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ABSTRACT 

(U) A general technique for computing the transient flow field in 
the nose region of a blunt body traveling at hypersonic ap ed ■ after being 
intercepted head-on by a shock wave is presented. The method i ■ not 
limited tot he assumption that the den ity, pressure and velocities ar 
constant in the interactk,n region which has been the assumption in pre­
vious inve1tigation1 of this problem. The technique can be applied to 
compute the flow in ta entire interaction region, but is di11cu11ed her 
for computing the flow near the axis of symmetry. 
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INTRODUC TIO 

U) An important probl m in th fi ld o.f mi sil d fen 1 the determination of th dama xp ri nc d by body upon colliding with a blast wav during r - ntry. In particular i t i n c sary to d t rmin th impo.rtance of th int raction of th blast wav and th bow hock of th r -entry bod . It i th purpo of thi r port to pr nt a t chnique for computing the flow fi ld in th int raction r ion. L d tail d inv ti-gations of this probl m hav b n mad by Lobb and Wil on (1) a w 11 ao Bothell and Bond (2). 

(U) In th pr nt inv stigation it is as urned that radiation and non-equilibrium eff ct can b n gl ct d and that inviscid flow equations along with the Rankin -Hugoniot shock conditions apply. The discussion however will be lim.ited to the ca wh r th re-entry body is int rcepted head-on by the bla t wave. 

PROBLEM FORMULATIO 

(U) The quations d cribin th flow in th int raction zone after the blast wave collid with th bow hock and pen trat s slightly (Fig . 1) are 

(a) Eul r Equation (in sph rical coordinates) 

p Dw.r 
Dt 

- - o>P - Jr 

'° Dw.. =-1~ 
Dt r .Je 

(b) Th Continui ty Equation 

De= -f'(V•VJ 
Dt 

(1) 

( 2) 

(3) 

(c) The Energy F.qu:\tion (for equation of state P = ZR Tf', 
with Z a con t nt} 

( 4) 



(U) In thes xpression Pi th pres ur , /° the den ity, u.,_, th 
radial component of veloci y, ""• th angular component of velocity, _,­
the ratio of spec ific heat , r , 8 and t th indep nd nt variable , D / Dt 
th~ substantial derivativ and Z th compr ssibili ty factor. 

(U) In ord r to compl t ly d t rmi n th flow in the interaction 
region it is nee ssary to kno , from ind p nd nt ources, the flow con­
ditions surrounding th hockwav which bound th r ion. Th se 
conditions must th n b r lat <l to th flo in th interaction region by 
means of the Rankine-Hugoniot r lations which can b written a e ro th 
boundary shock wave . The e relation ar 

where 

in which V and V are d fined by 
r • 

DRS = V r and J f 
Dt -;r-;-

The angl e er is defined by 

tan a = 1 
R 

8 
( ~ :· j 

and f is the surface 

c = r - R s (o, t) 

V r 

(Sa) 

(Sb) 

(Sc) 

(Sd) 

( a) 

( b) 

J t V 
~ f 0 0 = 

dr R Jo 
8 

(7) 
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{U) In th xpr ion R i th shock v,av urfac , U th 
normal v locity, P th pr s u r and h th nthalpy of the gas . T he sub-
script one r f r to th fluid prop rti up tr am of th shock and two to 
the down tr am prop rti 

( U) Theor Heally Eul r q· ation could no b solv d utiliz in the 
Rankin -Hugoniot condition as boundary condition to d rmin th flow 
in the in t raction r gion. Th drawback how ve r • that th po si ti ons of 
the refl ct d and tran m itt d shock ar a priori unknown and henc th 
boundaries of th flow r gion are unknown. Math math:ally th p ·obl m 
ia one with thr e ind p nd nt variabl s and • o fr boundaries . 

PROBLEM SOLUTION METHOD 

-

(U) If we restric t our ttention to calculating the flow only along he 
axis of symmetry the problem b comes s implifi d. Even in this case l w­
ever we are troubl d with th two free boundari s whoa po si ti ons must be 
determined as part of th flow field calculation. In this cas on can apply 
the two-dimensional m thod of chara t r ist ics or th artificial viscosi ty 
technique of Von N uman and Richtm y r (3). It is mor desirabl how ver 
to have a calculation proc dur hich is l s t im consuming and compl x 
in compari s on to th two r thod . W will now show how to d v lop 
such a method. 

{U) The idea to b pr nt d utiliz principl s t forth by 
Dorodnitsyn (4 and u d by B lot rkov ski (5 ), Holt (6) and T rau ott (7) 
to calculate the steady flow in th '1 ~ reg i on of a blunt body which is 
traveling at hypersonic sp d .. It ha not b en r aliz d b fo r howev r 
that Dorodnitsyn' s id a can be appli d fruitfully to un t ady flow probl ms 
involving shock wave whos po si t ions ar a pr iori unknown. In orde r to 
illustrate thi s we di r ct our attention to olving the quations which d scrib 
the flow on the axis of symmetry. It is easily shown by xpanding th 
dependent variables in a seri s about y = 0 and Z = 0 that thes equations 
are 

Jeu.r + L( P +JO u..a.) = o 
J t Jx ,. 

+ u,. J "e = o 
Jx 

4 
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(10) 

(11) 

( U) Th shock conditions r due simply to th on dimens~onal 
Rankine-Hugoni ot equations. It • s obviou now that q at ion (9) i not 
needed to det r in th variabl s P, I° , an u ,. along the axis of 
symmetry we therefor will not d al .fur th, r with it at this time. 

(U) In ord r to s t up a num ri.cal proc dur for solving for th 
flow variables it must first b r cogniz d that two distinct regions of 
flow exist in th int raction r ion. The two r gions are separated 
by a contact discontinuity (Figure l) acr 88 which the pr ssure and v locity 
( u.,. ) are continuous, but not th d n ity and t mperature. Ther for 
we must solv th flow equations in ach reg ion and connect these solution 
by the continuity conditions at th contact dis continuity. 

(U) Followin now an analysi :, hich parall l that of Holt a d 
Hoffman (8) w d fin t o n w variabl s by th formula 

2 = (-1 t (X- X (t) ) 
n o 

E. n (t) 

i n which n refer to th fi()w r, g~on, i. ., on or two, and f 1 th 
n 

distance measur d from th C. D. to the shock wav in th r gion of 
interest. Upon intro cin th s variabl and int rating quation 
(10), and (l l) we obta i1 , th quations 

(1 ) 

( 8 ), 

(l 3) 

(14) 



in which 

a m =/'"-,. , H = P f'U,. 

The ubscript on and z ro d not 
resp ctiv ly . Th quation ar 
late the flow in th int raction r 

., 
and S = P/f 

(15) 

valuation t the shock wav and C. D., 
a conv ni nt yst m to employ to calcu­

ion . 

(U) Thea equatio s can b r due d to ordinary differential equation~ 
by approximating m , I" and S in th int grals by the fir t two terms of a 
Taylor er1 s in Z , 1. . , n 

let 

Thi I i a v ry good approximat ion for our problem since th now variables 
are not expected to vary mor than ten p re nt from hock to C . D. in each 
region. Upon introducing thi approximation and rearranging t rms, equations 
(13) through (15) yi ld th impl sy t m 

(16) 

(17) 

(18) 

which ,, asy to in t rat num rically wh n cornbined with the jump 
condition for th hock, th known flow conditions surrounding th inter-
action r ion and la tly th quation 



(1 ) 

In thee equation VS d note th v l.ocity o.f th hock fo r the reg ion of 
interest. The procea.ur for olvin th quations along with the hock 
condition will now b d crib d . 

NUMERICAL SOLUTIO PROCEDURE 

(U) We describe first of all how to arrive at the initial condition for 
equations (16), (17), and (18). First we observe that for very small t im 
the flow properties in interaction region I and II can be con1idered con tant 
between the C.D. and shock wave for each region. Only the pre11ur and 
velocity of each region are equal however . From these obae rvation w 
conclude that by solving the problem of two shock wave colliding and 
reflecting into regions of constant state, these states being those imm di­
ately behind the blast wave and th bow shock, respectiv ly, we obtain th 
initial conditions for our problem. These are the con tant state ■ beh ind 
the two reflected shock wave . One will also recognize that thi • is th 
1olution one gets for the bow-shock-blast-wave interaction problem if it i 
assumed that the flow behind th bow shock .a invarient. Thia prob em is 
diacua1ed in texts such a Landau and Lipsitz (9) and will not be discus d 
here . 

(U) Knowing the initial conditions one then proceeds with the int -
gration of equations (16), (17 ), (18), and (19). This can be acco plish d 

in the following manner. Rearrange the Rankine-Hugoniot equations o 
that one can iterate on the velocity of blast-wave as it propagates toward 
the body. Upon making an assumption of the blast wave velocity, ba d on 
its initial value, we determin its po ition and theret the pressure, 
den1ity and velocity of the flo ield at its face numerically integratin 
the equation 

dX = BSHV 
s 

dt 
( 20) 

in which X is the distance of the blast wave from th nose and BSH th 
bla1t wavesvelocity. We then calculat the dens ity, pressure and veloci ty 
behind the bla t wav by utilizin th shock conditions which ha ve be n put 
in he form 

7 



P, =Pa+ [ l'a J -~ ( u.~,, -V5):a.] (23) 

where 

Knowing thes valu w num r ically int rat quation (16) , (17), (18), 

and (19) for r egion I by u in a cond cat" or r curr nc formula 

(1ee Crandell (1 O)) and i t r at on "'r • (th v locity at th C. D. ) 
I 

determine th flow fi ld in r gion I. 

( U) Next w sol v for th flow r ion II by as s um in a bow- shock 

velocity and applyin quation (21 ), (22), and (23) to comput th flo w 

inside the shock bounding r gion 11. Th n w num rically in t rat 

equations (1 6), (17), and (1 9) for r gi on II by makin us of '°'r,• and P 

from th solution in r ion I, inc th y ar continuou across th C. fl., 
and iterate on th bow- shock v locity until w a riv at a flow fi ld for 

region II . 

(U) La tly w ch ck our initial a umpti on of th blast wav v locity 

by requiring that qua t i on (18) for r ion II b ati fi d. If i t is not o 

back and assum a n w blast wav v locity and o through th outlin d 

procedure once again. On c n ho v r r due th it ration t im in all 

of the steps by using a ys t matic m thod of it ration such as th m thod 

of double als e po sition . Th ov rall calculation m thod h ' ch has b n 

described may at fi st lane app ar too t i m con um · n , but thi i not 

generally t u sine lar tim t p can b tak n and th r by r due th 

overall corrlputation t im down to approximat ly a m inut on th IBM 7090 

for calculating th flow alon th axis of y m try in th ini tial int raction 

region . Subsequ nt i nt raction occur ho v r aft r th r fl ction of th 

blast from th nos of th body . W will no di cus ho to comput th s 

8 



as well as the r flection of th bla t wav from th nos . 

REFLECTION OF THE BLAST WAVE 

(U) The d n ity and pr ur b hind th r fl ct d bla t-wav a nd 
its shock velocity can b calculat d r om th quation ( F i ur 2) 

~= ( 3 '1-1) -( Y - I) Ps / Po 
( 4) P. ("1'+1) P1/p0 +( 't-1) 

(25) 

(2 ) 

(U) The subscript z ro r f rs to th condition in front of the 
reflected blast wav and th subscript one tot flow b hind it. V in these equations denot s th r fleet d hock ve ocity and P th nos pr sure before refl ction. On should not her that th v locity b hind th reflected blast-wave will b z ro. 

SECONDARY I TERACTIO S 

(U) Upon b in r fl ct d from th no e of th body t e bl st wav collides with ith r th contact di continuity, if pr s nt, or th inward moving bo shock. Th C. D. ill b pr s nt at all tim xc pt in th rare instance that th bla t • av and th flow fi ld b hind it i a mirror image of th bow- hock and th flo b tw n it and th b dy nos . In th latter case the r fl ct d bla t wav int racts ith th . bow shock with th result that a n ar stationary hock wav is produc d alon with a ri ht running rar facti n av . Thi rar faction wav propagat s t th no of the body and i th n r fl ct d with th r ult that th pr s ur at th nose is greatly r due d. It al o hould be not d that any 1 ft runnin shock wave which interacts wit the bow shock wil produce a shock wave and a ri~ht running rarefaction wa v . ' his phenomena occurs even if the C. D. ia present since when the reflected blast wave interacts with the C. D. ti1e 
re ■ult is either right and 1 ft running shock waves or a left running shock 
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wave and a right runnin rar fact ion wav . Th cr it ria for choo ing 
which of th r ult occur i t forth in Landau and Lip hitz (9) and 
will not b di cu d h r . Th l ft runnin hock av or rar faction 
wav produc d at th C. D. i t raction ill of cour incr a or d r as , 
respectiv ly, th no 

(U) For calcul t in cond ry int rac t ion i t i r asonabl to 
a um that con tant tat i nt racti on r ult can b appli d . Th olut ion 
of C. D . r fl ct d hoc k int r c t ion th n r due to a tra i ht forward 
pro bl m . In th c h r h int ract1 on produc r n c t d and 
tran mitt d hock on imply olv th Rankin -Hu oniot quation for 
th flow cond i tion b hind a ch hock nd r qui r that th pr s ur and 
veloci y be qual throu hout th r ion b hind th hock wav s. 

wh r th . D. r fl ct d hock int raction produc 
a rarefaction wav th probl m i not qui t o a y, but till it i straight 
forward. 

(U) By modifyin th analy i of th flow in shock tub appearing 
in Liepmann and Ro hko (11), wh ich i id ntical th ph nom na of 
constant state C. D. hock wav int raction or a bhock- hock interaction, 
we can develop an quation for th pr ur in rar faction wave. Following 
a procedure identical to that of th afor m ntion d authors, b t noting 
that the v locity i n front of th 1 ft runnin shock wav produced at th 
interaction i not z ro, a rri at th qua t i on 

(27) 

where a,."aVY" Pn! l'tt 
The sub cript d not th flo 

Figur (3). Al o "a" d not s th sp 
constant . 

variabl in th r gions shown in 
d of ound and f._ th adiab. t i c gas 

(U) Th pr ssur 
r refaction w v ~an b 

of th body aft r th 
calc ulat d i th th qua ti on. 

r flection of th 

(28) 

Th subscript in thi quation one agai n r f r to th re ions shown 
in Figur (3). 
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(U) For th ca e where a r fleeted shock wave interacts with the 
bow shock equation ( 27) still holds and all that one has to do i s interpret 
the subscripts properly. 

(U) The int ractions which hav been di cussed thus far are the 
only one which can b approximat d a con tant tat phenom na. If 
for instanc on d sires to comput what happen wh n th rarefaction 
wav produc d by th bow hock int raction with th trans nitted shock 
from th C. D. bla t wav int raction int ract with the C. D. one must 
employ Eul r quation to olv for th flow field. This entails a 
tedious proc~dur and will not b di cue d h re . 

CONCLUDING REMARKS 

(U) A computer program for the IBM 709 which incorporates the 
ideas and formulae set forth in th previous discussion has been developed 
and is currently being used to compute th impulse produced on the nose 
of a re-entry body upon being intercepted by a blast wave. The results 
of these investigati ns will soon b issued in a report and will in part 
appear in the proc dings of th 1964 Army Sci ... nee Confer nee ( 12). 

(U) Th t chniqu d scrib d h re i n for computing th flow in the 
interaction region along the axis of symm try can easily be extended to 
calculate th flow away rom th axis of symmetry. It is obvious that 
the solution along th axis of symmetry wLl erv as th initial conditions 
for determining the flow off the axis of yrnmetry sine the quations 
describing the flow possess only first ord rd rivative in th coordinate 
y. Also th general quations d cribing th r -:: flection of a curved shock 
wave from a curved aurfac must b d riv d befor . one can compute the 
pres sure pulses exp ri nc d at points on a body which ar away from the 
axis of symmetry. 
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Contact Di continui y 

Bow Shock (II)---> 

Fig. 1 

Body 

vs 

Interaction of th Bow hock of a R - ntry Body 

and a Blast Wav 
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Uo---> ->Ul Body Noa 

--+ 

V s 

Fig. 2 Reflection of a Shock Wave from a Rigid Wall. 
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Contact Di1continuity 
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Interaction of Contact Di acontinuity and Reflected Blast Wave 
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