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IV. IN'l'ROOOCTIOB 

The euccesatul coa;>let1on of any manned epace mission inl»lies the 

solution of two general problems - survival ot the extreme heating and 

deceleration loads ot reentry, and vehicle recovery. The survival 

problem implies the return ot the vehicle to the earth's surtace v1th1n 

vehicle and passenger tolerance limits. Most reentry research to elate 

(some ot which is covered in rets. l-20) ha• focused on this problem. 

The recovery problem in;>l1es the ability to return the vehicle to some 

desired point on the earth's surface. For direct reentry trom a near 

lunar or a deep space mission, considerable variations in reentry point, 

reentry angle and reentry plane mu.st be anticipated. The reentry vehicle 

must, therefore, possess the ability to control its range after reentry 

in order to achieve the desired point return. A.er~c maneuvering can 

provide the desired control of range. 

Recent studies have indicated that considerable ranges can be 

achieved by even low L/D vehicles ( 0 < L/D S l), operating whol]3 

within the atmoephere, it proper aneuveriag is accomplished earl¥ in 

the reentry, while the vehicle is still traveling at supercircular 

speeds. Several modes of operation which are capable ot providing 

range control at supercircular speeds are discussed in reterencee 21 and 2.2. 

In reference 211 ic:\ealized aneuvers for achieving mximnm and min1mum 

ranges from. given initial conditions are discussed, and approxuate 

equations for these ranges a.re presented. In addition, reterence 21 

presents preliJllinary results obtained in a six•degree-ot-freedom fixed 

base analog s1mulator at the Langley Research Center. 'l'beae results 
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indicate that a huan pilot can perform eatistactorily the basic 

maneuvers required tor range control at eu;percircular speeds. 

'l'hese recent studies have considered initiating range control 

while the vehicle is traveling at supercircular speeds, but only at'ter 

the initial pull-up has been pertormedJ that is, atter the init1&1 

tlight-path angle bas been reduced to zero. In considering longitudinal 

range, not much ie lost in most cases by delaying range control until 

after the pull-up is completed, since the range during pull-up comprises 

a sail portion of the total achievable range. In consiclering lateral 

range control, however, smll changes in heading angle during the initial 

pull-up can result in large lateral displacements of the lancUng point. 

'l'he present investigation will explore the possibility of 

increasing the lateral range capability ot reentry vehicles by allowing 

the vehicle to reenter the atmosphere in a banked attitude. The vehicle 

considered will utilize the "roll only" mneuver discussed in refer-

ences 21 and 22. Equations will be developed tor the motion ot a 

vehicle entering the atmosphere ot a spherical nonrotati:ng earth and 

some peraissible approxiations to these equations will be d1scussnd. 

The ettects ot the banked reentry on the allowable supercircular reentry 

corridor and on the vehicle lateral range capability will be determined. 

Bwaerical results obtained for the developed a;ystem of equations 

through use ot an Illl 7090 high-speed computer will be used throughout 

the investigation to furnish accurate evaluations ot the ettects in 

question and to check the validity ot the approximtions used. 
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v. SlMBOLS 

reterence area 

metric tensor 

drag coeti'ic1ent (eq. 20) 

corridor width 

drag torce 

tensor components ot external torce 

physical components ot external force 

acceleration due to gravity 

altitude above earth's surface 

lift torce 

vertical component of lift force {eq. l) 

lateral component of lift torce (eq. l) 

mass ot vehicle 

resultant force 

distance trom center ot earth 

distance from center ot earth to edge ot appreciable atmosphere 

distance trom. center ot earth to perigee ot orbit 

kinetic energy ( eq. .3) 

time 

total velocity 

tensor components of velocity 

physical components ot velocity 

vehicle weight ( • mg) 

general coordinates (k • 1, 2, 3) 
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1 flight-path angle ( eq. 12) 

b). lateral range increment 

Al heading angle cb&Dge 

c eccentricity ot orbit 

e angular polar coordinate 

'A lateral displacement angle (tig. l) 

l heading angle ( eq. 12) 

p density ot atmosphere 

~ bank angle 

t longitudinal range angle (fig. 1) 

'V c range available atter completion ot initial pull-up 

Subscripts: 

0 

~ 

1, J, 
ov 

un 

( . ) 

k 

initial reentry conditions 

evaluated at earth's surtacP. 

suffixes in range and sU11111&tion convention ( • l, 21 3) 

overshoot conditions 

undershoot conditions 

indicate~ diff'erP.ntfotion with respect to 1:irnA 
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VI. TIDX>RITICA.L MODEL COBSIDIRBD 

This investigation will consider the motion ot a vehicle reentering 

the atmosphere ot a spherical nonrotating earth under the intluence ot 

aerod¥naaic and grav1 tational f'orces. The si11ftPlitied earth aodel vas 

considered in this parametric study in order that results ot a more 

general nature might be obtained. U the additional forces due to the 

rotation and oblateness of the earth are considered, separate solutions 

would , ,~ required tor each reentry point and reentry direction. Aey 

trajectory calculations ot a t1nal1 specific nature should, ot course, 

include these forces. For the simplified model used in thia 1nvestip· 

tion, the reentry solutions are independent ot the specific point and 

direction ot reentry, and no generality is lost by assuming the reentry 

to occur in the equatorial plane. 

The vehicle considered will be an approximate~ tlat-tace type, 

which utilizes the roll only mode ot Dlalleuvering discussed in 

references 21 and 22. A constant angle of attack, corresponding to vehicle 

aximum L/D, ie •intained throughout the portion ot the reentry considered. 

The resultant aerodynamic f'orce is cOQoeed ot a drag force opposite to 

the direction ot mtion, and a lift :rorce norml to the drag. By buking 

the vehicle, the lift f'orce (L) is rotated about the drag torce (D) 

g1v1ng rise to vertical and horizontal components ot litt, defined in 

terms ot the bank angle cp. 

1v • L cos ~ 
Lr• L sin <pj (l) 
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By proper variation ot the bank angle, ~ desired w.lues of U,/D 

or Lr:/D trom -(L/D) to +(L/D) can be obtained. 

This mode ot operation is attractive trom both the point of view 

of s1Dq>l1ty1Dg heat protection requirements and from the standpoint at 

attitude control, as discussed in reterence 21. 'l'he appropriate pitch 

tor the desired L/D would be selected prior to reentry and the 

vehicle would be trinaed in this attitude by either an offset center ot 

gravity or a fixed ae~c flap type of pitch control (or a combina-

tion of the two). Variation of the vertical component ot litt as 

necessary throughout the reentry can be accomplished by rolling the 

vehicle about the wind axis. The lateral displacement introduced by 

such a maneuver can be corrected tor, if it is so desired, by 

alternatins the direction of roll so u to atfect a weaving motion 

about the desired fliaht path. Por the type ot vehicle considered, 

rolling moments are low and roll control could be accomplished 

economically by use or the same reaction Jet system used for roll 

stabilization 1n space. 'l'his is generally not possible for pitch 

control due to the relatively large pitching moments involved. Artificial 

dam.pins would be included about all three axes. 
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VII. RBEH'l'RY l!QUATIOIS 

A. Coordinate System 

The spherical coordioate system chosen tor use in this investiga• 

tion ia indicatecl in figure l. The position ot the vehicle at arq 

time is determined by the coordinates r, ).1 &Dd t• If the ~ • 0 

plane ia taken aa the eqmtorial plane, then 'A corresponds to the 

geographical latitude and iv is a -.au.re ot the geographic longitude 

on the earth's surtace. Throughout this investigation, the reentry 

point is assumed given by 'X0 • to • O and r 0 • (re + hatm> where 

re is the radius ot the earth and hatm is the height ot the 

appreciable atmosphere, tak . .:::, as 4oo,ooo tt. 

B. Derivation ot Kql.l&tions ot Motion 

The Lagrangian eq·iations tor the motion ot a ;particle under the 

intluence of external forces can be written in index notation as (ref. 23) 

(2) 

The quantity T is the kinetic enere;y ot the particle. The suttix 

k takes on the values 11 21 3 tor the three-dimenaiom.l. space considered. 

In general coordi.D&tee the kinetic energy is given by 

(3) 
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where suffixes repeated an even number ot times indicate swm1&t1on and 

the dot indicates differentiation with respect to time. The derivatives 

ot T are theretore 

C)T JJl ·1•J daiJ -=-xx oxk 2 Oxk 

and the equations ot motion can be written 

~ d_ 1 • i) m • i •J iJ • ~·1 x - - x-x - • ,k dt k 2 mck 

For the coordinate system used here, the metric tensor is 

where xl • r, x2 • >t, x3 = i!f • 
Fk are the covariant tensor cOJrl)Onents ot the external forces 

acting on the vehicle and are related to the physical force components 

(F(k)) by the expression 

11t • V •n"(k) 

The contravariant tensor components of the velocity are given by 

(4) 

(5) 

(6) 

(7) 

(8) 

yk - xk- (9) 
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and are related to the peysical velocity components (V(k)) through the 

expression 

(10) 

The total velocity is given by 

(11) 

If' we introduce the flight-path angle (7) and the heading angle 

(t) defined by (see fig. 1) 

7 a sin-1 Y(r) • stn•l !. 
v v 

trom equations (11) and (12) we can vrite 

r • v sin 1 

t • V COS 7 COB ~ 
r cos 'A 

~ = V cos 7 sin ~ 
r 

Ditterentiating equations ( 13) yields 

.. . . 
r • V sin 7 + 7V cos 7 

t • 1 'A ~ cos '1 cos e .. iv cos 7 sin ~ - 7v sin 1 cos e r coe L 
+ (V co: z)

2
(sin ~ cos ~ tan" - tan 7 cos l~ 

(12) 

(13) 

(14) 

A • : [v cos 1 sin ~ + iv COB 7 cos ~ - 7v sin 7 sin ~ - ~ sin r cos 7 sin ~ 



The physical couq>onents ot the external forces are given by 

'Cr) • L cos cp cos 1 .. D sin 1 .. mg 

1'(1') •·L cos cp ain 7 sin ; + L sin q> cos t - D cos 7 sin ~ (15} 

'Ct) • •L cos• sin 7 cos t - L sin~ sin £ - D cos 7 cos t 

where L and D are the aerod;ynam1c l1f't and drag forces, respectively, 

and tp is the vehicle bank angle. ( """' ~ ~ .~ . l . ) 

Substituting equations (7) and (8) into equation (6) we obtain 

•• • 2 2 • ,.., F(r) 
r - r(A) - r cos ~(t)c:: • 

ll 

r"i.. + a;.+ r sin I. cos >.(t)2 •!ill. m 

.. • • ·~ Pt ... \ r cos >.t + 2 cos >.tr .. 2r sin At" • -U.L m 

(16) 

It equations (13)1 (14), and (15) are then substituted into equation (16) . . . 
three equations in v, 7, and ~ are obtained vhich can be solved to yield 

• D V • - - • g sin 1 m. 

. L cos cp g cos 1 v C09 '1 
1 • mV - V + r 

i • L sin cp • V cos 1 tan >. cos ' 
av coe 1 r 

Equations (1') and (17) provide us with six equations in six 

dependent variables (r, ,, >., v, .,, t>· The quantities ~, c~' and 

(17) 
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and ~ are considered given. The variables p and g can be 

related to r through the relations 

p • P(h) = p(r - re) 

where re is the radius of the earth and Se is the acceleration ot 

gravity at the earth's aurtace. An appropriate density-altitude 

relation is chosen tor equation ( 19). 

Introducing the drag coeft1c1ent defined by 

and the vehicle weigb·t; W( • mg) the complete system ot equations can 

be written as 

l dV l 2~Cl)Aj - - = - - pV - • sin 1 g dt 2 w 

l d"Y 1 ~CJ:l.j L cos 7 ~ y2] - ;;;r... • - pV - - cos q> • l - -g dt 2 W D V gr 

l !l_ l (CrJ.'\L sin! V g di•~ PV~w)l5 cos i - gr cos 7 cos E tan~ 

~ • v cos l cos ! 
dt r cos A 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 

(24) 
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dA V cos 7 sin ~ -·------dt r 
(25) 

dr dt • V sin 7 (26) 

p • p(h) • p(r - re) (27) 

(28) 

c. Method ot llumerical Solution 

These equations are read1~ amendable to numerical solution by a 

t1n1te ditterence procedure. For the nu.Mrical results presented in 

this thesis, these equations were programed tor the IlM 7090 higb-

epeed computer in the Analytical Computing Section of the Iangley Research 

Center. The solution vas obtained by considering an incremental 

increase ot time, the length of which was allowed to vary in order to 

assure sutt1c1ent linearity ot all dependent variables over the time 

increment considered. For these numerical calculations the 1959 AlUlC 

model atmosphere (ref. 24) was used. All numerical results presented 

in this thesis are tor & vehicle reentering the atmosphere at escape 

velocity (V0 • 36,500 fps) and for a vehicle W/Cf)l ot 50 pet, which 

value is appropriate tor manned vehicles in the L/D range considered. 
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VIII. RBEllTRY CORRIDOR 

The velocity of a vehicle reentering from a circular near-earth 

orbit is leas than circular orbital velocity at all times during the 

reentry. The torce ot gravity, therefore, exceeds the centritugal 

force acting on the vehicle, and the vehicle tends to return to the 

earth's surface. 'l'he survival problem tor such a reentry is to avoid 

excessive deceleration lo&cls or aero4ynaaic heating - that is, to 

avoid entering too ateep:Qr. 

In reentering tram. a lunar or deep space mission, the vehicle 

possesses greater than circular satellite velocity. The centritugal 

force is greater than the force ot gravity, and the vehicle tends to 

skip back out ot the atmosphere. For such reentries, a second limit&· 

tion 1• placed on the reentry angle - it the path is too shallow the 

vehicle will not penetrate the atmosphere deep:Qr enough to lose :nuch 

velocity, and will skip back out into space. These two 11.mitationa 

define a narrow range ot permissible reentry angles which determine 

the allowable reentry corridor tor supercircular reentries. The 

corridor width is ettective:Qr the distance between the return orbits 

which will intersect the atmosphere at the -.xiawa and minimua angles 

which will permit successful reentry. 

The relation between the permissible spread ot reentry angles and. 

the corridor width can be obtained from simple geometric considerations. 

The equations ot the orbit ~or a tvo-~ central force problem, where 

the force ot attraction is inverse~ proportional to the square ot the 

distance trom the origin of the attracting force, is the equation ot a 
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conic vith the origin at one focal point. In polar coordimtes (r, e), 
this can be written 

r l + tt -·-----rp 1 + E cos e (29) 

where rp 1• the diatance to perigee 1 9 is measured from the :perigee 

position, and E is the eccentricity of the orbit. 

The outer l1m1t ot the atmosphere is given by r • rats • constant. 

The angl.e ot intersection ot tvo curves in polar coordinates is 

given by 

where the prillle indicates differentiation with respect to e. It 

r 2 • ratm then r2 • O and equation (30) becomes 

r• l tan '10 • - - • 
r1 

E sin 80 
l + « cos 80 

For the case ot a parabolic (escape) orbit, 4i • l, and trom 

equation (31) 

The perigee diatance can then be written in terms of reentry angle as 

(31) 

(32) 

(33) 
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The corridor width (c.w.) is defined as the ditterence between the 

perigee distances tor overshoot and undershoot. For a parabolic reentry 

this is 

(34) 

vhich can be wr1 tten 

(35) 

The reentry corridor, as used in th1a thesis, 1s defined by the 

tolloving limits: The undershoot lillit is taken aa the steepest angle 

at which the vehicle can enter at a constant positive value ot i,,,/D 
without exceeding an acceleration ot lOg. The overshoot lilllit 1• taken 

as the shallowest angle at which the vehicle can enter at a constant 

negative value of Lv/D so that at the bottom ot pull-up, (7 • 0)1 the 

vehicle can bold a constant altitude by rolling to full negative 

Lyftii,'P • 18oO). The constant altitude requirement tor the overshoot 

limit is based on the results ot siJlulator studies, reference 211 which 

indicate that tor shallow reentry angles, control becomes difficult 

it even a saall positive flight-path angle 1• allowed to develop atter 

pull-u,p. 

The available reentry angle spread tor unbanked low L/D vehicles 

reentering the atmosphere at escape speed is shown in f'igure 2. For 

these reentries, the undershoot limit corresponds to reentry at 

Iv/D • L/D, and the overshoot lillit to reentry at ~/D • -IJD. The 

corridor width resulting from these l11111ting &Dgles as cOlij)Uted trC31 

equation (3 5) ia shown on t1gure 3. 
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As can be seen troa figures 2 and 3, the corridor width is a strong 

tunction ot L/D, especi&Lcy tor the low values considered. At 

L/D • 0.5 the reentry corridor vidth is 4.5 times the DOnl.1.fting 

corridor width, while at L/D • l, the width is about 5.5 times the 

nonli:rting width. Moist at the effect ot L/D, in increasing corridor 

vidth,is thus achieved by values ot L/D lesa than unity. The present 

investigation Will be limited to values ot L/D in this range, with 

particular concentration on vehicles with L/D s 0.5. 
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IX. EttlCl'S or BAllED REBlr.l.'BY OH REEl'l'RY CORRIDOR 

A. Ettect on Undershoot Limit 

Since corridor v1dth is strongly dependent on vehicle bj/D, 

1 t is directly affected by the use ot bank during reentry. A vehicle 

ot given L/D, entering in a banked attitude, will toll.ow the descent 

path ot a lower L/D unbanlced. vehicle with the same value ot X,,,/D. 

The resultant force R acting on a vehicle is, however, dependent on 

the vehicle total L/D. This force is given by 

'l'he dyDamic preseure ~ pV2 is dependent only on the descent path tor 

vehicles ot equal ( 'c~). The banked vehicle considered above will, 

therefore, experience greater resultant loads, due to its higher L/D, 

than the lower L/D unbanked vehicle ot equal Lv/D• Conversely / the 

reentry angle tor a lOg deceleration lim1t will be ab.allover tor the 

banked vehicle. The extent to which banking attects the undershoot 

(36) 

limit tor a puabolic reentry is indicated in tigure 4. The reentry 

angle which will produce a maximwa deceleration ot lOg ia plotted against 

the U,/D euwloyed. 

Reentries over a range ot entry angles were considered tor vehicles 

vi th L/D between &ero and one and values of q> from. o0 to 90°. The 

solid line ehows the limiting undershoot angles tor unbanked. vehicles. 

'l'he dashed lines show the limits tor vehicles with L/D • 0.5 and 11 

which reenter at various bank angles q> to vary tbe val.ue ~ J.v/D. 
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Ae can be seen, the limiting angles for a L/D • 0.5 banked vehicle 

are only slightly less than those tor an unb&Dked vehicle entering at 

the same L.,/D. For the L/D • l banked reentry, the differences 

are considerably larger. 

B. Ettect on Overshoot Limit 

If operation near the overshoot limit 1a considered, negative lift 

is required in order to overcome the tendency ot the vehicle to skip 

out of the atmosphere. At &DY' given altitude and velocity, a vehicle 

operating at tull negative Lv/D'..• • l.8o0 ) obviously employs more 

torce in the earthward direction than a vehicle ot the same L/D 

operating at a lesser bank angle. 

On the other hand, consider the reentry ot two vehicles operating 

at ditterent values of L/D but at the same negative value Of fl(/D. 

This coulJ\ be the case it the higher L/D vehicle reenters at some 

bank angle between 90° and l8o0 , and the lower L/D vehicle reenters 

at q> • l.8o0 • The descent paths ot the two vehicles during the initial 

pull•up would be identical. At the bottom ot the pull-up, however, 

the higher L/1' vehicle would have the capability ot rolling to 

cp • i8o0 in order to exert more torce earthward than the lower L/D 

vehicle which is alr~ at tull negative Ly/D• Thus the higher L/D 

vehicle could maintain constant altitude after pull-up for shallower 

reentries than the lower L/fJ vehicle performing the same pull-up. 

In other words, a higher L/D banked vehicle can successtully reenter 

at shallower aneiles than a lower L/D unbanked vehicle reentering at 

the same value ~ ~/D· This is illustrated in figure 5, which shows 
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the variation ot corridor overshoot limit vith vehicle L,/D. The solid 

line applies to a vehicle employing tull negative U,/IJ..t.p • 18<>0 ), 

and the dashed lines apply to vehicles with L/D • 0.5 and l which 

reenter at valuea ot <p between 90° and l.8o0 , thus achieviDg different 

values ot 11(/D. 

The coawarison ot banked and un'banked vehicles on the basis ot the 

BUte U,/D is not to be interpreted as a valid measure of the ettect 

ot bank on corridor width. Obviously, the true measure ot thia ettect 

tor a vehicle ot given L/D capability is a comparison ot corridor 

width tor a vehicle utilizing bank with the corridor width tor the 

same vehicle utilising either full positive or full negative litt only. 

The purpose ot presenting the results in the tora ot a coaq>arison on 

the basis ot U,/D is to show how the reduction in corridor width due 

to bank compares with the reduction that would be expected due to the 

lover effective lift force. 

J'roa figures 4 and 5 we can obtain the allowable span of reentry 

angles for banked and unbanked (cos <p • tl) vehicles as presented 

in fiSUre 6. While the L/D • 1 vehicle shows a considerably smaller 

si-n for the banked case, the variation tor the L/D • 0.5 banked 

vehicle is seen to follow the unbanked variation quite closely. At 

the same time, the b&nked vehicle is also generatins a lateral force 

which can be usetul in extending lateral range capability. 
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A. lateral force and Heading A.ogle Change During Pull-Up 

In considering the development ot lateral range and change 1D 

heading angle during the initial pull-up, it is to be noted troa the 

toregoing discussion that the amount ot lift available tor lateral 

force depends on the position of the vehicle pa.th in the reentry 

corridor. Bear the extremes ot this corridor, it is necessary to 

direct a certain amount of litt in the vertical direction to either 

alleviate the deceleration load or to avoid skipping. Some limit&• 

tions are .. theretore, placed on the bank angle that can be used near 

these extremes. The extent ot these limitations tor a vehicle with 

L/D • 0.5 reentering at escape speed is shown in figure 7. Bear the 

overshoot limit, be.Dk angles belov the skip boundary, extending from 

70 • -4.71 to 70 • -5.02:vould allow 1nsutt1cient litt in the earth-

ward direction to prevent skipping. Near the undershoot limit, bank 

angles above the indicated deceleration boundary, extending from 

70 • .5.87 to 70 • .7.5, would allow 1nautficient lift in the positive 

vertical direction and excessive deceleration would result. In the 

entry angle range from 70 • .5.02 to 70 • -5.87 the pull-up could 

be aceom;pli&hed at mx1mum bank ( cp • 90°) without surpassing either 

corridor limit. 

The amount ot lateral torce which is available to the above vehicle 

tor the range ot allowable reent17 angles is presented in figure a. Bear 

maximum values ot Lr.ID are seen to be available throughout much ot the 

corridor. 
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The l&teral force used produces a lateral displacement and a 

heading angle change. The lateral displacement which is obtained during 

the initial phases ot reentry is s-11 compared to the total lateral 

range vhich can be obtained. The heading angle change, however, can 

contribute signitieantly to the total lateral range as indicated in 

figure 9· 

In this sketch, tour reentry path traces are ahovn corresponding to 

different bank no-bank combinations. 'l'he quantity tc is the longi-

tudinal range available to the vehicle atter pull-up, At is the 

heading angle change obtained during pull-up, and & is the lateral 

range increment due to the use ot bank during pull-up. 

The trace OA corresponds to the path the vehicle would f ollov it 

no lateral displacement vere desired.. OC is the path tor a vehicle 

banking atter the initial pu.ll-up o~. OB corresponds to a vehicle 

banking during the 1n1 tial pull-up but not after. OD is the trace ot 

a vehicle using bulk throughout the reentry. 'l'he trace OB indicates 

the mimer in vhich bank during reentry can attect lateral range • 

.Although the heading angle cbaoge during pull-up is saU, considerable 

lateral range is obtained due to the characterieticalq large values of 

tc• tt the lateral displacement during pull-up is neglected, this 

lateral range increment is given by spherical trigonometry ae 

tan(AA) • tan(At)sin tc 

B. Approxi•te Equation tor Heading Angle Change 

'l'broughout the initial pbases ot reentry, 7 is s•ll so that 

(37) 

cos 7 ,.. 11 sin 1 ,., o. With these assumptions, equations (21) 1 (.23), and 

( 24) become 
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dV D ---·---dt Dl 

.!i. • L sin ! - ! cos t tan ')\ 
dt m.V r 

.!!. • v COB I 
dt r COB °A 

Combining equations ('9) and (Ito) and using equation (1)1 there 

results 

dt • !!_ dt - sin Mt mV 

'1'he first term in this equation ia the heading change due to 

(38) 

(39) 

(4o) 

(41) 

aerodynam.1c forces, and the second term is due to the sphericity- ot the 

earth. For the moderate ranges and small lateral displacements 

achieved during the initial pull-up1 this spher1city term ~ be 

neglected. If equation (41) is then combined with equation ('8) 

there result• 

d~ .... !:! !! 
D V 

which is readily integrated tor constant Ly/D to give 

e s - ~ ln ..!.. 
J> Vo 

where integration is started at V • V0 and ~ =- to • o. As a check on 

the validity ot the approximtions used, values obtained trom equation (43) 
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are compared with exact numerical valuee of ~ 1n figure 10. The 

numerical computations were tor a vehicle with L/D • 0.5 reentering at 

escape velocity. The vehicle was ba.nlted prior to reentry and maintained 

a constant bank angle throughout the pull-up. The data points presented 

are conditions at the bottom or the pull-up tor reentries throughout 

the allowable reentry corridor. The higher values ot V tor any given 

bank angle correepoDd to the shall.over reentries. 

For the cp • 90° cases, the last data point presented corresponds 

to the reentry in which satellite velocity is achieved at the bottoa ot 

pull-up. Beyond this value no pull-up point is defined as the flight-

path angle will reain negative throughout the reentry. Good asreement 

between numerical results and values predicted by equation ( 43) 1e seen 

to exist for all cases considered. 

The amount ot beading angle change achieved during pull-up can also 

be obtained from figure 10. Values of ~ on the order ot o.o:> radian 

are seen to be attainable throughout much of the corridor. 

It should be noted that, in obtaining equation (43), the tl1ght-path 

angle (7) was taken to be approx1•tely zero and effects or the earth's 

sphericity were neglected. Equation (43) is, theref'ore, the eame 

equation as would be obtained tor the heading angle change in planar, 

level flight. Alth0\18h these approximations are valid tor the initial 

phases or reentry, caution should be exercised in app]Jing them to other 

portions of the trajectory where larger tlight-path angles or ranges ray 

be involved. 

c. Evaluations ot I&teral Range Increment 

The lateral range increment due to banked reentry ie directly dependent 

on the range the vehicle attains after pull-up (eq.(,7))1 aDd is thus 
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dependent on the particular rangins mneuver ea;>loyed. For a given 

ranging maneuver after pull-up, and a corresponding heading angle change 

prior to the start ot that maneuver, the lateral range increment due to 

banked reentI"J can be evaluated. In :f'igure ll, values of this increment, 

as given by equation (37) 1 are presented for the range of the variables 

A~ and t c ot interest. 

In reference 211 lateral and longitudinal ranges are presented for 

vehicles perf'orm.1.ng two reentry maneuvers as a tunction of the velocity 

at which the maneuver is initiated. These uaneuvers ai-e begun shortly 

after pull·up. In figure 10 of this thesis, values ot heading angle change 

developed by a vehicle in decelerating from reentry velocity to a given 

velocity are shown. Although the data points on figure 10 correspond to 

conditions at the bottom ot pull·up, the curves presented are valid for some 

distance beyond this point, as loD& ao the assumptions of snall flight-path 

angle, suall lateral displacement and moderate range apply. 

These heading angle cllanges can be coupled with the ranges presented 

in figure 6 of reterence 21 and this pair ot values used in figure 11 ot 

this thesis to evaluate the lateral range increment. 

As an e~le, consider a vehicle of L/D • 0.5 reentering at a 6o0 

bank angle and -.intaining this attitude until V • 31,000 fps. Prom 

t~e 101 the beading angle change developed to this point is about 

0.052 radian. From fi.6-ure 6 of reference 2l the range available from th1• 

point, using the naximum range mode of operation is about 1.5 earth radii. 

Entering figure U at 'fc ,. i.5, At • 0.052, one obtains a value of A). ot 

about 0.05 radian. This is the lateral range increment due to the banked 

pull-up considered. In figure 16 ot ref'erence 21, the lateral range available 

without a. banked pull-u.p for this reentry is seen to be about 0.12 earth 

radii, so that the banked pull-up can provide about a !to·percent increase in 

lateral range for this case. 
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XI. CONCWDING REMARKS 

The teas1b111ty ot reenterins from & supercircul&r orbit vith a 

low L/D vehicle in a banked attitude bas been studied. EIQbasis 

was placed on reentry at escape velocity, but the ettects determined 

tor this case will alao apply 1n character to reentry at other super· 

circular speeds. 

The corridor limit$ for escape reentry were found to be affected 

by the be.Dked pull-up in the manner expected. 'l'he limiting undershoot and 

overshoot angles tor a banked vehicle were both found to be shallower 

tb&n the corresponding limits tor an unbanked vehicle with the same 

~/D and w/c~. 

The variation ot allowable reentry angle span with L..,/D for a 

banked vehicle with L/D • 0.5 was found to follow closely the variation 

with Ly/D appropriate to equivalent unbanked vehicles. 

The amount ot lateral force which cau be used near the corridor 

extremes is limited by vertical lift requirements, but near maxilllu.m 

lateral force can be used throughout llOst of the corridor tor & vehicle 

with L/D • 0.5. 

The headina angle cbange developed during the initial pull-up by 

a vehicle reentering in a banked attitude can produce si5nif1oant 

iucrea~es in the tot&l lateral range achieved during the reentry. 
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RABGE COITROL OORDO IIITW. PHASES or 
SUPERCIRCUIA.R ~'TRIES 

by 

Donald Louis Baradell 

ABSTRACT 

For direct reentry troa a lunar or deep space mission, considerable 

variation in reentry plane, reentry point, and reentry angle must be 

anticipated. The returning vehicle mst therefore, possess the ability 

to control its range after reentry in order to touch down in the desired 

recovery area. 

Recent studies have indicated that considerable ranging capability 

is available with even low 11.tt-drag ratio vehicles operating wholly 

within the atmosphere 1t ae~c maneuvering is initiated while the 

vehicle still possesses greater than satellite velocity. In these 

studies, maneuvering was initiated shortly a.tter the initial pull-up. 

Range control is also available during the initial pull-up, but such 

control results in little gain in longitudiDal ranging capability in 

most cases. 

It is the purpose of the present thesis to investigate the 

teasibility or increasing lateral re,neing capability by banking during 

the initial pull-up. Inw litt-clrag ratio vehicles reentering the 

atmosphere in a banked attitude are considered and the effects of such 

reentries on allowable corridor width, and lateral range ca;pab1l1ty are 

studied. 



Equation~ are developed for the motion of a vehicle reentering the 

atmosphere of a spherical, nourotating earth, and some permissible 

approximations applica.ble for the present problems are discussed. 

Numerical results obtained for the developed system of equations through 

uee 0£ an I.BM 7090 high-upeed computer are used throughout the investigation 

to furnish accurate evaluat1onc ot the effects being studied and to 

check the validity of some ot the approximations used. 

Particular emphasis is placed on reentry &t escape velocity, but 

the effects determined apply in character to reentry at other super-

circul&r velocities. 
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