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SECTION 1

INTRODUCTION AND OVERVIILW

rne W)jecti ve of this research is to evaluate the effects of viscous

vid t ir)l ence phonomeni on the flowfield behi nd a hl ast wave which passes

Ovwr i struct:ure. Viscous effects have not been previously considered in

ovalijatinq risch phenomena. However, it is well known that viscosity has

jloal *fftetrt on steadi flows, such as heing the mechanism that leads to flow

sePjarati orl. Therefore, it is qu te likely that the predicted blast wave

loadinq nn a structirp is affected by viscous forces in the flowfield and that

it is important to inclide these effects in comparisons with laboratory data.

v')rtover, there is a need for flowfield predictions that resolve boundary

anI shear layers .ecausl other effects, such as dust lofting and transport,

art infl jenced hy these details of th'e flow.

It is usefAl ,o livide the interaction time into two primary regimes,

rly and late time. W? will use early time to refer to the interval during

wh qn arl immediately after the blast wave passes over the structure. The

ito time period corres,)onds to the tim? when the shock front is far from the

th: rpard to typical dimensions of the structure).

Th , hi jhest impulsive loads occur doring the early time regime. The

1l<'m; layers are gPneally quite thin, and the flowfield is primarily

iivi I . However, depending on the configuration and flow condition,,, the

hi Ii, y r imilht spparate, resi Iting in a -adical ly different flowtield

S
I



struict ire, as I 1 lstrated i, I-I, l -I, W 'h S0iows i semati c of a blast

w iv, flowf jid passinj ovpr 1i v,, , 10. 1h ,y'mTetri C pressure loads have

resultant f orces and moments whi -- Hi - I l ,i ' rl, vohi l, move it laterally,

or tirn i )ver. Toe resii I i ,m ti f )r' 1 ,it ,'HJ vtri ts dependi ng on the

histo ory it te dove l)pi nj t lowt KIt, 1 , Hii wdir,,r )r not tne flow

)at, show that the rate at whi oi a t Iwt i I I ir (hanje from attached

s) iri t,-:. fIow scales witi tr oo tr, o hat I r, u,/, where u is the

io,'il troai I low veloci ty, , is a typical lnith of the structure, and T is

:,H ti:,e Iqterval.' For impulsive flowfield changes, St -- n.17. For a 5 psi

ivo ri)res ,r-r hlast wave, with Ii) ft, this gives I - 0(10- 3 ) s. For a

yp i-al vhicle inter these conditions, the anqu lar rotition rate due to the

1 r j,, isymmietric side loads is roughly 1f)°/s. Thus, the vehicle response

-,, ' o order of 0.1 to 10 s, and it is clear that separation can occur

l ono,,ijlh to affect tihe dynamics of forces and moments on vehicles and

r iros.

j r- i nq the late time period, toe flowfield structure changes more

;rl 1t, Iy. Thick viscous layers develop, becoming comparable to or larger

,,, tin, 0, fit of typical structures. The turbulence flow may loft

A V S

, '-!. , t of b as wave flowfield interacting with a
,ItI w~'r 1



, ; , -! l, , r i ',p o h , rO C S d( i rt O tr in to the f l o w f ie ld , the reb y

i't ,'for jri li] wi coriwilui ,at1 , ind in; Iss i ly dr aging structural components

,'tt y, to I.S. Armly SIal'iI t i,_ Resiarch Lahoratory sjpported

' s, , I'- i dIjt ,r ,ol ;err uist o) t oe irvi scid flowfield associated with

-w,,),' -Y r,,t irk intracti ons The presint study extends this earl ier

r , , n l t- vi scojs/t r ile c o fIects. We have used the same kinds of

1 <- 11 ftforence methods, sol ti on proc:,jures , and computer codes as Kut ler

,i nyr u t. We st-d i f ,.rst, toe ';imple viscous flow in a shock tube

r ' . ,r~'es val date the treatment of the viscous terms in the equation of

- in }, lhese, reslts compare wel with shock tube data and "exact" boundary

, L Y t or to j s ca 40. h,, ve a] so nae both vi scous and i nvi sc i d

, < ios 'ar i 'last wave flow over i free-standing cylinder and for a

v - I e- re, ng n) a flat surface. The present results for a

cxlie rr c)mpare quite well with previous results and data. The

,, icy 1 Iydpr plate is a prototype of the geomet ry of a common

, '... . v ,ilding, v icle), which is an object on the earth's

i n 1 ,; toe aPid r i oniIa feature of the boundary layer development

i wio Ih, incoming flow, which appears to be the cause of an

S,. ;; .; rt , f )w r.,i ,i This result appears to hp a Inique phenom on,

r 7 l 1 iif )a tlr arts. Section 2 descrihes the

0 1 r i I nri, and, tie boundary onditions used.

- -0 - I hkn I r resil t The flIow hoh ionI a Koc

,h'mc K d a cylinder are desc:rihed in

, . .. .. . i , t, res l of )ir analIysis of tnoe

1 j' o m tie jr mol ,. krnally,



SECTIJN 2 S

ANALYSIS

Yhe physic:al 1roblem of interest is the interaction of blast waves with

ohjo.ts protrudirig from a surface as shown in Figure 1-1. However, as a shock

liovs a!ng a surface, a boundary layer develops behind it and shear forces

,hdflJ the flowfield. Therefore, to adequately describe this flow the

-:lressile ,ueian Navier-Stokes oquations in two dimensions (2-D) are

o:ypInyod. in this study, relatively weak blast waves are considered and the

jT ai-o of the calculation is relatively short. Therefore, the blast wave

Wr,_,'1iat d(is a constant speed shock wave. In addition, the gas is

t) be thermally and calorically ideal.

i iVERNING EOUATIONS

rn-' 'tavier-Stokes equations in Cartesian coordinates for

'- nsijnal flow can he written in dimensionless, conservative-law formll

,r e orf t jas without external forces as follows: :
*1

t, ' yF 1 - v 4 yFv) (2-1)

K r V --,

~ V

F F j- (2-2)
S+ p

L je p e+ )
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j Y ) I .a

r in v or I .lit !riS t1, dh (n si ty ) i s nom lillensi onal i zed by p_ the

r JOIlots rimd v in the x and y di rectio0% by a,, , and the totail

:~ ~ s, m o~ reftrence length. Z , the time is

m ~ - I )y ' a, , he dynar (--i v i sc)s i ty , by I, , the prtfs sure p by

S *Y' r tia t(I t tFh c )lso rva t i vb fl ow v ari ab 1 es by the equati on

24)

2 ~m .. 2
ii *2 1.l ti id;p nimpl i :atel pfly,,i ra sp~ace. i nto

1~ tA~irj,i j i- Pe' .r'i- the iu I~ i n lewOo
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11 f, I. Vr )t1 j1' r ' :1ehi n o 'ij I i yr

Sn ~ r iy i; r, -m!]'in interpart

j 1 mh i i Jl i 1~ iyr ;)lI It, ion i l II st rato d (>)Ilp'l q F-e

- 1.1 i ' mrt~1 ri~iiher wji to m(ea ,i red val 1ju p Tno

f) rk< n t 'terer t n1 i numher s a nd va Ii e F mne a ,jre (1 by

- ' F. ~ , 1 V' ' I 3~-- Ti -,ilrulitod value(; agree quite well

1'11 Sh'alI o ow naproper trend . Hart ini an neas;ired

'a a ;'0-h ie ii fferent conditi ons and sugges(pts

t Int 5Say m0(t o)f the calcul1ated

I1tr A' i? as listed in Ta3t)le 3-3.

I iy~r m



1 0~ .)r x_ 1)nuq near the S)ow k

I I 'lo 1" !_'o s. s expected hecause tne

ritom~f \P'd (witoi fourth order dissipation)

', 1I Pleri >t is tf)r other users. Som, offort has been

'I . ii s1 ) ro i ,ei .U One preliminary solution, the addition 0

1i i i ;Mation near toe shocK, has been successful in steady

t 'Int,.)rtinat,,ly, this modification was not available for

, resjlts demon->trate that the code does a good job of predicting

ii iar )roi,in ry 1 ayer hehind a moving shock.

* ..... in Iesuilts

e v~,e 1~ ~p oent of a tlir)tjlent boundary layer behind a moving shock has

idid Ootn experimentally and analytically. Hartunian, et al.,I 0

,i,.,It r,, I ,n,,t transfer in shnck. tubes for a wide range of shock strengths.

jrtic wi , ieasorelents at only two pressire ratios (2.75 and 2) and

* ipirl his resuilts with tne approximate turhulent boundary layer theory of

r-ti-t irh)i]nt boundary layer studied here is created by a shock with a

r ; ,f _.i5 ,,nrving alonj a flat wall, as was the case for the

' r v. The, ) re"ssure ratio of 2. 15 is somewhat unique in that the "

v- I lot, y bhi nd the shocK in the shock frame of reference is

li 1 v lo,)ci ty in the wall (or fixed) frame of reference. A

,tnirit jr, i3 assumnd, which is cunfirued n)y the measurements •

"'4,r' I n r i j itir l niin for shocks of this strengjth. Compared to the

1 lo ,- 1, itinrn, mjch simal lr tine steps were used for turbulent flow

I o i nor iipsh a:inq at, tre, wal I . The gjrid spacing at the wall •

. ... t ) I it res lts tht arf independent of further

i,1 5
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i j,-r, 3-1. Laminar velocity profiles in shock frame of reference
(Symbo.,,ls represent calculated values, line represents
Mirels' self simi lar solution)

.' IrPUTED

r @1

IS

;,r.,~~~~~ .,- . f "' ,* I ,t. v, ,i fjnc i on of nondimensional di stance
........ veloc',ir t lao inr soundry layer hehind shock

•Sy "l reresntcalulaed.aluslin reresnt
!ies efsmia ouin



iahl 3-2. low pararmetors

Shock Flow Type Nondi mensionaI Number
'Iach Mach Wall of Step Size of Time

ctlre Nurirber Numner (ondi Lion Flow (t .a-/ ) Steps

I at wall 1.58 0.673 Adiabatic Laminar 7.56xi0 -3  600

1 -t wall 1.58 0.6/3 [w/L- = 0.73 Turbulent 2.5K1(]- 3  1,200

tly i ndeo 1.16 0.24/ Adiabatic Inviscid 3x1 - 3  1,720U "
yi ),der i.16 0.247 Tw/T,, . 0.90 Turbulent 4x10 - 5  140,000

rIV 1.58 0.6/3 Tw/T. = 0.73 Turbulent 1.8x10-4  23,000
Kjy iri r

,h , , aI. Li) l, on

F 1'lJ 3 - 3. Macuh niJinhr i Sop let hs fo)r 1lani nar boundary la.e r on
1 l t pla te OehinO Th mr:'

1%



i.? Laminar Results

Our predictions of a laminar boundary layer are compared to the

analytic" results of Mirels in this section. We will follow Mirels

transformation of the unsteady problem of a shock wave moving over a wal 1 to

that. of a steady flow hy presenting our results in the shock fixed frame of

reference. Mi rel s used the Prandtl houndary layer equations and applied a

imi larity variable which is a function of the freestrearn velocity, fluid

iaramters, and distance behind the shock. The resulting equation is an

ordloifary differential equation which Mirels integrated numerically.

dlart nian, et a!.,1' ) found good agreement between their measured heat transfer

ritos and tuose calculated with the equations derived by Mirels. They also

srow toat the effects of density and viscosity variations are small for Mach

rw,.,%r less than 2. These results shcw Mirels' theory to be a good model for

Va1i nriar flow.

Tho ia1inar flow calculations hve a shock Mach number of 1.58. The

,l<,,ils of the flow calculation are given in Table 3-2. After 6(01 steps the

Wh)CK in' 6.),q from the leading edge, ard all the results we will show are for

thi I ft1ie. igure 3-3 shows lines of (onstant Mach number, and qualitatively

:irs tie edge of the boundary layer. It is easy to distinguish the two

". os )f tne flow. Figuro 3-4 shows good agreement between the calculated S

1olo(-J t prlfilI with that predicted h) Mirels' similarity solutions. In this

i 'r'., th inriat i'; Mirels' similarity parameter and the velocities are

,,ir', r.,',itj Vin t nn' shuck. Thus =/ue  2 is the wall and u/u e  
=  I is the

.... , ,,. Ad tinrial ly, throughout the flow the edge velocity normal to the

i, , h i-)f sholwn, has the corr ct behavior and is directed toward the

I ,.ir t'e ShoY.k and away from the val near the leading edge. Figure 3-5

I iir o5r of th romputed frictit n coefficient with that predicted by

, S
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t ue t,III~t tibl o tet, tor, i I ti I on it I ai nta r f Iow beh ind di shoc k i s d

W ~~C, (ipa r ison wi th M I re I i m iI ~rIty s I i onn Mi re]I s' results have been

c m'pa rod t vo rah Iy wi thI e'x ,-ri iiertil dat1 (, i) aid the arial1ys i s requ i red to

HI opa r, to t ho wn rk I ,p, t- ' r-d ht to rwci r. Compa r i son wi t h ex pe ri nent a]

I dt i s5 'io re, pp ripr iat t or t ti r )lIon t t Iow.

The q rids vised( 1,0r the se caIc uIa t ion s a re rec t iinea r. A portion of

* ne g;rid tor thet laminar case is shown in Figure 3-2. The grid used for

tiirh~itnt flow was similar, but with finer spacing at the wall . Both grids

ise geometric stretching away from the wall and a constant spacing in the

* strearnwise flow (x) direction. The acceptable minimnum y spacing (normal to

the wall) was determiined by reducing the spacing at the wall until the

solution was independent of the wall spacing. Details of the grid are given

W i~n Table 3-1.

. . .. . . .

Figjure 3-2. Portion of rectilinear grid used in laminar flow behind
a shock calculation
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Figure 3-i. Schematic of boundary layer behind shock: Region 1 influenced
by leading edge, Region 2 influenced by shock

the shock (Region 2). As the shock moves along the wall, both regions grow in

length while the thickness of the boundary layer between the two regions

i nc reases.

One of the distinct differences between the boundary layer immediately

hehind the shock and the leading edge type boundary layer is the direction of

the fluid velocity normal to the wall. In a boundary layer which grows in the

direction of the fluid mean velocity, the fluid must flow away from the wall. 

In the boundary layer behind a shock the growth is opposite to the direction

omf the flow and the fluid must move towards the wall for the boundary layer to

,jr,)w. Hence, the boundary layer edge normal velocity is negative near the

In practice, the laminar part - thp boundary layer may be quite short.

Howovr, the code ARC2D does not account for transition from laminar to

t irt'lent flow (i.p., cowiputations are oither laminar or turbulent). Thus,

tI



SECTION 3

riST CASES

Al houqn the ceode APL2[) has been used for a variety of flow problems,

there has not been any work winh this code on unsteady boundary layer

development behind shocks. Therefore, a study was conducted to verify that

the results agree with experimental data and relevant analytical results. An

adidti onal purpose of the study was to evaluate the grid requirements for

these flows. This was done for both laminar and turbulent flows on a flat

surface. These results are described in Section 3.1. Calculations were also

nade for the case of a shock interacting with a cylinder, in both inviscid and

viscou; flow, as summarized in Section 3.2. The satisfactory results from

0 these studips gives some confidence that this method can successfully be used

in applications.

i OUNUARY LAYER DEVELOPMENT BEHIND A SHOCK WAVE

Tne development of the boundary layer behind a nhock has received

,)nsiderahle attention. Laminar and turbulent flows have been investigatd

nth analyticallyy and experimentally.Ii) The physical prob lem is illustrated

in figur, 3-1. As the shock wave moves along the wall a boundary layer

iJ' lops hehind it. At the same time the boundary layer is developing from

tv, lfading edge of the wall.

Thus, the boundary layer has two more or less distinct regions: that

influpncpd by the "l ading edge" (Remgion 1, Figure 3-1) and that influenced hy

* Ut)



viszous flows. The hody surface pressure is calculated from the normal

inomentiv equation, which is

PD-"t + 0  x + v fly) - pU(riXFr + nyVC)

2 2
= + yflyPF + (nl x 4-p (2-6)n

2 + 12
= Pn ("x Y)

where n is the local nonmal to the body surface. Free stream stagnation

enthalpy is held constant alony the surface for inviscid flows while adiabatic

or -onstant temperature walls are used for viscous flows.

?.4 TIME ACCURACY

Most of the calculations done for this work must be time-accurate.* S

Tnis means time steps must he limited to a value that makes the Courant

r) 0111he r

t

CN ---- , where c is the velocity in the x-direction,
Ax

los than one. This requirement, the CFL condition, means that as the qrid

e)tcom, finer, the time step must be reduced. The CFL condition requires that

thp analytic dofmain of influence lie within the numerical domain of influence.

The aximum CN for all time-accurate calculations for this work is -0.9.

inat is, we are interested in the transient fluid iechanics, not in ohtainin j

,a It ,ady flow as the time-asyriptotic limnit of a transient flow.



* F ), req i on of und 1 stii rht-d tf u i d that the shock has not. yet reachi~d

- S Iht reqi on heb i nd the shock where the flIu(id has nenaf fected by

t to sInock mtiny i iq th roug Ih

niptt. tion 1ulsCri ed hero- were done with the fol lowing initial an(1

nt~ (Ifhi t lo rls

In i 31lly the f low is; set tip wi to two (listinoct reg i 'nes ; pre - and

i)tt>, sho0.wn i n F H gre 22. The iitial p'osi F ion and Mach number of

h to K,)C a ir,, i n puit to) the program. Th , entire regi on in front of the shock

~ss ) o, undis;tuired fluid with no velocity and constant pressure and

~~'ye it ie. dhIrld the shock the f low conditions are calculated using ideal

)F-!_1! re lotinoships. The inf low boundary, AB, uses these postshock

fl'l Oir ouighoujt the calculation. If a wall is adjacent to the inflow

'unn i ir'#, the cosatflow profi le sivijiates physically a sharp leading edge

-o I*n ion . 2.4 th' "(outflI ow" bounda ry, TF) , the preshock condi t ions are

1~ i o, aol the c-al1ctil1at ions are stopped befo re the shock reaches this

2.Im -o the :iter boundary, Cr, e~ither pre - or postshock condii tions are

Fno, Vl, t ion of toe sIhocK, is cal culated assu mi ng the shock moves at

j F1 v0 Ioityo . l on,, ca.n see, the actual position will most

f r~' ni ').t won two ;ri i points. In to al1jon toim used, toe grid point

inI ~ l ow>' nias pf)stshock conditions, whil1e the grid point in front has

ri, -ii - i1005.. Thuis, the shocK pos it ion on the outer boundary is

1 oil t,) with in tn. mesh (:ell size. This resolution is sufficient for

Wi 0 )1;5tidy liOh as) this.

~r~m -modi tris, &t -1l i(I boundaries were applied depending on the

Ius.I ~ sti -If led for i ilvi ;cid f low, whi le no sl ip is uised for



ihe tj rhu Ienco noII i n ARCI) is a conrvont iond I two-Ii yor jlgebraic

i nq Il ,t'oi n fod I The inu r layer - governed by the Prandt 1 mixi ng length

SW , n rist Uamping. The outer layer follows the Clauser approximation.

ii s t wr Ij loncre moldl is detai lPd hy 3Ialdwin and Lomax,8 and i s appropriate

-... tr attached flown. It is prohably suspect in separated flows.

'.-,r Aip ,,; to on employed in this shock-interaction work, several

-ii , .5a t, r)e ade to the code. The most important of these pertained to

lanj~~'~; i the initial and houndary conditions applied hy the code.

Y.3 t) ,, jARY AND INITIAL COND TIONS

Moe aspect of the shock-interaction problem is that the outer boundary

nliiti)onS Are time dependent. As shown in Figure 2-2, there are two distinct

inw rjimHn is the shock moves through the computational domain.

&0

0

///A/// 711111//11171 111 D

Sjur, 1-?. chmatic oif initial conditions for hlast wave flow prohl m
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Figure 2-1. Generalized curvilinear coordinate transformation

)etai Is of this coordinate transformation are given in the work of Pul liam. 3

tne transformations are chosen so that the grid spacing in computational space

is uniform with unit length. There exiqts a one-to-one correspondence between

a physical point in space and a computational point (except for

singularities). With this construction a code can handle a wide variety of

physical jeomietries with boundary-conforming grids.

2 2 NUMERICAL ALGORITHM

The computer program used in this work is a version of the code ARC2D.

AR(2 U was vve loped at. the NASA Ames Research Center 3 ,4 and has been applied

t_ a variety of complex flow problems.5, 6  ARC.I) uses an implicit finite

difference numerical allorithm with fourth order dissipation. The algorithm

is an implicit approximate fictorization scheme which is second order accurate

in t imr. This noniterative scheme is based on the work of Warming and Beam,/

and r sjlts in eai ly solved block tridiaonal matrices.



I lation in the solution n l.r tnt' shock, Kochr u-, i I I dtiron ire present inl

' aIeI . jl.tirnns and ire, c)ofmon t i thin.; imp ici t s,.'oIe. v with fourth order

I Mi. )verall this st ,', r.vedl; thp 'ithod is well suited to

-, K,. -rlir I I r )t tWrho Wl t-vi scows eftects bphind the shock,

, . .jr j~rli on,~r may requi re a extremely fine grid

,1. is ntaThlished when a shock wave strikes an object

n ... . It , ._ .t I o t,! od i ocks and Mach stems. To verify that the

v, pre I ' i t s icm t lows, the interaction of a shock travelling past

Ai ni,. -wms VOt.diWei. ,tmn inviscid and turbulent-viscous flows were

Ai* o to illustrdte any differences in the flow due to turbulent-viscous

in.iid calculations of this problem have been performed by both

. i.lr ni Frnquist 2  and Mark and Kutler. 15 It is important to keep in mind

ia tinp inviscid flow over a half-cylinder on a flat surface (the field

-trj-, r,- case for this work) is identical to the inviscid flow over a 'free

n: 11 n1, " .yiinder. Thus the inviscid shock-cylinder flow represents both a

"V a> Ant case to coopare with the flow over a half-cylinder on a

In analytically decrihed mpsh in a cylindrical cordinate system was

* lojo)'i fr the shock-cyliod'r in raction flow as shown in Figure 3-7. The

rli 1, deternined by the cvlinder body radiuis, the distance from the body to

to iter houndary, and toe distance from the hody and the, first point away

i,,' the UKrI . Pays wpro equal ly spaced around the body, ind points along

r,/; wr- radially clust-rI-pl nar the body by in Pxpornontial function. The

?[I
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two rinds shown in Figure 3-, differ in that the turbulent viscous flow grid

w has a larger number of grid points along the rays away from the body with a

smaller distance from the body to the first grid point. The details of the

jridb are given in Table 3-1.]

0 " 11 1

Tne cnnditions chosen for the cylinder flows were designed to match the

,wperimontal ,conditions of Pearson, et al.,15 at the Ballistic Research

* Lah'rtitry. In their work a 0.305m diameter aluminum cylinder was rigidly

fOWd across a 2.44m diameter shock tube. A flattop shock wave with an

ocr Jrtssrire of 42 kPa (6.09 psi) passed over the cylinder. Ambient

roshoiA) pressure for this experiment was 101.3 kPa (14.69 psi) with an

jhieK don~ity of 1.22 kg/r 3 . These calculations were done with a constant

wLl temperature for the viscous flow. The Reynold number based upon the

,nylindr diameter is 6.95xN 6 .

In many respects, the results of the inviscid and turbulent-viscous

-,An inr, Ih e similar. Figure 3-8 compares predicted pressure-time histories

,t svydl locations on the cylinder (u , 45, 135, 180) with those

,xperilnentally measured, and with the inviscid calculations of Mark and

it. er. Ane experimental data presented are an average of the actual

iacir',nnts which contained substantial high frequency oscillations.) The

,arp rise in pressure at each location signifies the arrival of the shock.

Thi rpresnre at all stations, except 1800, then decreases until it "jumps'

wq, andI tnen reaches a plateau level. This second jump is the result of a

rfi, 9hck which is created at the rear of the cylinder and propagates

i; i.t .... ,i uv,,r the cyl i d r, as i lu strat,od hy the isopynics of Figures 3-9

?



ExPERIr1ENrTL .EPEPIMENTAlL

UISCIOuS U ISCOUS
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a) 0 00 b) 0 =450

ExPERIMENTAL

UIsCOUs
a.INI SC ID

E PERIMENTAL MR

I INI IISC ID'

I ~9 I

'IQ w
T I rF Wi; IT IE i i;

c) 13h0 d) 0 = 130-

~i jiir , 3-89. Pressure-timfe histories for shock-cylinder interaction
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a) 0.25 ins b) 0.50 ins

C 1.) nsd .5 n

Kjmiro 3-14. Compmitod inviscid isopycnics of shock-cylinder interaction
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a) 0.25 ms b) 0.40 ms
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A(I
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I 5 S d) 1. 35 (Ts

Fi~3-1i). Co~ipited tijrhulent-vi scous 1 sopycnics of shock-cylinder
initeraction (it various times
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These figures illustrate some interesting features of the computations.

Sirst note that the shock is increasingly "smeared" far from the cyl inder.

This is a result of the grids. From Figure 3-7, it is obvious that the

c ir'umfterential grid spacing increases with distance from the cyl inder. Thus

the coarse grid results in poor resolution of the shock. Secondly, the

isopycflics of the viscous flow are much sharper than those of the inviscid

calculation. This is a result of the finer mesh of the grid used the viscous

calculation. In addition, the increased damping of the viscous tentms smooths

Noticeable differences between the experimental data and the

calculations in the time-pressure histories exist at the stagnation point (0')

and ,j 1H-)h' .One difference is that the plateau level of the viscous

calculation of P/Pj = 1.49 is closer to the steady state stagnation pressure

ratio of 1.46 than is the experimental value of 1.59. This occurs at a time

when there is a possibility of reflections from the walls of the shock tube

iri, the measured pressure. Therefore, we have some reservations about

tnh interpretation of the data.

Another possihle source of the discr , ncy at W" could be the

distortion of the cylinder during the Pxpr1:ent. The ohject of the

experilmertal study was to det rotirni n " ri aircraft

structures. Thus, the cylinder w<o ! a,' * m' ! ,- i 1"i post t st insp ction

showed that the cyl indlr wdO I, ,, ' ' ' hat tin

-'ylin1i,pr Jei ')r r io, h h-rinl tt', h

biqur" 2-44' nhw i rawing t-'p rj )s.i at yir )n T) ro~1T e (I

1rnvi rid prp'ssurp at the 1-Id location, The n mr, P of *,hi in ,ah i i ty in t he



inviscid calculation is unknown. When viscosity was "turned on" it

disappeared and therefore was not investigated further.

An important point with regard to the turbulent viscous calculation is

the grid spacing at the cylinder surface. Even though our flat plate studies

suggest a minimum spacing on the order of 10-6, computation time requirements

precluded using a grid with so fine a spacing. The minimum spacing of the

cylinder grid (Arid) is 8x10- 5 . With this grid, 140,000 steps are required

for this flow calculation using 11 hr on the CRAY X-MP computer. Thus, while

the primary features of the flow appear correct, the magnitude of the friction

co pronent of the drag cannot he expected to be correct. Still, the calculated

flow does separate from the rear of the cylinder. Figure 3-11 shows the

development of the separation bubble behind the cylinder. The bubble was

still growing when the calculation was stopped. For comparison the stream

function contours of the inviscid calculation are shown Figure 3-12. As

the study of steady flows is not the main objective of this work, both the

viszous, ind invisc ii calculations were stopped before steady state conditions

v r& oubta n~d ,

0

I

!

/S



d) 2.9 mis

)) 3.6 ins

1 ] ro 3-I 1. Bevel opmint -)f separation huhhle hehind cyl inder in tujrbulent
viscous, flow of shock-cyl inder interaction calcul atior,
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,ne ~Ijnal stuidy of this work is a calculation of the flow behind a

*')a~ wae a ssi ny over an object on the oarth 's surface. It has a numbe- of

or prs whi :-h are cominrctions of toe in the other test cases; a shock wave

:tvi i(- past a cyli nder and a houndary layer on a flat surf ace . We chose a 2 in

rn I is, hif cyl inde-~ geometry to mfodel this problem. A consideration of some

inflor dhysical paramneters reveals interesting information, as described

a di stance of 2000m from a 1 megaton explosion, the resulting blast

q i v- as ipproxirnately a 172 kPa (25 psi) overpressure (Ms = 1.58). I n order

',) numnTrical ly resolve the turbulent boundary layer which forms behind the

Iiv wavi,, the grid needs at least a few points in the viscous sublayer (as

tc'smIin Section 3.1). At 10m behind such a blast wave, the turbulent

uu'l y iyer is less than 10 cm hi gh. Thus, as previ ously discussed, grid

(acnpo the o)rder of 1()6 (1 is requi red. For a calcul ation which is time

irti.e., to saticty the CFL condition, this; translates into

1~)rX~ld>~~'10"' time tesfor the early time interaction with an object.

)'cl aca ci t onwould ei over 1)O hr on the CR~AY X-MP. For this

[or-enft work, this amioujnt of computat ional time is unacceptable. Therefore, S

ci ti-I; dorm with a couirser Iqrid so that time accurate

30P



~I m.2, 1 i l e :11 rt, Wi i 11 d ea s orna hIit, ii ~n t o f comp u t -r re s!ources.

'.ii) riIlP'r'ti' ~ls he results O uld he valid for evaluating

f w~ I o I eJ', hilt. ; Sir fri ct ion and heat transfer calcul ations ir,,

heveal ai-S~ stat-.t cal cul ati ons were attempte-d to supplement

~neVciate : 1it i Toiem) runs included a boundary layer profi le

nil t~''va r nd n,.Thne tiiCKneSS of these profil1es was on the

~n~ mu~ } 0 10 , tus udel i nog condi t" ions when the shock

' it r.r-; 'i Pr;'11i~i cyl inder . These Calculations are not

I -. ey :r- t nIl tr'i .7 rtegal rmrents of time accurate calculations, and

m'r f c i nc i i,-h' tne lintes repquired for accurate re-sol oti on of

'5~ )r- it' I,, lyti us -steady cal cul ati ons fai led to converge . Ou r

~V !'that, tois lack of convergence is due to e-1ther the boundary

tnF''jrjI (especial ly thie iargje aspect ratio of some cells, a

,- rr Ii mi t a t isrs) However, we (10 riot yet have a definitive

ji-Iis i n the -neacrt cal culaiti ons was generated wi th a

P' .1 enratr evel oped( at NASA Aimes Research Center *6 This gridj

* ' ,'1 ir.tlesi jiI wnich is, ortrioqonal to the wall, while allowing~ a

we ~ ~ ~ ~ ~ 1 rs.g j i--.l- tr1tching. away from the wall1 is

I I T~- "i -'.J!uit I for the, timp accurate calcu(lations is shown

1 73iltintWI hr)-I'I i Oclk withi a pressujre raitio of ?.7

2 iv'r ~ mreul-,. 2 ,r ni. Vjji oor) oin a wall (i *p., the, gronnIi



M PS

.,.K .. ........ ... ....

1 >'--1. Ari AnoSM for shock field structure flow

,iVinqi(l jnn.i tin" nhck reached the downstream grid boundary

wi, -,v- T.w'lvir radi Iownstrea'1 from the cylinder. A calculation

.1j u i ofrn'. 5, Kjrylo P1. ON Their flow configuration *
I ,,i If JI)C;. WMn' vJ' a 1,13 pro4'ss:jr ratio pas;sing an arched

r,' vv", ''f ioi n-a rl atio ot .1. Ino () itin f Kurylo 16

* 441''~'i~~'b~Y*I 1,~ ar 4  ri 1 and we'>' staz~il to haw' heen carriedl oit.

0 < d;' wlvo n' o flO ? -rmpfli vp tine ro swer.' prosented, an,!

<01 1; 1 *'.lo~'~ IT')Iv', t'hf v V.K),II1 iyers) in tne' f low.

.111 ' n dt S''It ter'nn.'; itnw't'' th'i r rt'3i1 tc, and )IJr$, .']l )w.0

too o '14' n5nt ad In Oio n a-> presintm' ii several ways.

;r- iTjo l2 yjrp>> Iit tifrlO lo it 1401 01, fhO (./] i rdi'r ar,' gjivenl

A



ri.' I i 1,h.wt.rubjqh ho sum K'ho l ri o m i h rormf1r r i i ) hi s asi the

fier rt io r';rr~t'v h Jr ie is jiI a r to the c 1 i nider re suIt s.

r'idi at I 1,vailo ll h5 15e srwi ( 17wh isopycflics in Figure 4-3.

)w,'2 ti -!( -)t raj(t siril Iar to thdt of the fl ow wi thout the

not.o a t he' , 1:Ki op si at. he'Cri 0110 re "sine ared" away from the

r, s heaete aK spc i n does not i nc rea se i n thp

1!0 1 e' 1 - r I of I i (tI tor tue rjrid used in the the shock-cylinder

-' ii t ifij inmy eavre t hi s flow is the gradujal rpi

,r. ai n1 i howr o- Hu ore ' IM) lA' at t - 20 ins. This drop in

r'-y~e . ti ~~ hmert o f Lthe se pa rated flIow as shown in1

1 ri, I,' -i'Infw ovor the 'free- stand ing cylinder, a region of

1 ye1vo op,, tehi rid toe hal f cyl i nder. In this case the

w cr I o-(frates toe (irowth of the region . Here the

1 the i nv i s i(I sol ut ion i s ohvious .

to~~1 r.pir s;erhaps- rore- int-resting accentuates the

pic, q '2"1 fcW unr the fl owfi old. Fi gure 4-5 shows the

1() 2 w (j1otl in front of the structure. This

i ~ 'i ir In te IO Vitions of r',Uryl o , perhaps due to the

-~~~ 
t

-q rhr s.- t r~d ii i t uctre . Ry the ti[iie the shock is

~0 h'!! -drK iYl indor the h ht )f the separated region i s

"f- t f rt' m t irfe he ii ht

'Sri to mi 1 4 rr j ) ,'u viii-truln effects signi ficantly

.:ji .7 mnl'r ofi i a f witap. Tho effects of vis-os)ity

Ir he1. h,, rlo -'l ,,r ir' jri'1 , which (ain not he exppctml to

-m ~ *"mH~ t, oinriry 1 ayr ner- a wall
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Figure 4-2. Calclilat(O p ,, ''re t m hi stories for shock-field
structiir iritor-iL [iorn
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SECTION 5

SUMMARY AND CONCLUSIONS

The flow resulting from the interaction of a planar shock wave and an

object on the ground was calculated with the full Navier-Stokes equations,

including turbulence effects. The resulting flowfields show the development

of regions of separation both before and aft of the structure, thus

illustrating the importance of including turbulence and viscous effects in

predicting flowfields resulting from blast waves passing over structures.

These results suffer from a need to use a coarse grid that can not adequately

resolve the details of the boundary layer wall region. The use of a finer

grid was not feasible due to the inordinately long computing times which would

result, even on the CRAY X-MP computer.

Test cases verified that the implicit finite difference code, ARC2D,

could accurately predict boundary layer phenomena and shock-object interaction

given a sufficiently fine grid. Still the code does have its limitations and

more effort is required to solve the quasi-steady flow over the structure on a

wall (part of this effort would probably be an improved gridt).

Improvements in several areas would greatly increase the accuracy of

fijture turbulent-viscous flow calculations. First, the addition of some

scheme to the code to reduce pressure overshoot and the resulting oscillations

would be of benefit. Second order dissipation near a shock has been added to

ARC2D for time asymptotic calculations and its implementation for time

38



jccurdte calculations should he forthcoming. This should be applied to the

present cases. Additionally, validated methods for calculating separated

turbulent boundary layers with a course grid would be helpful (perhaps

something like a "wall function" for separated flow).

39S
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