accomp.ii;he d a s c:. result of efforts to corr elate 

and explain bas e pressure data. 

The general features of the wake are depicted in Figure A-4. As shown here, 

th e inviscid portion of the flow ahead of the base expands around the corner and 

s""parates from the surface at the corner. A weak lip shock terminates the cor­

ner centered expansion fan. Entrainment of air from the region behind the baRe 

by the Jet pump action of this stream lowers the pressure behind the base. The 

resulting pressure difference a.cross the stream causes it to be deflected inward 

toward the axis of the body. Upon reaching thP. axis, the stream must again be 

deflected (and hence, recompresred) back to the longitudinal direction. An equi­

lib r ium state is re1cl:ed wherein the flow expands at an angle such that the dissi­

pative flow can negotiate the resulting recompression. 

It is readily seen that the region of flow recompres11ion, or the wake throat, 

is the critical region which controls both the upstream and down,.tream wake 

structure. .An analogy between the critical region and lhock wave, separated 

boundary layers is also apparent; either represents a case of a dissipative 1low 

negotiating an adverse pressure gradient. 'l'he thro&1.t ie1·vc s to divide the sep­

arated flow region from the spreading downstream wake. 

Figure A-5 showE. the separated flow region ahead of the throat. The 

boundary layer (of thickneu AB) formed on the surface of tl:.e body spreads into 

the region behind the base. Entrainment of air from the "dead air" region in­

creases the thicknua of thi'a separated mixing layer. At the point where stream­

lines from opposite sides of the body converge, one of the streamlines must 

stagnate at point D. Streamlines having a total pressure greater than that of 

BO will pan downstream while those of leuer total pressure are reversed a.id 

recirculated in the "dead air" region. For steady flow, no ~•• 1low is added 

to or removed from the "dead air" region. The streamline BO is therefore a 

di vi ding streamline. 

Between points B and C, the process is one of viacou5 mixing or air 1:u­

trainment. However, between C and D there must occur a pressure riae of 

magnitude sufficient to destroy the momentum of the entrained air. The line 

CD is therefore curved and a aeries of compression waves are set up which 

coalesce to form the trailing •hock. 

In principle, then, it is pouible to calculate the wake separation il.ngle and 

thus determine the wake geometry by equating the total preuure on the dividing 

streamline to the pre11sure after recompreaaion. The dividin,. streamlh .. : con­

ditions can be obtained from solutions to the classical problem of parallel- stream 

mixing. This procedure, in fact, gives good results for two-dimensional wakes 

where the approaching boundary laye.· has a negligible effect (Ref. 5). 
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In general, however, the boundary layer must be considered precluding a. 

simple solution to the mixing problem. Further, the boundary layer itself deper,'.ds 

in a complicated way on such factors as the Ma.ch number, f\eynolds number, heat 

transfer history, body surface condifr:m and upstream body geometry. 

An additional analytical difficulty is presented by the fact that the preuure 

a long the separated reg ion is not constant in three-dimensional flow (aa it is in 

two-dimensional flow). No simple £unction such as the two-dimensional Prandtl­

Meyer relationship relates flow propertie111 to atreamlinc direction. Thus, a 

characteristics er equivalent type of calculation must be used to define the re­

comp1·ca,aion pressure for three-dimensional flow. 

Fortunately, Love (Ref. 6) noted that the measured three-dimensional wake 

angle (for bodies of revolution ·::.:.th turbulent boundary layer") can be empirically 

correlated with the two-dimensional angle for a given base pressure. The cal­

culations reported here thus use Love'• data to determine the axiaymmetric wake 

convergence angle. 

Referl'ing to Figure A-6, it i• &P.P.n that the balance between acavenged mau 

and reveraed ma•• calls for a vortex-like flow in the separated or "dead air" re­

gion - better called the recirculation zone. Although the mixing-induced velocities 

aver11ge only a few percent of the free atream velocity, the streamline just below 

the dividing streamline has a total preuure almost equal to the recompreaaion 

pressure. It .:.a stagnated near the end of the recompreaaion zone and acc-.lerated 

back towards the base. Thus, a portion of the flow near the body centerline ia 

capable of attaining a relatively high reverse now velocity. 

Conversely, the air entrained juat before point C of Figure A-S has a total 

preuure just above the base preuure. It ia stagnated at the beginning of the 

recompreaaion zone and attains essentially no reverse flow velc.city. 

The revei·ae flow i• of particular importance for small object• ejected down 

the wake centerlir,e. A rough idea of it1t characteristics can be obtained from 

Figure A-6 which was calculated by auuming iseritropic flow from the recompre•­

aion p1>int back to the base pre uure. A• ■hown here, the !.~portance of the re­

verse flow diminiahe• (becauae of the low dyr.amic preuure■ relative to free 

stream dynamic preuures) at high Mach numbers. 

It may be noted here that, although the reverse flow h "' mnat importance 

for relatively small object■, th~ buoyancy force ■ auociated with the recompre•­

•ion pressure gradient■ arc of considerable importance for larger bodie11 aa well. 

However, at high upstream Mach 11umbera, both the reverae flow and the 

pressure gradient• are minimized in relative magnitude. The pressure, aa 
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ohse rve<l i n the threc •-dimensional case, cc1.n be dosely approximated by a two­

dimensional or Prandtl-Meyer type of dnalysis. The pressure overshoot (above 

fre e stream) found for three-dimensional flow at low superso~.ic speeds disap­

pears . For these reasons, calculations of separation dynamics at high Mach 

numbc::rs can employ some simplifications by neglecting the above mentioned 

effects. 

Once past the throat or critical region, the wake-ejected object is immened 

in the dissipative (usually turbulent ) Rpreading wake core . Simple dimen•ional 

analysis dictates how the wake width and centerline velocities vary with di•tanc,1 

behind the body. An asymptotic solution of the momentum equation, using Prandtl's 

t 11 rbulent mi sing length hypothesis, gives the form of velocity variation aero•• the 

wake core. 

Two empirically determined con•tant1 are required: one auociated with the 

rate of spreading of the wake and the other with the effective origin of coordinate•. 

These const,nts were determined from Reference 7 and a••umed to be independent 

of Mach number. In addition, the thickneu of the wake core at the throat w•• .i.4'­

quired; this wa• determined from the compilation of Chapman (Ref. 8). 

Empirical equation• for the velocity di•tribution in the wak11 down•trcam of 

the minimum wake diameter and the procedure for determining other wake prop­

erties are given in Section IV. D of the main body of the report . 
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SECTION III 

EQUATIONS OF MOTION 

The separatio!l conditions and trajectories studied under this program are 

sufiidr.ntly different trorr. conventional conditions to have necessitated the devel­

opnent of motion equations of several types. Particular problerr.s have been 

cr Pa tP.d by the nature of the flow fields i:nto which the separating body must be 

ejected and through which it must pass . This is reflected both in interfenrnc e 

e ffects and pressure variations. !n c e i·ta in .:>f the cas e s on the other hand, un­

us ual restrair.t g must be placej on the separating body. Theae requirementa 

have made necessary the formulation of motion equations in all but one of the 

cases. The follow ing is a discussion of these formulations to indicate the con­

siderations that w~re required . The following dis c:- •lssion con&iders each of the 

particular sets of equations in turn . 

A. 

1. Discussion 

Base separation may be obtained in either of two manners . One of 

these is to eject the uparating body in the direction of the longitudinal ax.ii; 

the other method i1 to eject at an angle to the longitudinal ax.ii. In the 

former procetiure , the aeparating body ii deployed down the wake core 

through the low energy po'!'tion1 of the wake. In the latter procedure, the 

deployment angle ii auch that the seprArating body contact• the wake bound­

ary between the vehicle ba1e and tho wake throat. The atternpt in thi1 caae 

is to penetrate the wake boundary. Since these two methods of deploym11nt 

are considerably different, two different 1et• of equation, were derived and 

programmed. These h '.•o sets are dhcus1ed separately below. 

a. Wake Core Ejection 

Thi• type of ejection ha1 been atudied with a Aet of equation, 

repres ':! nting one - dimen1ional linear motion. The equation• in thil 

ca1e were purpo1ely made genera] in order to provide for variou1 

combinatious of ejected bodie1. 

Theae equation• are written for two (or po11ibly more) ejected 

bodie1 with the pouibili•.y of ela1tic interconneiction between these 

bodies. In addition, p·.ovi1ion ha1 been made for ela1tic connection 

between the ejected bJdy and the carrif!r vehicle. In ca1ea where 

no interconnection eid1t1, the 1pring con1tant a11ociated with th ·'!! 
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e lastic connection i s t a.ken it.8 zero . Where only a single bcd y is 

ejected, the di££ercntial ~quation for the seco.nd t..>dy is suppreued . 

Of particular importanc e in the computations in this case are 

th e ·,1,akc flow static pres!'ure and nPnRity •.rAr;.ttion . The variatior, 

of wake velocity, static pressure and density with position relative 

to the vehicl e: base is represented by algebraic expressions . In the 

proce '3 s of the computation, the density , 111tatic pre1111111re and wake 

veloc:.ty are computed as a function of body po1ition. The dyn,.mic 

pressur e is then obtained as a combination of these quantiti. e~ and 

the body absolute velocity. 

l 'he wak ,:, cha r:>cteristics employed in these calculation, ii re 

di scussed elsewhere . 

iJ , Wake-Penetration 

The physical condition that ia to be repre1ented in then equa­

tion• ia that of a cylindrical capsule ejected .-earward frorr. the bast 

of the vehicle. It penetrate, the wake bounda.'"y and pouibly pa.nu 
into free 1tream conditions . 

Aa th1, capsule encounters the wake bo•mdarv, the dynamic and 

1tatic pre1sure1 to which it i1 expo1ed chan11e. In partic~lar, the 

principal resiltance to penetration of the wake boundary re1ult1 

from the large 1tatic and dynamic preuurea on those portion, of 

the capsule which are external to the wake bounu;u·y. Hence, in the 

motion equation• it ii important to obt .. in accurately the areas ex­

po1ed to these high preuure field,. In addition, it ii neceuary to 

repre1ent accurately the wake den1ity, velocity compouenu, and 

static pre1aure as function■ of :)oaition relative to the carrier vehicle 

baae. Thia variation is repreaented in term, of di1tance .tt of the 

vehicle ba1e and di1tance above or below the vehicle longitudinal axi1. 

The area exposed to the high preuur~ region i1 obtained by computins 

the coordinates of the points at whkh the c.ipsule 1:rosscs the wake 

boundary. From thcae coordinate• the projected ir~" of the cap,ule 

faces, both interior ar..d exterior to the wake, i1 c omput1:d. In addi­

tion, the centroid• of the1e areas are allo computf!d for purpore1 of 

moment calcuJ.ation11. 

As the »1:parating cylinder emer11e1 from the low energy region 

ot the wake, large moment• wil. be imposed upon it Conaequently, 

large angular Rcceleration1 rr.ay b~ anticipated . These large angular 

accelerations can 1erirn.1•ly affect the relative vt-locity of air with 
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re,,pect to the faces of the separating body, d"pendin~ of coursf'! on 

the exposure time and the moment of inP-rtia of the body. This i11 

considered in the formulation of the computation procedure ■• Eight 

facfls 0£ the body are con11idt r cd, and the total relative velocity of 

th ... 11e faces with respect to the air computed a■ the vector ■um of 

the velocity of the center of gr~vity of the cap ■ ule, the linear velocity 

0£ the face induced by rotation, and the wake velocity at the centroid 

of the !ace. 

2. Formulation 

a . One-Dimena.ional Wake Core Ejection 

The motion oi' the carrier vehicle, and all ejected bodie■ i ■ 

a ■ sumed to be along a line rnaking a con■tant angl-, Q0 with the: hod­

zontal. The origin for the x axiit h taken to be the point at which 

l!~paration begin■. Tb" f!quatinn■ of n-.o~io11 .,.re now co111idc:red. 

The equation for the carrier vehicle ii 

where 

AFOSR-106 

Kp h u■ed if a pilot device i ■ attached by line■ to the vdhicle, 

Kc ii u■ed if the cap■ ule h attached by line■ to the ·.-chicle. 

The ■e ten■ion t~rm• are aero except durin1 line ■tretch, i.e • • tho 

interconnectin; line cannot •upply force to ■ eparate the bodie ■• The 

dampif1¥ i • tllkfln proportional tn both the ■eparation velocity and the 

line ten■ion. 

Thi, equation of motion for an ejected pilot device which i ■ attached 

to a capa1.1le i ■ given by 

[ tnp + P p (x - Xp)j 

+ [ mp + Pp (x - ,;,>] I ■in Q O + Kp (x - "P - ~ p) 
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where 

x = "v when the vehlcle is at the opposite eni of the line and 

x = xc when the capsule is at the end of the line. 

When lines are employed, the mau term Pp(x - Xp) is fixed as 

Pp'>.. p after the time when full extension of the unatretched length 

oc curi,; . Hu~ oav cr, ;!~:-ing th"' period ot line atretch, the effecti\'e 

ma ss of the lines is taken as 1 / Z P >.. . It ahould be notfl!d that 

during the time of line extension th~ cferivative 

h"s been taken as 

since the lines are pulled out of the pack rather than being puahed out 

by a reaction force. The t?rm ~ ("v - Xp - ~ p> i• zero unleu 

Xv - Xp - lp > o. 

I! the pilot device h to increaae it ■ effective draa area, a ■ for 

example with a •mall parachute or balloon, thi ■ increa■ e in dra1 &Tea 

can be initiated either at a predetermined time or at a predetermined 

dhtance aft of the carrier vehicle. The increa■ e in drag or effective­

nes ■ can be made in■tantaneou ■ly or at a pre ■cribed rate. 

When thi■ pilot device i ■ employed to extract a capeule, the 

motion equation nf the capsule i■ ·written: 

"v. S:c 
+ Kc (x - x - X cHl + ---) 

v c kc 

17 
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The terms Pc (x., - xc) and Kz(xv - xc. - ~ c> are insert~d to 

permit atta~hment of th P capsule to t he carrier vehicle or to a sec­

ond capsule if_ de11ired. Considerations similar tC\ those mentioned 

above apply to these terms. 

It i;huuhl ln: 1nt:utioned that the terms representing tension 

forces in the co,mecting lines pl"ovide for a linear variation of 

ten:::Gn with elongation. This can be varied to provide a quadratic: 

variation !'luring unloading fr.us representing a hy1tere1i1 loop in 

the connecting line ma.tc.ial auch a11 is common with nylon. 

b . Three Degr~e of Freedom Equation• for Wake-Penetration 

The eqt.rntiona representing three degree of freedom motion of 

a capsule in the wak-, of a carrier vehicle are of U1em11elves relatively 

straightforward. However, the repreaentation of forces and moments 

t:'n such a cap eule ie complex. 

The notatiun uaed ia aimilar to that given above. In addition, 

the angle• Q repreaenta the angle between the longitudinal axi• and 

the ep•ce fixed x axia. Aa befo1·e, the carrier vehicle motion ia 

auumed to take place along a atraight lino, the x axia; Figure A-7 

ahowa the axia ayatem 

r---
1 ---x 
I 
I 
I 
I y 

Longitudinal Axis 
I 

----------- i ~.,....--........ 
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Th e e quations of motion th en b ecome: 

Fo r th e vehicle 

For the cap11ule 

m ..: Yc • FY 

A• mentioned above, con•{derable complexity occur• in repre­
unting tne for·ce• and moment■ on the cap•ule durina wake-penetra­
tion. Preliminary calculations indicate that high angular velocltiee 
o! the cap•ule are to be anticipated durina wake-penetration. Hence 
in computing the linear velocity of each face of the cap1ule, account 
mu.t be taken of the velocity induced by rotation. Thia rotationally 
induced velocity will vary appreciably acrou a face. In the repre­
untation of force• and moment•, thi• variation in velocity ii accowited 
for by dlvidi"I the 1urface of the cap,ule into ei1ht half face, . Thue 
half face, are determined by a plane which include, the loqitudinal 
axh and a ucond pbne at ri1ht analu and pa11in, through the cap-
1ule center of gravity. The velocity of each half face ii taken to be 
the velocity of the centroid of the half face. The anaJ.e oi attack of 
each half face b the anal• of attack at the centroid. 

Thie lnvolv,u then, determining at each •t•p of the calculation 
eight attltud,. 11uglu, .ela}lt velocitie• and at lea1t eight angle¥ of 
attack. Face, a.re duitinatcd 0, l, 2, 3 and half face, by a plu• or 
minus . In ~us r&Ot..a.tion, the absolute velocity 0£ the centroid nf 
half face j+ or j· h given by 

. 0 • 0, 1, 2, 3) 
Yj • Ye + BJ g co• (Q + T j) 

19 



AFOSR-106 

wh1!re B - i s th e distanr e from the centroid of the half face to the cap­
t1ule ceu{er of gravity and ·r j ia the al'lgl c between the longitudinal axis 
and the J.i ,1e fr om :he c"'11L.:.l' of gravity t o the c~nt ... cid ~• h1tlf face j+ 
o r r-

The air flow angle as t1e'!n at the centroidal points will v•ry 
depe nding upl)n whether the point ii ineid~ or outside the wake . 
Hnece it is necesa .. 1. ry to compute these flov: l.nglee and angles of 
attack for conditions both 111side deeignat t:'d by .1 9ubscl'ipt wand 
extc:rnal Lo the wak?, tlesignated by a subscript E. Thu!', for half 
face j+ o,- J·. the :..ir flow angle, Yaj, iii 5'iven 01,teide the wake by 

Yj - Wy 
tan Y aJE = ·--­

"J - Wx 
(j • 0, 1, 2, 3) 

and inaide the wake by (lllnuming that , ransverse wake velocities are 
negligible) 

(j ■ O, I, Z, 3) 

Here W x and W y are velocity components of the air outside the wake 
at the centroid and W is the wakP- vfllncity along x l\t th~ -:entroid. 
These velocities, determined by a study of the wake 1truct11re, are 
programmed into 1.he computation as functions of Mac:h number, dis­
tances, aft of the parent vtshicle and dht&nce from the wake bo11ndary. 
Similar variations in PsE ar.d P were employed. The an1lea of attack 
of face j+ or J· are 1iven by 

(j • 0, 1, 2, 3) 

The foi·cea of each half face are obtained as the product of artla, 
the component of pt'essure normal to the h1.lf face, and a press11u1 co ­
efficient. Flow para!l~~ to a face ia auumed to contribute no force. 
Thu■, th•II net force ■ alona x a?\d alona y :i.ro compo■fld of ei1ht 
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pa r ts . 

Fo r face j+ or r 

cos(0 + j Tr/2) 

Us 0, 1, 2, 3) 

The term PB, . ii used if rr/2 < a.jE < 3 Tr/2. PFjE ;9 used otherwise. 
Th i ~ change rf auociated with the use of b.11e or frontal surface pres­
sure coefficients associated with the appropriate type of aur!ace, i.e., 
whether the surf..ce is fiat or curved. 

Similarly O.Jw is auociated with PB and PFi . Aj ii the total 
area of the half £ace and AjE ie the area ~fthe half tfce which ii ex­
ternal to the wake boundary. 

The term• Pa and PF are defined aa follow•: 

PE .. Z 
PBJE • CoB - 2- VajE .. cos RjE t P•E 

Pi::, 2 z 
PFJE • CoF ·2 VaJE co• CIJE + PsE 

PB. • CoB Pw Vaj 2 r.os 2 Clj + P 9 Jw 2 w w w 

PFjw • CDF l'
2
w VaJw 2 cos2 CIJw t P •w U ■ 0, 1, 2.. :1) 

21 



-- - -- --------------

where P 8 E and Psw are stat:.c pressure s at the centroid. The vel ­

ocities employed above are given by 

1 /?. 

In terms of the above notations, the moments an~ simply ob­

tained: 

U = 0, l, ?, :!) 

where •j_e; ia the moment arm of the centroid of the e:xpoaed portion of 

half fac-e r and ajw is t ~e moment arm to th~ centroid of the portion 

of half facer within tht: wake. A :.imilar statement applies to half 

face j+ . 

·.i:he df!tails o{ the cornputatio11 of i.lu: qW11.nt.lL.i.t: ti o1.jE and O:.jw arc 

not given here. The area• auociated with partial exposure of the 

fiat faces of the cylinder are determined as part of a circle cut by a 

chord, while the ai:,,i:>r -:,priate centroid of this area ia computed to 

obtain the center of presaurc. The: projected area of the curvedface1:1 

when partially aero■ & the wake boundary is obtained by appro:iJmating 

thia, ca.re& as a trapezoid. T:1e centroid of the trapezoid is obtained 

for the moment calculations. 

B. Side Ejection Equations 

1. Diacuaeion 

The equations employed in thia caac art'! uaed to represent two condi­

tions. The firat of ~hiae iii aa ■ociated with force ■ and moments on the ejected 

body as it emergee fr om the carrier vehicle and ia only .i:,artially exposed to 
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the air stream. This set of equations i.s empjoycJ until the body is entirely 
fre e ; a second set of equations is cmployei to describe the motion. The 
initial conditions for this set oi ca!c ulat1uns are obtained from the final 
conditions of the computations assodated with the partial t,xposurti I.luring 
ejection. 

In the case of the equations associated with capsule emergence, par­
ticular a ·~ttrntion is r.:,q1..ired in representing the areas and effective forces 
of the parts of the separating body which are exp~11ed to th~ air stream in 
the vicini ty of the carrier vehicle. The force., are obtained in terms of 
pressure coefficients and PXposed areas. ThP. exposed area is obtained by 
computing the position .:it wh i.ch the axis of the emerging capsule that is 

normal to the air stream crosses the r:arrier vehicle surface. From this 
coordinate and the geometry of the capsule, it is p.,uible to compute both 
th~i exposed area and the center of pressure for this area. During the ini­
ti.al phase of the emergence .- the capsule is auumed restrained. In the 
computations this restraint is released at different levr.la of exposure. 
The moments or. the capsule which exist during the restrMnt phase of 
emergence are calculated to determine structural requirement• on this 
re1traint and to dete1·mine frictional force, opposina Pj~,:-tion. 

The second phase of the separation trajectory involves the motion uf 
the cap1ule in the vicinity of the carrier vehicle while under the influence 
of the flow field about Lhe carrier vehicle. The equ.ations employed in this 
part of the analysis reprtsat,ul three-dimensional motion of the ~•paull" , 
These equation• are conventional in form. 

The problem occurs in the representation of the aerodynamic forces 
on the capsule as it separate, from the carrier vehicle. Three sources of 
difficulty occur. They are: the presence o! a nonuniform flow field in the 
free stream direction; th• p7.'esence of a shock !ront with which the separa­
ting capt>ule may come in comact &111 it ~u,11.l'ges thus causing a discontinwity 
in the force on the capsule; and, finally, interference on the capsule due to 
an "upwa1h" effect caused by the flow field of the carrier vehicle. 

The variations in flow inten1ity in the free stream direction are ac­
counted for by insertina lhe flow field velocity :u a function of po•itio1: wf.th 
respect to the vehicle in the computer proaram and computins now velocity 
a ■ a function of ~•psule po■ition with respect to the carrier. 

In the proces :, of the computation, th• equation of the shock front in 
coo.i.'dinates attached to the ~•rrier vehicle is proarammed into th• compu­
tation. The coordinates of the separatina body are compared with the 
equation of the •hock front at each step of the computation to determine 

AFOSR-1•~6 



if ~he sepa~·ating body was in ccmtact with the front. At time:: of contact with 

the i.hoc.k front , the body area lying on the shock front is ,:omputed. Thi ■ ia 

employed in the force and moment equation11 along with the pressure differ­

ential across thi1:1 area. fat,~rierer;ce effectrJ are obtained hy a 1imilar pro­

cedure. The interfe1·ence field is represen1:ed in carrier vehiclt'! body fixed 

coordinates. The coordinates of the separating body are alao repreaented 

in the same axis syst.em and the intt:ded::nce flow -.t points on the separating 

body obtained. This flow i& useti w\th a formulation of interference effects 

on the separating body to obtain the a~sociated forcet1. 

2. Formulation of Equations 

AF06R-106 

a. Partiit.1 Expoaure Phase 

t 
;:, • X 

y 

Figure A-8 

'l'he carrier vehicle ia auumed to be initially travelina on a 
•tiaight line path which ia the x axia. It• acceleration, na, i• 
auumed conatant. The oriain ia taken at the initial center of aravity 

of the aeparatina body, &Ad the coordinate :yet em. ie :!)Ace fixed. 
The separatina body ia reatrained durin1 a portion of the ejection 

phaae ao that rotation and differential motion with reapect to the 
carrier lonaitudinal axi• are not poaaible. Thi• reatraint h re­
leaaed when the differential y coordinate of the aeparating body ia 

equal to aorne value leu than or equal to that correapondin1 to 
total expoaure of the 1oparatin1 body. Then dur~na the period of 
restraint 

0 • o 
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whe.i.·e ..,. is the coefficient of fric-tior. , Fa's clre the aerodynamic forces 

and F(y, t) is th P- force imparted by the ejection mechanism. 

The f's a.u, determinable from the geometry of the c.i.psule­

carrier rl:'lftraint system . The subscripts a i<.nd mare used to take 

int., 2ccount the fact that the centt'!rs of aerodyn.rni c loads and mass 

will in general be diffe1·ent. 

'fhe quantities Fa a.1,d Fa are obtained by summing tbe products 
. X y 

of press,ue and proJ!:'Clt:d arl:'o.lf o! the c,psule. The pr" s i;u:res over the 

parts of the capsule e-xposed to the air stream may be approximated 

with m'-.:lified Newtonian coefficient times the local dynamic preuure 

experienced by the capsule. 

In order to exc.iude the mathematical pouibility of the frictional 

force aiding the ejection of thP. capsule in the equations of motion (i.e., 

the frictio _,.. for~e acting in the desired direction of motion), the term• 

contributing to this force mult be properly identified by sign. Thus, 

when the magnitude of frictional resistance due to inertial forces ex­

ceeds that due to Fa , and the carrier is decelerating, the absolute 

magnitude of the fritt:ion force must be employed with a ne1ative sign 

in the lateral dilplacement equation of motion. In all other cases, 

since :i;' ax ii considered acting in the 11dra1" direction, the pure al1e­
braic values can be used to achieve the proper vector direction of the 

net friction force. 

When the restraint is released, the separatin1 body t. free to 

both rotate and tranalate relative to the carrier vehicle. The equa­

tions for this part of the ejection phase are as follows: 

mcy c • - Fay -t F(y, t) 

I g •Fa y+Fa 'X 
r ,: X y 

where x and y are the wal a.id normal moment arms from the c.enter 

of preuure of the exposed portion of the capsule to tl\e capsule center 

of gravity. 
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Tr.e a re,is exposed and centroios ..:,f these areas are compute d 
from tl!e geometry of the particular body an<l the instantilneous extent 
of r:mergence. 

In some c.i.ses ~he longitudinal axis of the separating body is at 
right angles to the longitudi11al axis of the carrier vehicle. In other 
cases. the twc- longitudinal axes &.-re parallel. In the case of a sphere, 
the orientati on is immaterial. 

b. Side Sepaution Proximity Phase 

These equations llre employed to calculate separation trajectories 
during the phase while the separating body is free of the carrier vehicle 
and in the flow field altered by the parent body. Thi'! carrier vehicle is 
assumed to be acceh.l'a'ting Jong a straight line po1th, the x axh. The 
r axis is obt.>.ined by a counte!"clockwise rotation . The carrier VAhicle 
is accelerating at a ra.tP. of n g's. The x and y coordinate system i8 
attached to the carrier vehicle nose . The interference effects are de­
noted by a subscript i. The equations of motion are : 

- mg sin r O - CLi QA sin Y - Coi QA cos Y 

+ CLi QA cos Y • CI>i QA sin 1 

where 
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u00 1s the carrie;.· velocity, A fm,,:-tion of time, • u000 +ng(t - i.,} 

ux and uy are the x and y components of the relative velocity of 
capsule tu c:i:r,.ier 

Wx and wy are the local velocities imparted to the medium by 
the passage of the carrier. 

CLi and CDi are the force increments normal and parallel to the mean 
stream direction due to continuous str'!am gradient11 and r.u:rvature. 
CLi and Cmi' as well a• the other coefficients, are referred to the 
cap11ule reference area and the local average dynamic pressure. 

The values of CA' CN, Cm, and Cm to be used in these equa­
tions are those appropriate to the capsule 1n a uniform now field at 
an effective Mach numb~r generated locally by the carrier. 

This effective Mach number may be taken aa the avera1e of the 
Mach number existit1g over the len1th of the capsule when now varia­
tions are within the limits of the linear .i.pproximation• of Moakowit& 
(Ref. 1). In this case, the additional terms CLi and Cmi' dufl to 
stream curvature and gradients, are determinable by integration• of 
the velocity potential function• (Ref. 1) and are obtained in term• of 
longitudinal and lateral velocity variations from t.'.e mean condition. 

For blur!t capaule configuration• or for area• of flow where 
large gradients exiat, the atrip theory deacribed in Scctiun IV of 
the main body of the report avoid• the restrictions of linearization. 
The correlation of the method with wind tunnel data indicates satis­
factory prediction of aerodynamic coefficient• is achievable. When 
atrip theory is uaed, the effect of 1raclients and curvature are more 
conveniently included in single coefficients such aa CA, and CN' with 
the deletion of the incremental nonuniformity terms, i.e., CLi and 
Cmi, from the equations of motion. 
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The effe cts of flow di s conti nuiti es generated by the intersection 
of a shock wave with the capsule ,He not obtain.i..le from the lint;a. rized 
approximation and muet be determined by the strip anethorl of c._l c, !la­
tion. 

Morkovin, et al (Ref. 9) presents .. ome p ressurt! data on oblique 
inte r s ection oi shock waves and cylinders, yieltiiug, therefore , data 
0::1 diffracted i.hock induced pressures which are 1iUppleme11tai·y to the 
force data pre.:; ented in this report. 

Geometr ic ri::lationa are employed to compute the cool'din&tes 
of the outermost points on the base and no1e 01 ~.e 11:1parating capsule . 
At each step of the computation, these are compared to the coordinates 
of the side of the carrier vehicle to determine if the cap1ulu ha• col­
lided with the carric~ vehicl ~. If collision occun, the <"omputation 
is stopped. 

28 
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LIST OF SYMBOLS FOR APPENDIX I 

Cross sectional area, ft 2 

Distance from center of gravity, ft 

Force coeffident:, dimensionless 

Force , lb:. 

Moment of ine1·tia, slug ft2 

Spring ,:ate of attachment lines, lb/ft 

Moment, ft-lb 

.r'orce, lbs 

Dynamic preesure, lb/ft2 

Velocity, fplil 

Interference velocity, fps 

Diameter, ft 

Restraint geometry funr.tion for partial expo•ure phase 

Gravitational acceleration, fps 

Da.mpln~ -:c::u·i.litant auociated with line• 

Length, dimen•ionleu 

Ma••• 11lug• 

Acc~le1·ation, gravity units 

Time, •econda 

Coordinates along trajectory, ft 

Velocity components along trajectory, fp• 
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LIST OF SYMBOLS FOR APPENDIX I (cc::.t 'd) 

Acceleration components along axes, fps' 

Initial path angle, radians 

Attitude angle, r a dians 

Initial attitude angle , radian, 

Angle of attack, radians 

Path angle, radian• 

Unatretched length of attachment linea, £t 

Friction coefficient, dimenaionleaa 

Maas denaity, aluga/ft3 - or linear mau denaity, •l•iga/{t 

Position angle with reapect to body axes , radian• 

First derivative with reaper:t to time 

Second derivative with reepe ,-:t to time 
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LIST OF SUBSCRIPTS FOR APPENDIX I 

Axial direction, axial force 

l3a:- e 

Drc1g force 

Exterior to wake or dimensions and coi,ditions of expol!ed portion 
of c:apsule during partial exposure phase 

Frontal 

Lift force 

Norma! direction, normal force 

With respect to capsule 

With respect to center of gravity 

Interference terms 

Local condition• 

Moment 

L-litial conditions 

With respect to pilot device 

With respect to pitching velocity 

With l"espect to afterbody shoulder 

With respect to carrier vehicle 

With reapect to wake conditjons 

With respect to free atream condition• 

Aluu11 1,;oordinate axes 

31 

' •­I 



REFERENCES FOR APPENDIX l 

1. Moskowitz, B., Approximate Theory_for_C: uculation of Lift of Bodies, 
Afterbcdi es, and Combinations of Bod :. Ps, NACA TN-2418 

l . Gravalos , F. G. , Edelfelt, I H. , and Emmons, H., 'fhe Supersonic Flow 

~~o ut a Bl~nt Body oi Revolution !or Gati e s at Chemic:il Equilibrium, 9th 
An~ual Congress. Interr.:.U,-inal Astrnnautical F ~deration, Ameterdam, 

August 25- 7.9. 1958 

3. Lie.pmann, H. W. , and Lapin, E., Summary of Chara.cteri1ttic Method.a; fur 

Stea_dy State Sup<.'rsonic Flows, Douglu Aircraft Co., Report No . SM 133,U, 

May 1959 

4 . Clippinger, R. F . , Giese, J. H., a.nd Carter, W. C . , "Tablea of Supersonic 

Flow. about Cone-Cylinders , " Part II, Complete Flows, BRL Report N:,. 
730, August 1950 

::>. Chapman, D. R., Kuehn, D. M., and J..auon, H.K., !!1ve ■tiaation o! Sep­
a -rated Flows in Supersonic and Subaonic Stream• ,dth Emphasis on the 
Effects of Transition, NACA TN-3869, March 1957 

6. Love, E. S . , Base Preaaure at Superaonic Speed• on Two-Dimensional Air­

foil• and on :Sodie1 of Revolution with and without Fins Having Turbulent 
Boundary Layera, NACA TN-3819, January 1957 

7. Howarth, L., Edito1·, "Modern Development in Fluid Dynamics," Hi1h 
Speed Flow, Vol . II, Ox!ord at the Clareudon Preu, 1953 

8. Chapman, D.R . . Ar. Analyaia of Base Preuure at Supersonic Speed~ am! 
Compariaon with Experi~, NACA TN-2137, July 1950 

9. Morkovin, M. V., Migot1ky, E., Bailey, H. E., and Phinney, R . I.., Ex­

periments on Interaction of Shock Wave ■ and Cylindrical Bodiea at Supu­
_:S_onic Speed1, J. 1. A. S. , April 1952 

AFOSR-106 32 



I A
ro

a
&

-1
0

6
 

D
lr

e
c
w

ra
te

 o
f 

•
•
•
•
•
re

?
. 

A
a
a
ly

•l
• 

A
ir

 F
a
re

• 
O

ft
lc

• 
o

f 
lc

ie
ll

li
.C

.c
 •

•
•
•
r
d

l
 

A
ir

 F
o

rc
e
 •

•
•
•
r
c
la

 D
lY

ie
ie

a,
 

A
a
D

C
 

H
o

U
o

m
a
a
 A

lr
 F

o
rc

e
 .
.
.
.
.
 
N

-
M

!!
lld

cc
, 

D
'f

N
A

M
JC

8
 o

r 
S

E
P

A
a
A

T
II

IO
 0

0
0

0
:S

 •
 M

J:
A

S
U

II
E

­
.
.
 D

C
T

S
 A

T
 M

A
C

::H
 2

, 
4

, 
A

N
D

 5
 

Ir
)' 

H
. 

1.
. 

W
a
c
k

e
ll

a
 a

•
 f

t.
 

O
. 

F
re

d
e
tt

e
 

C
..

..
 •

•
•
•
r
c
ll

 L
a
lt

e
ra

lc
•r

i•
••

 
• 

41
lY

il
ll

ea
 o

( 
C

.
.
 E

le
c
.t

rl
c
 c

::
-p

..
a
,-

, 
a
.l

e
•
•
•
 

D
.l

ia
o

l•
 

M
.a

rd
a 

1
9

o
l.

 
II

J
 P

f'
 1

.a
cl

. 
W

u
e
. 

T
e
c
lu

li
c
a
l 

a 
..

. r
t 

A
F

O
ll

a
-

t0
I,

 
(
C

-
r
a
c
t 

A
F

 Z
,(

6
0

0
)-

li
ll

) 
u

a
c
l&

H
if

ie
d

 r
e
p

o
rt

 

W
la

d
 t

ll
ft

ll
•l

 t
e
a
t•

 •
•
•
•
 c

.-
u

c
te

d
 -

• 
d

a
~

 c
e
p

e
u

le
 

..
..

,.
 l

a
 t

il
e 

1
.a

&
et

fe
re

ac
e 

a.
w

 e
l 

a 
c
a
rr

ie
r 

ve
1'

ic
lo

t 
m

o
,l

e
l 

a
t 

M
ac

:1
1 

_
,.

..
,e

r•
 o

f 
4

. I
I.

,.
. 

5
. 0

 w
ll

ll
 l

im
b

e
d

 
u

ta
 a

t 
M

 
• 

l.
 0

. 
T

t.
e 

d
a
ta

 o
ll

u
ia

e
d

 w
e
re

 a
-1

,-
.e

d
 

a
a

d
 a

 p
r
e
li

m
i-

r
y

 e
Y

al
t1

at
io

a 
-
•
 a

• 
to

 t
...

.,,
 .

_
r
•
•
­

=
--

w
tt

li
 ,

..
..

..
,.

. 
e
l 

p
r,

ic
K

ct
io

a
. 

It
 l

•
 ,

_
_

_
, 

Ib
a
, 

I.
 

u.
 

m
. 

IV
. 

~
­

V
I.

 

l.
 

2
. 

U
N

C
J.

.A
~

U
:O

 

la
tr

ec
lu

c;
t,

o
r.

 
W

I .
.
 T

11
nn

el
 1

·u
u

 
s
.a

-a
•·

;• 
o

f 
D

a
ta

 
D

a
ta

 A
M

.l
y

•l
• 

A
p;

>
U

ca
bl

ll
ty

 c
ol

 t
ta

u
 

C
o

a
cl

u
eu

,a
a

 
""

;,•
ac

u.
a 

W
a

c
k

e
li

a
, 

H
. 

L
. 

, 
an

d
 

F
re

4
et

te
, 

a.
 O

. 
C

o
a
tr

a
c
t 

A
F

 
1

9
(6

0
0

1
-

l ;
-1

1 

A
F

O
S

a
-1

0
6

 

D
ir

e
c
to

ra
te

 o
f 

R
••

•a
rc

h
 A

a
a
ly

•h
 

A
ir

 F
o

rc
e
 O

ff
i.

:•
 o

f 
S

cl
en

U
fl

c 
R

e
n

a
rc

h
 

A
ir

 F
o

rc
e
 R

e
a
e
a
ra

 O
ir

ie
io

a
. 

A
R

D
C

 
H

o
ll

o
m

a
n

 A
ir

 F
o

rc
e
 B

••
•·

 N
ew

 )
.:

a.
-;

c.
o 

D
Y

N
A

M
IC

S
 O

F
 S

£
P

A
lt

A
T

IN
Q

 B
O

D
l.

£
5

 -
M

E
A

3
U

lt
E

­
M

£
N

T
S

 A
T

 M
A

C
H

 l
, 

4
. 

A
N

D
 5

 
Ir

)' 
H

. 
L

. 
W

a
c
k

a
li

n
 
a
a
d

 
It

. 
0 

F
r.

-d
a
tt

e
 

C
o

o
k

 •
•
•
•
a
rc

h
 L

a
b

o
ra

to
rl

••
• 

a 
d

iY
ia

io
a 

o
f 

C
o

o
k

 E
le

c
tr

ic
 C

o
m

p
a
n

y
. 

C
h

ic
a
1

0
, 

!U
ln

o
i•

 
M

a
rc

h
 1

9
6

1
. 

I
ll

 p
p

 l
o

c
l.

 
U

l,
u

. 
T

e
c
h

!l
ic

a
l 

.R
ep

o
rt

 A
J'

O
S

R
-

1
0

6
 

(C
o

n
tr

a
d

 A
F

 2
9

(6
0

0
)-

1
7

1
1

) 
u

n
c
la

u
if

ie
d

 r
e
p

o
rt

 

W
iD

d 
-
•
 t
e
 a

te
 •

•
•
•
 c

o
n

d
l.

ct
ed

 o
a
 a

 t
ia

ra
 c

a
p

•l
ll

• 
ll

la
ap

e 
la

 t
h

e
 i

n
te

rf
e
re

n
c
e
 f

ie
ld

 o
f 

a 
c
a
rr

ie
r 

Y
eh

ic
l•

 
m

o
d

e
l 

a
t 

M
ac

h
 o

u
m

b
.,

, ■
 
o

f 
4

. 0
 u

u
l 

=
 ..
 (I

 
w

it
h

 I
.J

.m
lt

ed
 

d
at

A
 
■
t 

M
 •

 
2

.0
. 

T
h

e
 d

a
ta

 o
tn

a
ln

e
,i 

w
ea

·c
 a

r.
;u

.,
,.

ed
 

aD
d 

a 
p

ra
li

m
1

-r
y

 ■
•
a
l
u
■
t
i
o
a
 
a
ia

d
e
 •

•
 t

u
 t
h
■
 
a

1
r
e
e
­

m
-

w
it

la
 

m
e

th
o

d
• 

o
f 

p
re

d
ic

ti
o

n
. 

It
 i

• 
•h

o
w

a 
th

a
t 

U
N

C
':l

.A
S

S
ff

JE
D

 

I.
 

Jn
tr

o
d

u~
li

o
n

 
JI

. 
W

in
d

 T
l.!
n

n
d

 T
e
a

t•
 

m
. 

S
u

m
m

a
ry

 c
f 

D
a
u

 
r.r

. 
D

at
a 

A
n

al
y

~
i&

 
V

. 
A

p
p

li
ca

 b
tl

it
y

 o
f 

1>
.1

1.
 

V
I.

 
C

o
n

cl
u

e
io

n
a
 

A
p

p
en

d
ix

 
I.

 
W
a
c
k
■
l
i
n

, 
H

. 
L

 .
. 

a
r.

d 
F

re
d

e
tt

e
, 

.R
. 

O
. 

2 
C

o
n

tr
a
c
t 

A
F

 
Z

9
(6

0
i>

)-
1

7
 I 

I 

U
N

C
L

A
S

S
IF

l~
D

 
.,

_
 _

_
_

_
_

_
_

_
 !~

e
r
) 

I 
U

N
C

l.
A

U
IF

I&
D

 
I 

(
o

n
r
 

I 
--

--
1

 

A
F

O
S

ll
-1

0
6

 

D
ir

e
c
to

ra
te

 o
f 

J
te

a
M

rd
a

 A
a

a
ly

•I
• 

A
ir

 
F

o
rc

e
 O

ff
ic

e
 o

f 
S

c
ie

a
•i

ft
c
 a

 .. e
 .
.
 rc

ll
 

A
ir

 F
o

rc
e
 •

•
•
-
•
c
h

 D
lr

in
o

a
. 

A
&

!>
C

 
..

..
U

-
a
 A

lr
 F

o
rc

e
 l

l
a
■

.a
, 

N
-

M
e
m

c
o

 
D

Y
N

A
M

IC
S

 O
F

 S
E

P
A

R
A

T
IN

G
 B

f>
N

D
 -

M
.E

A
S

U
aE

­
M

E
N

T
S

 A
T

 M
A

C
H

 2
, 

4
, 

A
M

I.I
 5

 
b

r 
H

. 
L

. 
W

:,
c
k

e
U

a
 a

a
d

 I
t.

 
O

. 
F

re
d

e
tt

e
 

C
o

o
l,

 I
t•
■
-
•
 c

h
 L
a
b
o
r
a
t
e
r
i
e
■,
 

a 
d

h
-i

al
o

,,
 o

f 

C
o

o
k

 £
le

c:
ta

ic
 C

o
m

p
a
a
y

, 
C

ll
lc

 .
.
 o
, 

D
lb

ia
i•

 
M

ar
cl

o
 l

•l
tt

l.
 

I
l
l
~

 i
a
c
l.

 
U

l:
aa

 . 
T

e
c
lu

ti
c
a
l.

a
e
p

o
rt

 A
F

O
fl

a
-1

0
6

 
'. C

,;
,l

ll
ra

ct
 A

~
 2

9
(6

9
0

)-
17

 1
1)

 

W
it

••'
 t

uD
A

el
 t

e
&

.U
 •

•
r
•
 c

o
 .
.
.
 c
tc

d
 O

D
 a

 d
a

ta
 c

a
p

•u
l•

 
ah

~
 .

. , 
1

a 
ti

le
 l

a
t .

. r
fe

re
a
c
e
 f

ie
ld

 o
f 

.a 
e
a
rr

l•
r 

... 
e
h

lc
le

 
m

n
c~

 . 
a
t 

W
..

;n
 n

u
m

b
e
r•

 o
f 

4
. 0

 .
.
.
 5

. 0
 

•L
th

 l
im

it
e
d

 
d

a
~

. 
a
t 

M
 •

 
2

. 0
. 

T
ia

• 
d

a
ta

 o
ll

ta
la

 .. d
 •

•
 r
e
 a

o
a

ip
e
d

 
al

l<
'. 

a 
p

l
 e

U
m

ia
a
ry

 •
 ..

,.a
 ..

. 1
1

-
-
•
 a
■
 

t<
> 
t
h
■
 
._

,e
e
­

a
n

1
1

t 
•I

th
 m

et
h

o
4

e 
o

f 
p

re
d

ic
t!

-.
 

It
 

h 
l■
h
 J

lll
·a

 t
h

a
t 

,_.
,, 

I I.
 

ll
. 

m
. 

r,
. v.
 

V
I.

 

I.
 

l.
 

U
N

C
L

A
8

S
ln

&
D

 

Il
lt

T
O

d
u

ct
io

o
 

'\
fi

a
d

 T
u

n
a
e
l 
T
e
e
t
■
 

s
..

a
u

.a
ry

 o
f 

D
a
ta

 
.D

at
a 

~
l
y

a
;e

 
.A

fo
p

li
ca

b
il

it
y

 o
f 

D
a

ta
 

C
o

a
e
lu

•4
.o

••
 

A
p

p
-.

ad
b

: 
W

ac
ke

li1
1,

 
H

. 
l..

. 
, 

an
d

 
F

re
d

st
te

, 
a

. 
<,

 . 
C

o
n

tr
a
c
t 

A
F

 
2

9
(6

0
9

1
-1

7
1

 l 

1
1

N
C

L
A

S
S

IF
l£

D
 

A
F

O
,i

lt
-1

0
6

 

D
ir

-e
c
to

ra
te

 ~
-' 
•
•
•
-
r
c
b

 .
,n

a:
:y

ai
e 

A
ir

 F
o

r<
• 

O
;'f

ic
e
 o

f 
S

c
ie

n
ti

fi
c
 ••

•••
•c

h 
A

ir
 F

o
rc

e
 •

•
•
-
r
c
h

 D
iY

ia
io

a,
 

.l
ll

tD
C

 
H

o
ll

o
rA

an
 A

ir
 

F
o

rc
e
 B

a
••

• 
N

ew
 M

o
ri

c:
o 

D
Y

N
A

M
IC

S
 O

F
 S

E
P

A
R

A
T

IN
G

 B
O

D
IE

S
 -

M
E

A
S

IJ
R

.E
­

M
F

.N
T

S
 A

T
 M

A
C

H
 2

, 
4

, 
A

N
D

S
 

b
y

 H
. 

L
 
W

■
ci

te
l;

.o
 a

n
d

 R
. 

O
. 

F
re

d
e
tt

a
 

C
o

o
k

 l
l•

■
e
a
r
c
h
 
L

a
b

o
ra

•o
ri

••
• 

• 
d

lr
ie

lo
a
 o

f 
C

o
o

k
 E

ie
c
t:

,l
c
 C

o
m

p
a
n

y
, 

C
lu

c
a
c
o

, 
ll

H
~

•
 

M
•r

c
h

 1
9

6
1

. 
lU

 p
p

 l
a
c
l.

 
IU

1i
a.

 
T

e
d

a
a
ic

il
l 

R
e
p

o
rt

 A
F

C
IS

R
-1

0
6

 
(C

o
n

tr
a
c·

 
A

F
 2

9
(6

0
0

)-
!7

1
 I

J 

W
in

d
 w

..
..

i 
te

a
t•

 w
e
re

 c
o,

>d
11

ct
e

d 
o

n
 :a

 d
a
ta

 '
-"

P
"'

"1
• 

e
b

a
p

a
 l

a
 t

il
e 

la
te

rf
•r

•a
c
e
 f

ie
ld

 o
f 

" 
c
a
rr

ie
r 

v
e
h

ic
le

 
m

o
d

e
l 

a
t 

M
ac

h
 a

11
m

be
r •

 
o

f 
4

. I
J 

a.
-a

d 
S

. 0
 w

il
l\

 l
im

it
e
d

 
d

a
ta

 a
t 

M
s
 l

. 0
. 

T
h

e
 

d
a
ta

 o
b

ta
in

e
d

-
•
•
 a

a
a
l,

·s
e
d

 
a
a
d

a
 p

re
U

m
iD

a
r)

' 
e
Y
a
l
u
■
t
i
o
a
 
m

a
d

e
••

 t
o

 I
.h

e 
.
.
 ,

..,.
_

 
m

e
a
l 

w
it

h
 m
e
t
h
o
d
■
 
o

f 
p

re
d

ic
ti

-.
 

Jt
 

i•
 

ah
o

w
u

 t
h

,t
 

,_.
,, 

1.
 

u.
. 

w
. 

JV
. 

v
. 

V
I.

 

I.
 

z. 

U
N

C
l,

A
S

S
IF

IE
D

 

In
tr

o
d

u
c
ti

o
n

 
W

in
d

 T
un

ne
.i

. 
T

e
•t

• 
S

u
m

m
a
ry

 a
t 

D
at

a 
D

a
ta

 A
r.

al
y

o
i•

 
_'l

pi
:,

h
c
a
b

il
it

y 
o

f 
D
u

a
 

C
o

n
cl

1
1

•i
o

n
1

 
A

P
J,

er
ad

ix
 

W
a
c
k

e
li

a
. 

H
. 

L
. 

, 
an

<!
 

fr
e
d

d
te

, 
R

. 
0

. 
C

o
n

tr
a
c
t 

J.
F

 
2

9
(6

0
0

1
-1

7
1

1
 

IJ
N

C
L

A
:;~

tF
IE

D
 



. ··
-

-.....
. 

~
..

, .
..

. 
-

A
F

O
S

R
-1

0
6

 

in
 a

re
a
• 

w
h

e
re

 t
h

e
 O

.o
w

 f
ie

ld
 i

• 
k

n
o

w
n

, 
e
st

im
a
te

d
 

v
a
lu

e
• 

o
f 

th
e
 d

e
ri

v
a
t1

"
e

• 
o

b
U

m
e
d

 w
iL

;, 
re

la
ti

v
d

y
 

a
im

p
le

 c
i&

lc
••

l&
ti

or
. 

tt
c
h

n
i,

1u
••

 a
1

re
'l

 r
e
a
a
o

r,
a
h

ly
 

w
e
ll

 •
it

b
 t

h
e
 c

l&
t•

. 
A

 d
i 1

1c
u.

a&
io

n 
o

f 
r.h

e 
d

ir
e
c
t 

ap
p

li
ca

ti
o

1
1

 o
f 

th
e
•e

 d
a
ta

 ·
;o

 c
•p

a
W

e
 .

,:p
a
ra

.t
io

n
 

&U
,1
1.
.l

y!
tt
e
■ 

i•
 p

re
a

e
a

te
d

. 

A
F

O
&

R
-

1
0

6
 

i n
 a
r
e
a
■ 

w
h

e
re

 t
h

f'
 

Q
o

v
• 

t•
e
ld

 u
. 

A
.D

o
w

n
. 
e
■
t
i
n
"
~
t
•
d
 

·,
a
lu

e
• 

o
f 

th
e
 n

e
r

i ,
·A

&
.iv

~»
 

o
b

ta
it

-t
e
d

 
w

it
h

 r
:-'

.a
ti

v
e.

l r
 

11
im

:,
le

 c
&.

.c
U

U
.t

io
n

 t
f'

-:
:1

r;.
q

u
e
• 

a.
ar

t:
e 

ro
aa

.:
,:

1a
bl

y 
w

el
l 

w
i•

h
 t

h
e
 a

.>
.t

-~
. 

A
 d
i
e
c
u
■
■
,
o
n
 o

f 
th

e
 d

ir
e
c
t 

a
p

p
li

c
a
t 

i1
..r

, 
c
,(

 t
h

e
•

~ 
d

a
ta

 t
o

 c
a
p

e
u

.l
e
 
■
e
p
o
1
.
r
W
o
n
 

a
n
a
l
y
■
e

:i 
i
■ 

o
re

•
"

n
te

-d
. 

.,
..

,,
.
w

;
¢

__
 

, 
..

..
..

..
..

..
..

..
. 

U
N

C
I.

.A
ss

u
tE

D
 

U
N

C
L

.A
S

S
!n

£
D

 

U
N

C
L

A
S

S
IF

IE
D

 

U
N

C
L

A
S

S
ln

E
:n

 

• 

A
F

O
S

•-
1

0
• 

ia
 &

r-
•
 w

t.
er

e 
da

e 
0

-
S

.W
 i
■
 
~
 ..

 e
■
b
m
a
t
e
d
 

v
a
l
u
e
■
 e

l 
&

Ja
e 
•
r
i
Y
a
t
i
Y
e
■
 e

M
a

i.
..

.t
 w

il
la

 r
e
&

a
d

,,
.l

y
 

■i
m
p
l
•
 
~

c
..

i.
u

,.
a
 t

e
c
l
u
:
i
q
u
e
■
 
•
1
r
■
e
 
r
•
•
■
-
-
W
y
 

w
e
ll

 
w

id
l 

ti
le

 
cl

at
a.

. 
A

 
di

■c
u
■
n
-

'"
' 

Il
le

 
d

ir
e
c
t 

ap
p

U
ca

li
o

a 
o

f 
d
i
■
■
-

d
at

a 
to

 c
ap

el
ll

e 
■
 .
.
 n
t
i
­

a
a
a
ly

••
• 

i ■
 p

r•
••

a
te

d
 

A
J'

O
S

&
-I

H
 

in
 a
r
-
■ 

w
to

e 
••

 t
h

e 
a
-

fi
•H

 l
a
 b

o
w

D
, 
■
■
t
i
m
a
•
e
d
 

Y
a
lu

••
 

o
f 

d
a

ff
 
d
■
r
i
'
f
a
t
i
Y
•
•
 
o

b
ta

ia
..

d
 w

i t
h

 r
e
la

tl
Y

el
y

 
•
i
m
p
l
■
 
.:

al
cu

l•
tl

o
a
 •

•c
h

n
M

tu
••

 •
1
r
■
e
 
r
u

■
-
b
l
e
 

w
e
ll

 w
it

h
 t

h
e
 d

a
ta

. 
A

 d
i
■
c
u
a
a
i
o
a
 o

f 
th

e
 d

ir
e
c
t 

ap
p

li
ca

ti
o

la
 o

( 
Il

a
••

• 
d

a
ta

 t
o

 c
a
p

•l
ll

• 
•
•
•
 .. •

•
'-

1
1

a
a
ly

••
• 

! ■
 p

r•
••

a
te

d
. 

U
N

C
U

 S
S

JF
U

:D
 

U
N

C
L

A
S

S
IF

U
:D

 

U
N

' ;
L

A
aS

IF
l&

D
 

U
N

C
L

A
S

S
IF

IE
D

 



A
l'

0
9

&
-l

0
c
 

U
N

C
 ..

A
S

S
lF

U
:D

 
A

F
O

S
Jl

-1
0

6
 

U
N

C
L

A
S

S
IF

lE
.D

 

D
lr

•c
ta

ra
tH

 .
,f

 R
••

N
rc

h
 A

a
a
ly

•l
• 

l .
 

ln
tr

o
d

1
1

ct
lo

a 
D

ir
e
c
to

ra
te

 o
f 

R
••

•a
ru

. 
A

n
a
ly

•I
• 

1.
 

IJ
1

tr
o

,J
uc

i .
o

n 
A

l r
 

F
o

re
• 

O
ff

lc
• 

o
f 

S
c:

l•
ll

ll
lf

lc
 R

e
••

•r
d

a
 

ll
. 

W
lL

e 
·r
u

-
1

 T
e
•t

• 
A

ir
 F

o
rc

e
 O

ff
ic

e
 o

C
 S

d
e
n

t,
fi

c 
R

,n
e
•r

c
b

 
U

 
W

in
d 

T
u

n
n

el
 T

e
ot

>
 

A
l .

-
F

o
re

• 
•
•
•
•
a
rd

a
 D

h
rl

•l
o

a
, 

il
.D

C
 

W
. 

S
u

m
m

a
ry

 o
f 

D
a
ta

 
A

i r
 

F
o

r~
c 

R
e
••

a
r

,:h
 O

lv
i •

io
n

, 
A

R
D

C
 

Il
l 

S
u

rn
m

A
r y

 
. f

 D
u

a 
H

o
U

e
m

a
a

 '
-J

r 
F

o
re

• 
Il

a
••

• 
N

ew
 M

e
id

c
o

 
JV

 
D

a
w

 A
n;

.~
y

•i
• 

H
ol

lo
n-

-,a
n

 A
ir

 F
o

r,
 e

 
B

a
••

• 
N

ew
 M

e
,a

c
o 

IV
. 

D
at

. 
A

-c.
a l

y
oi

e 

-
J,--

D
 (

l'!
.'U

::
C

S
 ,:

,F
 s

:;
:p

M
,t

.1
'I

N
':l

 l
\O

D
IU

 -
M

E
.A

S
U

R
E

-
V

. 
A

p
p

li
ca

W
U

t•
· o

l 
D

at
.1

 
D

T
N

 
M

IG
S 

O
F

 S
E

P
A

R
A

T
IN

C
i 

S
O

O
U

:S
 

• 
M

E
A

S
U

R
E

-
V

. 
A

p
p

li
c
a
b

il
it

y
,

! 
D

.o
n

 
M

D
fT

S
 A

T
 :

,l
A

C
H

 Z
, 

t
, 

A
M

II
 S

 
V

I.
 

C
o

e
c
l1

1•
l
-
•
 

>
.I

E
h 

rs
 A

T
 M

A
C

H
 l

. 
4

, 
.V

.D
 5

 
I V

I .
 

C
o

n
c
lu

e.
o

n
·• 

b
) 

H
. 

L
. 

W
a
d

u
tl

lc
 
e
~

 "
· 

O
. 

F
r•

c
le

tt
• 

A
p

p
o

:i
d

l.
• 

b
y

 H
. 

L
. 

W
a
c
k

e
li

n 
a
n

d
 

R
. 

O
. 

.-
rH

 e
tt

e
 

A
p

p
e

nd
i x

 
C

o
o

k
 •

•
•
-
r
c
h

 l
.a

b
o

ra
lo

ri
••

• 
a 

ll
lr

ia
lo

a
 o

f 
1

. 
W

a
ck

a
li

a
, 

H
. 

L
.,

 
in

d
 

C
o

o
k

 R
e
o

e
•r

c
h

 l
..

a
b

o
ra

to
ri

•
•

• 
a 

d>
.•·

rn
io

a
 o

f 
I.

 
W

ac
k

el
il

:. ,
 

f;
 

:..,
 

C
o

o
k

 E
le

c
tr

:.,
 

f.
.o

r.
lp

aa
y

, 
'=

h
lc

a
c
a
, 

D
li

a
o

i •
 

F
re

d
e

t t
e
, 

R
 . 

.:>
. 

C
o

o
k

 E
i e

<.
tr

l c
 
C

o
m

p
a
n

y
, 

C
h

ic
a
1

n
, 

ll
li

n
o

i •
 

F
r

ed
e
tt

e
, 

P.
. 

C
-. 

M
a
rd

a
 1

9
6

1
. 

11
 J

 p
p

 l
.a

cL
 

ll
lu

• .
 

Z.
. 

C
o

n
tr

a
c
t 

A
f·

 
M

ar
-:

h
 1

9
6

 I
. 

I
ll

 p
p

 I
n

c
l.

 
ll

l u
o

. 
T

ec
ll

ll
i<

al
 l

l .
.
 ,c

,r
t 

A
J

'0
8

a
-

10
6 

1
9

(6
0

0
) -

17
11

 
T

e
c
h

"
"
a
l 

R
•p

o
.-

t 
A

F
O

S
R

-1
0

'> 
(
C

-
r
a
(
't

 A
F

 z
.,

1
6

0
0

)-
1

7
a
) 

u
a
d

&
H

lf
l•

d
 r

e
p

o
rt

 
(C

o
at

r:
a

c
t 

A
F

 2
9

(6
0

0
)-

1
71

 I
) 

11
n

c
la

n
if

ie
d

 r
e
p

o
rt

 

W
, n

d
 t

lU
U

M
l 

te
•t

• 
w

e,
·•

 
C

O
M

11
ct

e4
 o

n
 a

 <
la

ta
 c

•
•
w

•
 

■
h
a
p
•
 

la
 :

!l
e 

il
ll

er
f.e

r
e
a

c
e
 f

le
ld

 e
l 

a 
c
a

r
ri

•
r 

Y
O

h
ic

le
 

m
o

d
e
l 

a
t 

M
a

ch
 .

..
 11

11
te

u 
o

ft
. 

0 
a

a
d

 5
, 

0 
w

il
ll

 l
im

it
e
d

 
d

a
ta

 
a

t 
M

 •
 

2
.0

. 
T

h
.,

 
d

a
ta

 o
b

ta
h

e
d

 •
•r

• 
a

n
a

ly
a

-,d
 

aD
C

l 
• 

p
n

U
m

in
a
ry

 •
Y

~
l\

la
ll

o
a 

m
a

d
• 

u
 

to
 t

h
e
 .
.
 , •

•
•
 

m
e
 ..

 w
lt

h
 •

e
tl

lo
d

• 
o

f 
p

re
d

ic
ti

o
n

. 
11

 •
• 

..
. .
.,

. 
tl

u
lt

 

W
il'

IO
 t

-n
aa

al
 t
e
a
t
■
 
w

e
r 

~ 
co

n
d

u
c

te
td 

o
n

 a
 

d
a
ta

 r
.a

p
e
u

l.
: 

ai
:u

p
e 

i n
 t

h
e
 i

n
lo

r f
l:!

r.
en

c
~ 

~-
e
ld

 o
f 

a 
c
a
rr

i•
t 

v
e
h

ic
le

 
!f

to
ci

Jl!l
 a

t 
M

a
c
h

 n
u

ra
b

e
r 
■ 

o
f 

4
. '

l 
&

o<
i 

5
. '

) 
w

it
h

 l
im

it
e

d 
d

a
ta

 
a
t 

M
 •

 
Z

. O
. 

T
h

e
 J

.a
1:

a 
c

.,t
a
in

e
d

 w
e
re

 a
r..

.a
..l

ya
~

d 
a
n

d
 

a 
p

re
li

m
in

a
ry

 e
•r

a
l '

l6
ti

o
n

 m
a
d

e
 "

• 
to

 L
'l

e
 a

a
re

e
­

m
e
n

t 
w

it
h

 
m

.t
hO

C
..

a 
•>

f 
;. 

:- e
~

c
ti

o
n

. 
It

 1
• 

ah
o

w
n

 t
h

a
t 

C
o

n
tr

a
c
t 

A
r
 

~
?(

6
0

0
) -

17
11

 

a
n

a 

, ....
.. , 

I 
U

N
C

L
A

S
S

IF
IE

D
 

I 
--

--
--

--
--

--
--

--
--

--
--

--
--

--
--

-~
 

{o
v

e
r 

u
N

C
L

A
S

S
lF

IE
D

 

A
F

O
S

R
-I

O
o

 

D
ir

e
ct

o
ra

te
 o

f 
R

•
•
-
r
c
h

 A
a
a
ly

•h
 

A
.r

 F
o

rc
e
 O

ff
lc

• 
o

( 
S

cl
e:

2
ti

li
c 

R
e•

a
a

rc
h

 
A

ir
 F

:>
rc

e
 •

•
•
 ..

 •.
r

e
l\

 D
iv

:i
•i

o
a
, 

A
R

.D
C

 
H

o
ll

o
m

a
a
 A

ir
 F

-,
rc

e
 B

a
o

e
, 

N
-

M
e
x

ic
o

 
D

T
M

A
M

IC
.~

 O
F

 S
E

F
A

JI
A

I'
IN

G
 B

O
D

IE
S

 -
M

E
A

S
U

R
E

­
M

E
N

T
S

 A
T

 M
A

C
H

 2
, 

l,
 

A
N

D
 5

 
i>

r 
H

. 
1.

. 
W

a
c

k
 ..

 U
a

 ,
11

14
 R

. 
O

. 
F

r 
N

o
tt

e
 

C
o

o
k

 k
•
•
-

rc
la

 L
a
.,

_
,r

a
to

r1
••

• 
a 

cl
lY

ie
io

a 
o

f 
C

~
 E

l•
c
c

n
c: 

C
ol

ll
f&

11
J,

 
C

ll
ic

a
a
o

, 
11

1
1-
.
1
■ 

M
a
rc

h
 l

?
t-

1
. 

1 
IJ

 F
P

 ;
ac

1
. 

m
 ...

. 
·~

ec
?l

'l
ic

a
l 

R
e
p

o
rt

 A
J,"

C
J6

1l
 

1
0

6
 

(C
o

nu
a

.:
t 

J .
F 

1
9

(6
0

0
)

-
1

7
1

1
) 

W
i n

d
 ,

..,
..

,.
.1

 t
e
a

t•
 .

..
. r

e
 c

o
n

d
u

c
te

d
 o

n
 a

 d
a
ta

 c
a
p

• .
. l

•
 

ah
&

pe
 

In
 t

ll
.-

In
te

rf
e
re

n
c

e 
fl

•l
d

 o
f
•
 c

a
rr

ie
r 

v
e
h

ic
le

 
..

. .
..

:e
l 

a
t 

l
\ a

c
h

 n
u
m
b
e
r
■
 
o

f 
t

. 0
 &

11
<!

 
S

. 0
 

w
,t

i,
 l

im
it

e
d

 
d

a
t•

 
a
t 

M
 

• 
Z.

. 0
. 

T
l:

.e
 d

&
ta

 o
b

ca
ln

ed
 W

fl
r
e

 
an

,a
l·r

•e
d

 
aD

d
 a

 
p

re
lu

n
ia

a
a
 y

 •
•

•l
h.

a
ti

or
. 

m
a
d

e
 •

•
 t

o
 t

h
e
 .

. ,
r
e
e
­

r
.

q 
,
.
 

•
· 

·
· \

 
u-

.~
 t

h
o

~
• 

o
( 

.,
r

.,.d
i •

 .. t
io

n
. 

It
 

i e
 

ah
o

w
n

 t
h

a
t 

(c
w

,.
~;

 

1.
 

D
. 

m
. 

IV
. 

\ '
. 

V
l.

 

I.
 

2
. 

tJ
N

C
L

A
S

5
lF

J£
D

 

ll
ll

ro
d

1
1

et
io

n
 

W
in

d
 T

11
11

11
el

 T
 •

•
t•

 
S

u
m

m
a
ry

 o
f 

1l
a
ta

 
D

a
ta

 A
.a

ly
•l

• 
A

p
p

li
c
a
b

i l
it

y
 o

f 
D

a
ta

 
Co

r.
":

'l
u
■
:
0

11
.a
 

A
pp

ea
di

>
<

 
W

a
c

k
.U

n
, 

H
. 

L
. 

, 
a

n
d

 
F

re
d

e
tt

e
, 

R
. 

·::>
. 

C
o

n
tr

a
ct

 
A

F
 

Z
9(

M
IO

) -
l 7

1 
l 

l '
N

C
L

A
S

S
lF

lE
D

 

A
F

O
S

R
-1

0
6

 

D
t.

re
c
to

ra
te

 o
f 

R
ea

ea
.1

·c
h

 A
n

a
l y

•
i •

 
A

i:r
 
F

o
rc

e
 O

ff
ic

e
 o

! 
S

c
ie

n
ti

fi
c 

R
eP

e
a
rc

h
 

A
ir

 F
o

rc
e
 R

••
•a

r
u

i 
D

iv
i•

io
n

 
A

R
D

C
 

H
o

ll
o

m
A

n
 A

i r
 
F

o
n

•
 B

a
e

e
. 

N
ew

 M
ex

ic
o

 
D

Y
N

A
M

IC
S

 C
F

 S
E

P
A

R
A

T
IN

G
 B

O
D

IE
S

· 
M

E
A

S
U

R
E

­
M

E
N

T
S

 
\T

 M
A

t;
H

 Z
, 

-6
, 

A
N

D
 5

 
by

-
H

. 
L

. 
•
~

 :
'<

eU
n 

a
n

d
 R

. 
0

. 
F

rr
d

e
tt

e
 

C
o

o
k

 k
r
•
•
•
•·

c
h

 
T-

a
b
o

,;
:·
t
o
r
i
e
■•

 
a 

d
iV

1
•i

o
n

 o
t 

C
o

o
k

 C
:l

ec
tr

ic
 

C
o

m
p&

1.
.J

, 
C

lJ
i c

a1
:1

, 
D

.l
in

o
ia

 
M

a
rc

h 
l '

to
l.

 
I
I
)
 i

,p
 i

n
c
l.

 
il

lu
■.

 

: ·
,,c

h
n

lc
a
l 

R
ep

.,
,r

t 
A

F
O

S
R

-
IO

i: 
(.

,;
o

n
tr

a
.:

t 
A

F 
Z

9(
&

00
) -

1
7

1
1

) 

W
in

d
 t

1&
nn

el
 t

e
a
t•

 w
e
re

 c
o

n
d

u
c:

.e
d

 o
n 

a 
U

ta
 c

a
p

aW
e 

•h
a
p

• 
in

 t
h

e
 i

n
te

rt
e

:· 
1t

nc
e
 f

ie
ld

 :
.,f

a 
ca

.r
ri

•
"
 

v
eh

ic
le

 
m

o
d

e
l 

a
t 

M
a
c
h

 n
.i

m
l 

, c
a 

o
f 

-6 
0 

a
c
d

 5
. 0

 w
it

h
 l

im
it

e
d 

:i
at

a 
a
t 

M
 .

, 
2

. 0
. 

T
h

. 
-l

at
a 

c,
b

t ·
, i

n
e
d

 w
 •

r 
• 

, 
·•

h
" 

•·d
 

a
n

d
a
 p

re
li

m
in

a
ry

 e
va

l1
.i,

.\t
io

n
 m

a
d

e
 a

a
 t

>
 

~e
 

;
cc

~
­

m
e
n

t 
w

it
h

 r
n

•t
h

o
cl

a 
o

f 
p

re
d

ic
ti

o
n

. 
It

 
i
■ 

!ih
o

•
~ 

t h
a
t 

(o
v

e
r)

 

1.
 

n
. 

w
. 

IV
. 

V
. 

V
I .

 

I.
 

2
. 

U
N

C
L

A
S

S
IF

IE
D

 

In
tr

o
d

u
c
ti

o
n

 
W

~n
d 

T
ll

Ji
..;

,e
l 

T
ea

; t
a
 

$
t;
m

m
a
r

y 
o

f 
D

at
il

 
D

a
ta

 A
n

.a
ly

a
ia

 
A

v
p
li

c
•

b
1..l

it
1•

 o
i 

O
a
ta

 
C

o
n

e 
lu

a
io

n
a
 

A
p

p
n

n
d

i x
 

W
~

c
k

e
li

n,
 

H
. 

L
 .

. 
;,

n
d 

F
re

d
e

tt
e

. 
R

. 
';)

. 
C

o
r.

t r
a
c

t 
A

F 
2

9
(t

-O
O>

-
i 7

1
1 

I I 

U
N

C
L

A
S

S
IF

IE
'-:_

 _
_

_ 
J 



il
l .
.. ~
 

-
... ". 

n 
a
re

a
•
 w

h
e
re

 t
h

e
 l

lo
•
 f

ie
ld

 i
•
 k

n
o

w
n

. 
•
•
th

 ...
...

. ,
#d

 
v
a
lu

e
•
 o

f 
th

e
 d

e
r

i v
a
ti

v
e
r 

o
b

ta
il

ie
d

 w
it

h
 r

e
la

ti
v

e
ly

 
■
1
m
p
l
e
 
ra

l c
u

la
t.

:o
n

 t
e
c
h
n
i
q
u
e
■
 

a
c;
re

e
 r

e
a
e
o

n
a
~

y
 

w
e
ll

 w
i t

h
 
th

e
 d

a
ta

. 
A

 
d
i
e
c
a
■
■
io

:i
 
o

f 
th

e
 d

ir
e
c
t 

a
p

p
li

c
a
ti

..,
n 

o
f 
t
h
e
■
e 

d
a
ta

 t
.o

 c
a
p
■
W
•
 

a
e
p

a
ra

ti
o

n
 

c1
.n
..
ly
,:
.-
.
■
 

i
■
 
p
r
e
■
e:

'l
te

d.
 

' "
 

O
S

R
-

I 0
b 

1:
-, 

.a
r

e
a

s 
w

h
e

r
e 

th
e
 

fl
o

w
 f

ie
ld

 i
■
 
k

n
o

w
n

. 
e
sL

.m
a
te

d
 

v
a!

.u
t 

s 
o

f
t.h

e 
d
e
r
1
v
a
l
1
v
e
■ 

o
b

ta
in

e
d

 
w

it
h

 
re

la
ti

v
e
ly

 
ai

m
p

l .
.. 

c;
IU

cu
.l

• t
io

n
 t

e
::

h
n

iq
u

f!
I 

a
a
re

e
 r
e
a
■
o
n
a
b
l
~

• 
w

e
ll

 w
it

h
 t

h
e! 

d
,u

a
. 

A
 d

i
■
c
u
s
a
i
o
n
 
o

f 
th

e
 d

ir
e
c
t 

a
rp

li
c

a
t

~v
n

 o
f 

t h
e

-e
-

d
a

t &
 t

o
 c
a
p
■
u
l
e
 
s
e
p

a
:.:
a
t i

o
n

 
.
&
n
a
l
y
■
e
■ 

u 
p

r~
ti,

e
n

t t
·d

. 

U
N

•.;
;J

..A
S

.S
U

 u
.&

>
 

U
N

C
l.

A
S

&
F

iE
D

 

U
N

C
l.

A
S

S
IF

lE
D

 

U
N

C
L

A
S

S
IF

IE
D

 

.. 
~-

-½
i.'-

1'.
'l!

. 
-...

 U
.d

l;
!:

,W
j&

~
:'

-i
,S

[j
f±

___
 

_ 

.. 

A
F

O
S

• 
~"

;,
 

ca
 a

r .
.
 • 

w
 ..

 •
r
•
 d

o
e 
0

-
6
■
\
d
 l

•
 i

.-
,a

. 
•
•
t
i
-

t■
d
 

v
al

1
1

••
 o

f 
Il

le
 d

e
rl

Y
a
ti

Y
9

• 
:;

,b
c
a
i.

a
 .
.
.
 •

ld
o

 r
e
la

ti
,e

ly
 

a
m

p
le

 
c
la

c
ll

la
ti

o
n

 t
e
d

u
li

c
p

a
••

 a
a
r•

•
 

, 
_

_
 lil

ly
 

w
e
ll

 
w

id
o

 
l
b
■
 

d
a
sa

. 
A

 
<l
l■
c
1
1
"
-
'
-

o
f 

d
o

e 
d

ir
e
c
t 

a
p

p
U

c
•
l-

o
f 

th
••

• 
tl

a
la

 1
0

 c
a
p
e
l
l
l
■
 
•f

!)
'&

ra
ti

­
a

.n
a
ly

••
• 

i•
 p
r
o
,
•
■
11
1■
4
 

A
F

O
S

R
-

1
0

6
 

in
 a

n
,a

• 
-
•
r
•
 t

h
e
 1

1
-

fi
el

cl
 l

• 
.
.
_

.
,
 •

•t
ia

.a
te

4
 

v
al

1
1

••
 

o
l 

th
• 
c
l
e
r
h
a
U
Y
■
•
 
o

b
la

la
e
d

 w
tt

ll
 r
e
l
a
t
l
•
■
l
y
 

•i
m

p
l•

 c
a
lc

 ..
ta

c.
o

n
 t

ec
lu

u
q

1
1

••
 a

ar
••

 r
•
a
-
:.

&
•
 

w
e
ll

 w
it

h
 t

h
e
 d

a
ta

. 
A

 d
ie

c
1

1
••

l-
>

f 
U

..
 .

U
re

c&
 

a
p

p
U

c
a
tl

o
a
 o

f 
th

••
• 

d
a
la

 t
o

 c
e
p

•l
ll

• 
•e

p
a
ra

ti
o

n
 

a
n

a
ly

••
• 

l•
 p

r•
•~

•e
d

. 

.•:
::

L
A

S
S

:F
l£

•J
 

U
1

"C
L

A
..

W
•l

l.
D

 

U
N

C
L

A
S

ll
ll

'l
i:

D
 

U
N

C
L

 . .
\S

S
ll

. l
~

D
 



- • - - - - --- ----

FOR ERRATA 

THE FOLLOWING PAGES ARE CHANGES S 

TO BASIC DOCUMtNT 
-

-

-
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\ • I 

Section W, pale 36 

ERRAfA 

AFOSR-106 
TECHNICAL REPORT 

Contract No. AF 29(600)-1711 
ProJect No. 7856 
Tuk No . 78548 

DYNAMICS OF SEPARATING BODIES 
VOLUME II 

MEASUREMENTS AT MACH 2, 4, AND 5 

H. L. Wackelin 
R. O. Fredette 

March, 1961 

On 1raph ahowlna Cm aa a function of Y/D for X/D • . 625, two lown c 

ahould read• • o0 and +15° readin1 down. 

Section IV, P!I• 60 

On 1raph ahowiJIG CA and As and on 1raph of CN and AcoN aa fwiction• 

percent expoaure, vertical axia ordinate• ahould read 0, . 5, 1. 0. 

Aependix I, Section m 

Pap 16 

Followina the equal.ion of motion tor the carrier vehicle in center 

paae, add notation: 

00 ia poaitive when meaaured downward from the horiaontal 

On •~uation of motion for ejected pilot device at bottom of pa1e, t 

lut term on the ri1ht hand 1ide of the ~quation 1hould read: 

-1-
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Section W, page 36 

ERRATA 

AFOSR-106 
TECHNICAL REPORT 

Contract No . AF 29(600)-1711 
ProJ~Ct No. 7856 
Tuk No . 78548 

DYNAMICS OF SEPARATING BODIES 
VOLUME II 

MEASUREMENTS AT MACH 2, 4, AND 5 

H. L . Wackelin 
R . O. Fredette 

March, 1961 

On graph 1howing Cm H a function of YID for X/D • . 625, two low'!r curvea 

1hould read• • o0 and +15° readin1 down. 

Section IV, pa1e 60 

On graph 1howing CA and As and on 1rapb of CN and AcoN •• f1mction1 of 

percent expo1ure, vertical axi1 ordinate• 1hould read 0, . 5, 1. 0. 

Appendix I , Section m 

Pa1e 16 

Following the equ&tion of motion £or the carrier vehicle in center of 

page, add notation: 

00 i1 po1itive when mea1ured downward from the horiaontal 

On e"._uation of motion for ejected pilot device at bottom of pa1e, the 

la1t term on the ri1ht hand aide of the ~quation 1hould read: 

-

-

• 

-



X • Xe 
+ K (x - x.. -~ ) ( 1 + - - ) p .t-' p kp 

Page 17 

Starting on ·.:he 4th line of the pare, the paragraph ahoul~ .-ead: 

When line ■ a re employed, the ma.H term f p (x - "t,) ia maxi­
mum at AP' or ia eiqual to />p ~ '\': the time when full exlenaion of 
the unatretched len1th occ&ra. ~owever, durin1 the period of line 
atrdch, (x - "p) ~ ~ P' the effective maH .. . ... . . . . 

Page 18 

On first line of page, the aecond algebraic term ahould read: 

Page 19 

Add atatement to end of pua1raph in middle of pa1e: 

.. . . an,le of attack at the centroid. Thi• analy■i• wa• conducted 
for bodiea whoae plane■ of aymmetry are characterised by ri1ht an1lea 
between all face ■, i.e., cylinder• and rectan1ular ahapea. 

Two equation■ at bottom of pa1e ahould read: 

xj • xc - Kj G ■in (0 + 'l'j) 

Yj • Ye + Kj O co■ (0 + ?:'i) 

Page 20 

Firat line on P•i., ahould read: 

where Kj i• the dhtance .. .. 

Pase 21 

Equation for F Xj ahould read: 

-2-
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• - [B· + B· J JE Jw 

Page 22 

ff 
cos (l,l + j -) 

2 

Fourth equation on page ahould read : 

List of Symbols for Appendix I, Pa1e 29 

On second line , delete definition given for B and aubatitute: 

B Force on capaule face, lb• 

Add definition of Kj : 

Kj Diatance from centroid of h.1.\f-face to c•p■ule c. g., ft 

On eighth line, delete definition 1iven for P and aubatitute : 

P Preuure on cap■1.1le face, lba/ft2 

-3-
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END CHANGE PAGES 
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