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] SECTION 1

INTRODUCTLON AND OVERVIEW

, The objective of this research is to evaluate the effects of viscous
and tartience phenomena nn the flowfield behind a hiast wave which passes
over a structure. Viscous effects have not heen previously considered 1in
ovaluating such phenomena. However, it is well known that viscosity has
Jlobal eftocts on steady flows, such as being the nmechdanism that leads to flow

separatinn,  Theretfore, it 1s qurte likely that the predicted hlast wave

. loading on a structure is affected by viscous forces in the flowfield and that
it is important to inclide these effects in comparisons with laboratory data.
Myreover, there is a need for flowfield predictions that resolve boundary E
. and shear layers hecause ather effects, such as dust lofting and transport, .1
aro infliyenced by these details of the flow. ?
[t is useful to divide the interaction time into two primary regimes, :
2arly and Jate time. W> will use early time to refer to the interval during .\
§
whicn and immediately after the blast wéve passes over the structure, The
late time perind corresponds to the tim:» when the shock front is far from the )
yject feompared to typical dimensions of the structure). .:
The highest impulsive loads occur during the early time regime. The - :
viscous layers are gener~ally quite thin, and the flowfield is primarily j
iavinord, Hawever, depending on the coafiguration and flow conditions, the .1
viscons layer mignt separate, resuylting in a r~adically different flowtield J
I




structiare, as illustrated in Drygure 1-1, wnioh shows 3 schematic of a blast
wive flowfield passing over 4 venicle,  The asymmetric pressure loads have
rasultant forces and moments whion ndy  danage the vehiole, move 1t laterally,
or otarn 1t over,  The resulting motion or tarige varies depending on tne
nMistory ot the developing flowtield, inclnting whetner or not tne flow
separiates,

Yata show that the rate at which a tlowtield can change from attached
t senarated flow scales with the Straghal aurmber, Sr S u./~, where u is the
ean stream flow velocity, « is a typical lenyth of the structure, and 1 is
fne fime iaterval.l For impulsive flowfield changes, Sy = 0.17. For a 5 psi
werpressure blast wave, with < - 10 ft, this gives t - 0(10'3) s. for a
sypical venicle under these conditions, the angular rotation rate due to the
Parge, asymmetric side loads is roughly 10°/s. Thus, the vehicle response
“ioe 15 on the order of 0.1 to 10 s, and it is clear that separation can occur
po e ly enough to affect the dynamics of forces and moments on vehicles and
Corctire s,

Diring the late time period, tne flowfield structure changes more
;radaally,  Thick viscous layers develop, becoming comparable to or larger

"ran tne apignt of typical structures, The turbulence flow may loft

\

crgare L=l Senematic ot blast wave flowfield interacting with a
frold vehiole

. @




sonsiderable dgebris fpebblies, rocks, dirt, etc.) into the flowfield, thereby
interforring with communications and possibly damaging structural components,
Rocently, the .S, Army Ballistic Research Laboratory supported

cosearch by Katlor and Fernguist”? an tne inviscid flowfield associated with
21ast wave-structure interactions.  The present study extends this earlier
w.re to inclade viscous/turbulence eftects. We have used the same kinds of
“inite dqrfrerence methods, solution procedures, and computer codes as Kutler
4t Peragquist,  We studied first the simple viscous flow in a shock tube,
AT 00 serves o ovalidate the treatment of the viscous terms in the equation of
tion,  These results comparz well with shock tube data and "exact" boundary
Fiyer theory tor tnis case. We have also made both viscous and inviscid
calatrons tor a4 otast wave flow over a free-standing cylinder and for a

it cylindes resting on a flat surface, The present results for a
ree -ttty cylinder compare quite well with previous results and data. The
v ager 2 half o cylinder plate is a prototype of the geometry of a common
vl ataan e g, hailding, vehicle), which is an object on the earth's

oty e, ot dnclades the additinnal feature of the bhoundary layer development
fo, cated wita the dincoming flow, which appears to be the cause of an
oo sonarated flaw regian, This resalt appears to he a unique phenomena
ot Te eyt e ot practical interest,

T repgrt 0 arenize on tour parts, Section 2 describes the

Sty awawertal 3l prrtam, and tne boundary conditions used,

SR B AT fhees 4t their results,  The flow behind a shork
I T AT eyt iae 0t 4 shock and a cylinder are described in
e st o, et o tae resalts of our analysis of the
ey : Gt et e Wty et e toan tae groand. Finally,
Sty ol md ry ey S et
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SECTION 2

ANALYSIS

The physical problem of interest is the interaction of blast waves with
abjects protruding from a surface as shown in Figure 1-1. However, as a shock
nnves along a surface, a boundary layer develops behind it and shear forces
change the flowfield. Therefore, to adequately describe this flow the
Compressinle mean Navier-Stokes equations in two dimensions (2-D) are
sniployed, In this study, relatively weak blast waves are considered and the
“ime fra;e of the calculation 15 relatively short. Therefore, the blast wave
Vs oapproxinated d4s 4 constant speed shock wave. In addition, the gas is
vismet to be thermally and calorically ideal.

- GOVERNING EQUATIONS
The Navier-Stokes equations in Cartesian coordinates for

“wo-dtmensional flow can be written in dimensionless, conservative-law form

Coroa perfoct gas without external forces as follows:?
TR P R R BRIV SV IV W (2-1)
who e
o7 Pl — — Vv —
ol ;)‘\J‘l) + p P UV
v B » Fo= . (2-2)
| v T nv2 + p
Lp_ Life + pY_] Lv(e + p)

. N
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I l;‘,j + \/[-J/y g r Y 1) 3}18

Peotne dhove oquations, the density p 15 nondimensionalized by p.. the
oty camponents iodnd voin the x o and y directions by a,, and the total
STy o Dy 1.0, Assuming a reference length, ¢, the time is

v tanalized by ©'a,, the dynamic viscosity u Dy p., the pressure p by

c. resoare 15 related to the conservative flow variables by the equation

Vat
) { ) TR .
. N P ST {(2-4)
b
Lot bagaation D2-10 tor napping complicated physical space into
oot e anpaatatanna’ space {see Pigure =15 the following independent
STt e et o T hgon

eyt {25
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Ooces it sy, AT s tance of b heniad tae shack tats o outs
b, 1 b yiscons o sriblayer.,

Macn contoars ot tae bgesglent houndacy Sayer behind the moving
Show I P e doag witn thae oater contour jualitdatively

A tne onfge ot e hoandary Taver.  The turbulent poundary layer 1s

ot e e qeera b shape 4y 1Rs laminar counterpart.,

ot ot e oanfary tayer sotation as 1llustrated comparing the
Sootpaer ot tion a0t Stanton number with measiared values. The

efttroaear tar different Reynold's numbers and values measured by

-

)

. Ine calculated values agree quite well

e laental o data and show the proper trend. Hartunian measured

et transter oa shock tibes at Jdifferent conditions and suggests
N . . ) .
1o st e L S0 T E I this staay most of the calculated

netween Ao - g 3037 10-2, as listed in Tahle 3-3.

e M e T etas e et Tent onndary Tayer on
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I U I ST dot et s SNowa cxC2pt o nedar the shock,
Do Tt el it e e shinee 15 expected because the
ot vt teren e gl pritam of ARCZD (with fourth order dissipation)

Dintratot re s ongrgcteristics tor aother users,  Some eoffort has been
i Srmingtaag tais pronten. b one preliminary solution, the addition
ottt e fer fissipation near the shock, has been successful in steady
ot oab aiatans . Unfortunately, this modification was not available for

e Greent sriady .,
fese resalts demonstrate that the code does a good job of predicting

e Taninar hoandary layer bhehind a moving shock.

e s Tdrhiiient Resualts

c

Tne deyeiapment of a turnulent boundary layer behind a moving shock has
110 neen stadiod both experimentally and analytically. Hartunian, et al., 10
mesaredt neat transfer in shack tubes far a wide range of shock strengths.
Mirtine? Gade peasurements at anly two pressure ratios (2.75 and 8) and

riapared Nis results with tne approximate turbulent boundary layer theory of

e tarbulent honundary tayer studied here is created by a shock with a
ot ratiag o of 2075 maving along a flat wall, as was the case for the
tatnar stady. The pressure ratia of 2,75 1s somewhat unique in that the
Vit tren st eeam o ye ity behind the shock in the shock frame of reference 1is
Cpd s roe Flan g welncity in o the wall {or fixed) frame of reference. A
Lttt wai b temperatare 15 assumed, which is confirmed by the measurements

Martin o and Hartunian for shocks of this strength, Compared to the
e Cdow o caloalatiaong mach smaller time steps were used for turbulent flow

fine Fhero 05 finer aesh spacing at the wall., The qgrid spacing at the wall

'

b LT s et et by bt ain results that oare independent of further

A‘!“;,_A . -._A.A.______ld' i

JL.

PR R




Fagure 3-4,

‘- F

pee

V.

A
U T R Toa 4 a0
etd

Laminar velocity profiles in shock frame of reference
{Symhols represent calculated values, line represents

Mirels' self similar solution)
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fahle 3-2. Flow parameters
»
{ Shock Flow Type Nondimensional | Number
Mach Mach Watl of Step Size of Time
Stracture Number | Number Condition Flow {teaw/x) Steps
Flat wall 1.58 | 0.673 [Adiabatic Laminar 7.56x10-3 600)
. R |
Flat wall 1.538 10.673 Tw/Tw = 0,73 Turbulent | 2.5x10-3 1,200
. Cylinder 1.16 | 0.247 |Adiabatic Inviscid 3x10-3 1,720
Cyfinder 1.1b 0.247 Tw/T, = 0.90 Turbulent 4x10-5 140,000
Hats 1.5 | 0.673 | Tw/Ts = 0.73 | Turbulent 1.8x10-% 23,000
'1,\?/] inder
o owi )t
| 4
-
- .
(R 4., 0 6.0
Frgurs 3-3. Mach number isopleths for laminar houndary laser on
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1.1.7  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 wall to
that of a steady flow by presenting our results in the shock fixed frame of
reference. Mirels used the Prandtl boundary layer equations and applied a
similarity variahle which is a function of the freestream velocity, fluid
parameters, and distance behind the shock. The resulting equation is an
ardinary differential equatinn which Mirels integrated numerically.

Hartanian, et al., 10 found good agreement between their measured heat transfer
rates and those calculated with the equations derived by Mirels. They also
shuwd that the effects of density and viscosity variations are small for Mach
nirioers less than 2. These results shew Mirels' theory to be a good model for
Taminar flow.

The taminar flow calculations hive a shock Mach number of 1.58. The
dotatls of the flow calculation are given in Table 3-2. After 600 steps the
shock s 6.2m from the leading edge, ard all the results we will show are for
this time. Figure 3-3 shows lines of ceonstant Mach number, and qualitatively
ks the edge of the bhoundary layer. It is easy to distinguish the two
megians of the flow.  Figure 3-4 shows qgood aygreement between the calculated
velocity profile with that predicted by Mirels' similarity solutions. In this
Plgare, the ardinate 15 Mirels' similarity parameter and the velocities are
eared rodative to the shock,  Thus +/ue = 2 is the wall and u/us = 1 1s the

cuatrean, Additionally, throughout the flow the edge velocity normal to the
At s thoggh o not shown, has the corrcct behavior and is directed toward the
Atll e tne shock and away fram the wall near the leading edge. Figure 3-5

i coenparison of the computed frictirn coefficient with that predicted by
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The most suttable test tor g caloulation ot laminar flow behind a4 shock is a4

comparison with Mirels' similarity solution,”? Mirels' results have been
compared tavorably with experivental data, 1 and the analysis required to
compare to the work 1s gqu.te straighttorward., Comparison with experimental
fata 1s more appropriate tor turbulent tlow,
3.1.1 6hirids

Tne grids used ror these calculatinns are rectilinear. A portion of
“he yrid tor the laminar case 1s shown in Figure 3-2. The grid used for
turhitent flow was similar, hut with finer spacing at the wall., Both grids
ase geometric stretching away from the wall and a constant spacing in the
streamwise flow (x) direction. The acceptable minimum y spacing (normal to
the wall) was determined by reducing the spacing at the wall until the

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

in Table 3-1.
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Figure 3-2. Portion of rectilinear yrid used in laminar flow behind
a shock calculation

‘-L_j

!@LMAQA A.L.‘s__s.__kk““,_ e aa AA_“‘A_.A"" A a_a




— a0 - PE— ———y wan 8 e A i A e AR e S ARnci st S hdin "Miiand Wy T TR TR T e T T

Region 1 Region 2

Figure 3-1. Schematic of boundary layer behind shock: Region 1 influenced
by leading edge, Reyion 2 influenced by shock
the shock (Region 2). As the shock moves along the wall, both regions grow in
lenyth while the thickness of the boundary layer between the two regions
increases,

One of the distinct differences between the boundary layer immediately
hehind the shock and the iteading edge type boundary layer is the direction of
the fluid velocity normal to the wall. In a boundary layer which grows in the
directior of the fluid mean velocity, the fluid must flow away from the wall.
In the boundary Tayer behind a shock the growth is opposite to the direction
nt the flow and the fluid must move towards the wall for the boundary layer to
grow, Hence, the boundary layer edge normal velocity is negative near the
shock.

In practice, the laminar part a° the boundary layer may be quite short.
However, the code ARCZ2D does not account for transition from laminar to

turbylent flow (i.e., computations are either laminar or turbulent). Thus,
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SECTIUN 3

ToST CASES

Althougn the code ARCZ20 has heen used for a variety of flow problems,
there has not been any work with 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
additional 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
made for the case of a shock interacting with a cylinder, in both inviscid and
viscous flow, as summarized in Section 3.2. The satisfactory results from
these studies gives some confidence that this method can successfully be used
in applications.

3.l ROUNDARY LAYER DEVELOPMENT BEHIND A SHOCK WAVE

Tne development of the boundary layer behind a shock has received
considerable attention. laminar and turhulent flows have bheen investigated
soth analytically? and experimentally. ! The physical problem is illustrated
i Figure 3-1. As the shock wave moves along the wall a boundary layer
develops hehind it. At the same time the bhoundary layer 15 developing from
the leading edyge of the wall,

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

influenced by the "leading edge" (Region 1, Figure 3-1) and that influenced hy

10
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viscous flows. The body surface pressure is calculated from the normal

momentum equation, which is

pld,ng + UIL ny + Vi ny) - pU{nyxur + nyvg)

2
= (-'Tx{,x + Fyn‘y)pf + (nx + ﬂy)Pn (2-6)

1

where n is the local normal to the body surface. Free Stream stagnation
enthalpy 1s held constant along the surface for inviscid flows while adiabatic
or constant temperature walls are used for viscous flows.
2.4 TIME ACCURACY

Most of the calculations done for this work must be time-accurate.*
This means time Steps must he limited to a value that makes the Courant

number

~
[P

CN = K?E , where ¢ is the velocity in the x-direction,

less than one, This requirement, the CFL condition, means that as the grid
necomes finer, the time step must be reduced., The CFL condition requires that
the analytic domain of influence lie within the numerical domain of influence.

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

* . . . . . . .
inhat 1s, we are Interested In the transient fluid mechanics, not in obtaining
q4 steardy flow as the time-asymptotic Timit of a trdansient tlow.
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° Me region of undisturbed tluid that the shock has not yet reached
. The raegion hehind the shock where the fluid has heen affected by
the shock moving through 1t
Thescomput ibions described here were done with the following initial and
arvindary conditions,

[nttially the flow is set up with two distinct regimes; pre- and
Justshock, as shown in Figure 2-2. The initial position and Mach number of
e shock are input to the program. Th> entire region in front of the shock
15 assumed b ne andisturbed fluid with no velocity and constant pressure and
Ceperat gre, Behind the shock the flow conditions are calculated using ideal
normal shoce relationships.  The inflow boundary, AB, uses these postshock

cnditions tarodaghout the calculation.  1f a wall is adjacent to the inflow
maandary, the constant flow profile sinulates physically a sharp leading edge
condition. At the "outflow" boundary, €D, the preshock conditions are
appli=4, and the calculations are stopped bhefare the shock reaches this

N LRy,

Aoy the oater boundary, BC, either pre- or postshock conditions are

A irady Tne pasition of the shock 15 calculated assuming the shock moves at

metant yelocity ot Moo« a7, As one can see, the actual position will most
i ren ne oaetween tao yrid points.  In the aljoritam used, the grid point
Tenint o tne shnce has postshock conditions, while the grid point in front has
gresnacr coadisinns,  Thus, the shock position on the outer boundary is
fetaned anly ta within the mesh cell size.  This resolution is sufficient for
poegrboratory stady sach as this,

Mtterent canditians at solid bhoundaries were applied depending on the

tl

ov.  Tangency is satisfied for inviscid flow, while no slip is used for
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The tuarbulence model in ARCZD is a conventional two-layer algebraic
nixing leagtn model.  The inner layer - governed by the Prandtl mixing length
Wit Yan Driest damping.  The outer layer follows the Clauser approximation,
fnis tarbulence model is detdiled by Baldwin and Lomax,? and is appropriate
ror attached flows, It is probably suspect in separated flows.

Far ARDZEG 1o be employed in this shock-interaction work, several
an ges nad to ne made tn the code.  The most important of these pertained to
Nanjes 1 the initial and boundary conditions applied by the code.

2.3 RONDARY AND INITIAL CONDITTONS

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

Canditinns are time dependent. As shown in Figure 2-2, there are two distinct

“inw regimes 35 the shock moves through the computational domain.

r C 0
©
’ N
. P 8
s N 2 o= L/l E
=20 <

Voo 0

— N r]l

NS 77770

Frgure 2-7. Schematic of initial conditions for blast wave flow problem
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Figure 2-1. Generalized curvilinear coordinate transformation

details of this coordinate transformation are given in the wark of Pulliam.3
fhe transformations are chosen so that the grid spacing in computational space
1s uniform with unit length. There exists a one-to-one correspondence between
a physical point in space and a computational point (except for
singuiarities). With this construction a code can handle a wide variety of
physical jJeometries with boundary-conforming grids.
2.2 NUMERTCAL ALGORITHM

The computer program used in this work is a version of the code ARC2D.
ARCZD was developed at the NASA Ames Research Center3,>% and has heen applied
Lo a variety of complex flow problems.[j’6 ARCZ2D uses an implicit finite
Aifference numerical alqgorithm with fourth order dissipation. The algorithm
1S an dmplicit approximate factorization scheme which is second order accurate
in time, This nonitarative scheme is based on the work of Warming and RPam,]
and results in easily solved block tridiagonal matrices.

h
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fhe dowest value listed, 1.341077 appears Lo ne due Looa numerica )
sorllation in the solution near the shock,  Such oscilldations are present in
ol tae caloulations and are common Lo this amplicit scheme with fourth order

valoat1an, verall this study reveals the qethod 1s well suited to

et r s e ter of turbulent-viscous efrects behind the shock,
Sy et e regnstar predictions may require a extremely fine grid
. S IR R SN

ot b s established when a shock wave strikes an object
WO et gre b g sat fected shocks and Mach stems. To verify that the
Ay pre it such flows, the interaction of a shock travelling past
oy binde s wdas stgdied, Botn inviscid and turbulent-viscous flows were

7 alatea to itlustrate any differences in the flow due to turbulent-viscous
Y

invriszid caleculations of this problem have been performed by both

irler oand Ferngquist? and Mark and Kutler,19 It is important to keep in mind

14t tne inviscid flow over a half-cylinder on a flat surface (the field
strgctiure case for this work) is identical to the inviscid flow over a "free
Sandiag” cyliader,  Thus the iaviscid shock-cylinder flow represents hoth a
S ocase and case o compars with the fiow over a half-cylinder on a

st e,

An analytically desaribed mesh in a cylindrical conrdinate system was
cuplayed tar the shock-cylinder interactinn flow as shown in Figure 3-7. The
jrid s determined by the cylinder bhody radius, the distance from the body to
Lie outer boundary, and thne distance from the body and the first point away
fror the hody . Rays were equally spaced around the body, and points along

rays were radially clastared near the body by an exponential tunction. The

2

-



R |
p

Pt A A

-

RIEED

I -2 . P R e /S e S s W e e - e M B
ot
s .,' 3 \
N . 0y
. . . A
: 4 % " 4
o Vo
s } 11 i
A !
o i }
PR [
! y il
. FEN A
S
a) Inviscid flow grid
A‘A ‘l\
; \ " Aﬁ
.
! I
| -"‘ _1': 't ";

Sed e

soos flow grid

in oshoer sy linder dnteraction calculation

el

e me A A4 kA

B

. a_a




[N

two grids shown 10 Figura 3-/ differ in that the turbulent viscous flow grid
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
jrids are given in Table 3-1.

i.7.1  Resylts

The canditions chosen for the cylinder flows were designed to match the
experimental conditions of Pearson, et a].,15 at the Ballistic Research
tahordatary. In their work a 0.305n diameter aluminum cylinder was riqidly
fixed across 3 2.44m diameter shock tube. A flattop shock wave with an
avarpressire of 42 kPa (6.09 psi) passed over the cylinder. Ambient

areshock ) pressure for this experiment was 101.3 kPa (14.69 psi) with an
pinient density of 1,22 kg/m3.  These calculations were done with a constant
¥all temperature for the viscous flow. The Reynold number based upon the
cylinder diameter is 6.95x106,

[n many respects, the results of the inviscid and turbulent-viscous
s oare gquite similar. Figure 3-8 compares predicted pressure-time histories
a4t severgl locations on the cylinder (9 = 0, 45, 135, 180) with those
experimentally measured, and with the inviscid calculations of Mark and

“atier. UThe experimental data presented are an average of the actual

measarements which contained substantial high frequency oscillations.) The

Sn4rp rise in pressure at each locatinn signifies the arrival of the shock.
The pressare at all stations, except 180°, then decreases until it "jumps"
14atn and thea reaches a plateau level, This second jump is the result of a
refivited shock which is created at the rear of the cylinder and propagates

ppstrean aver the cylinder, as illustrated by the isopynics of Figures 3-9

and -1,
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Computed inviscid isopycnics of shock-cylinder interaction
at various times
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These figures illustrate some interesting features of the computations.
First note that the shock is increasingly "“smeared" far from the cylinder.
This is a4 result of the grids. From Figure 3-7, it is obvious that the
circumterential yrid spacing increases with distance from the cylinder. Thus
the coarse ygrid results in poor resolution of the shock. Secondly, the
isopycnics 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 terms smooths

Noticeable differences between the experimental data and the
calculations in the time-pressure histories exist at the stagnation point (0°)
and at 1807, One difference is that the plateau level of the viscous
calculation of p/py = 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 1s a possibility of reflections from the walls of the shock tube
aftecting the measured pressure. Therefore, we have some reservations about
tne interpretation of the data.
could be the

Another possible source of the discrepancy at 140"

distortinn of the cylinder during the exprrinent, The object of the

experimental study was tn determine tne Do o o generis aircraft
structures,  Thus, the cylinder we'! we 'Poic ol nan oqd ponsttest 1aspection
showed tnat the cylinder was defaront . oot o oo ;o0 e that thne
cylbinder detormed enoagh during the oo, 0 e s gt

Cloawtield,
I}

Fagure 2-H4 shows 4 arowWing terpnrad ascvibatyan on e predicted

nyviscid pressure at o the 130 docation,  The sogroe of this anstability an the

I

e .

a®

Ay g by AAJ.‘_

i,




inviscid calculation 1s 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
sugyest a minimum spacing on the order of 1076, computation time requirements
precluded using a grid with so fine a spacing. The minimum spacing of the
cylinder yrid (ar/d) is 8x10->, With this grid, 140,000 steps are required
for this fiow calculation using 11 hr on the CRAY X-MP computer. Thus, while
the primary features of the flow appear correct, the magnitude of the fricticn
conponent of the drag cannot he expected to be correct. Still, the calculated
flow daes 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 . Tigure 3-12. As
the study »f steady flows 1s not the main objective of this work, both the
viscnus and dnviscid caloulations were Sstopped before steady state conditions

wore obtained,
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Prgare 3-11, Development of separation bubble behind cylinder in turbulent
viscous flow of shock-cylinder Interaction calculation
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SECTIUN 4

SHQCK STRUCTURE FLOWFTELD
.1 ARS8 UEM DESCREP TLIN

Tne final study of this work is a calculation of the flow behind a
Slast wive passing over an object on the earth's surface. t has a number of

taatares whizh are combinations of those in the other test cases; a shock wave

wvitg past 1 cylinder and a houndary layer on a flat surface. We chose a 2 m

ra1ias half-cylinder geometry to model this problem. A consideration of some

I

ather ohysical parameters reveals interesting information, as described

At a distance of 2000m from a 1 megaton explosion, the resulting blast
4140 has approximately a 172 kPa (25 psi) overpressure (Mg = 1.58). In order
to numerically resolve the turbulent boundary layer which forms behind the
last wave, the grid needs at least a few points in the viscous sublayer (as
discussod in Section 3.1). At 10m behind such a blast wave, the turbulent
mundary layer is less than 10 cm high., Thus, as previously discussed, grid
spacing on the order of 10-6m is required. For a calculation which is time
Aasiurate, 1.e., to saticfy the CFL cnndition, this translates into
tpproximately 107 time steps for the early time interaction with an object.
Such a caloalation would requirs over 150 hr on the CRAY X-MP. For this
prasent work, this amount of computational time is unacceptable. Therefore,

the cal-glatian 15 done with a courser grid so that time accurate

30
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vloatattans can he adde witn a reasonable amount of computer resources.

Sasod on the test case rosalts, the results should be valid for evaluating
Jahal flowtield ottects, hat skin friction and heat transfer calculations are
Aot eapected Lo he aoourato,

Yevioral gquasi-steady state calculations were attempted to supplement
e time ascurate caloalation. These runs included a houndary layer profile
i rae it iaw bhontary conditions, The thickness of these profiles was on the
ar e ot otae et gnt Ot e cyiinder, thus madeling conditions when the shock

e fownstrean of tae oarotruding cylinder. These calculations are not

ety the small o step size reguirements of time accurate caiculations, and
v tnaeetore dinciude tre fine mesh required for accurate resolution of
SVaooan offacts,

Untortanately, these quasi-steady calculations failed to converge. Our
sUrbres 3t cate that this lack of convergence is due to either the boundary
ttians e the grid (especially the iarge aspect ratio of some cells, a

resate gt opater limitatioes).  However, we do not yet have a definitive

Mhwer Lo tae question,

e g gsed in the time-accurate calculations was generated with a
Myearoait o grid generator developed at NASA Ames Research Center.® This grid
aenecgtar peadices a o grid owhich is orthogonal to the wall, while allowing a

aat o of tae first grid space.  The stretching away from the wall ds

ceoanent ol The grid deyeloaped Far the Fime accurate calculatinong is shown

Aooataalation wis perfarmed torog shack with a pressure ratio of 2,74

we i over oan arched stegct e ngtt o oyiinder) onoa wall (i.e., the grountl,
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“1are 31, arid o ased for shock field structure flow

y'ooatian atiaged antil o tne shock reached the downstream grid boundary

T soyven oy liader radii fownstr2am from the cylinder, A calculation

Car b this was porfarasd by Kurylo 2% alulh Their flow confiquration

s1ared of 3 shoany wave wWith g 1,33 oressare ratie passing an arched

A

Al

Ctire Wit 4 apd bt ataawi it ratin ot 1,3, Tne calaulationg of Kury]ol6
Ao et grmeed Y vory Saarse aridoand were stated to have been carried out o,
!
1
- Croq ity atata,t daweyor ) no iatermediate bime results werse presented, and ;
v e U THerr grid s o caarse Py ey Bhe o viscous Diyers in o the flow,
7
s il e s tne Jitterences netween their resalts and ours Helow, .‘
e o les ot the prasent calogiation aro presented 11 several ways,
!
cn L ire =t e pistoring at diftorent Tocations on the cylinder are given ;
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Coare 1220 dne tarations are ddentical o those plotred tor the shock-

e interaction, Although the shock i much stronger in this case, the

e teire ot e pressare-tune histocies s osimilar to the cylinder resuits.

Pres

o

teparent deite the need for o4 course yrid, which can not be expected to

ar

Snoce stregctare abt ovartous times 1S shown by Isopycnics in Figure 4-3.
roree Plawtiedd structure 3% similar to thet of the flow without the
Lt ATSs note that the shock does aob become more "smeared” away from the
.onis result s becduse the yrid spacing does not increase in the
et irection as it did tor the yrids used In the the shock-cylinder
Coamror o A stinguishing featare of this flow is the gradual drop in
e e s shown in Figure 422000 = 18075 at t ~20 ms. This drop in
Core arresypants to the deveiapnent of the separated flow as shown in
oowrt e Viscous flow over the free-standing cylinder, a region of
et thaw it no develops behind the half cylinder, In this case the
¢ o w3t anceierates the growth of the region. Here the
Tt ot e fhaw froam the dnviscid solution is obvious.
Lot tegtgre owhion 15 perhaps rore interesting accentuates the
St e i iaus wath flow on the flowfield, Figure 4-5 shows the
g g separagted tlow region in front of the structure.,  This
w0 a1 the caloulations of kurylo, perhaps due to the

crotengnt otoowatto rgtia of tneir structure. By the time the shock 1s
boaerars past tne halfecylinder the height of the separated region 1s
o e et of e strgotire height

. the nclasion ot viscons-turbulent effects significantly

b

woovor o hatf oy linder on g sarface,  The effects of viscosity

troly reqalye the houndary layer near 4 wall,
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Figure 4-3. Computed turbulent-viscous isopycnics of shock-field
structure interaction at various times
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a) 19.6 ms
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figure 4-4, Stream function contours showing development of separated

\
h)y 24.1 ms
/"/ \\ ‘
/ \,
d) 35.7 ms

fiow at rear of structure
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Figure 4-5,

Stream function contours showing development of separated

flow in front

nf structure
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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,
cauld 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 yrid).

Improvements in several areas would greatly increase the accuracy of
tuture turbulent-viscous fiow 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

ARCZ2D for time asymptotic calculations and its implementation for time

@ .
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accurate calculations should be forthcoming. This should be applied to the )

| b

f o present cases. Additionally, validated methods for calculating separated °

t 7
,‘ turbulent boundary layers with a course ygrid would be helpful {perhaps

; something like a “wall function” for separated flow).
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