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SECTION I

INTRODUCTION

The A ir Force Weapons Laboratory (AFWL ) has been tas ked to ca l cula te the
blast loading on a shelter due to a burst. For this probl em a shock front will
be needed which is stable as it propagates through the air , yet is sharply de-
fined (spread over as few zones as possible). To provide the stability , we
have used the well—known technique of adding a pseudo-viscous pressure, or
artificial viscosity , into the hydroclynamic equations (ref. 1). Stronger
shocks require larger viscosity coefficients than weaker shocks to maintain
stability , but using the larger coefficients in the weaker shocks smears

the shock front over many zones. This is unacceptable for the shelter calcu-
lations since the peak overpressure on the shelter as a function of time is
required . As the calculations will be made for many pressure l evels , the ~FWL
has developed a formula for the linear viscosity coefficient as a function of
pressure ratio.

A preliminary problem set was devised in order to generate and eval uate
the incident waveform over a wide range of pressures. In order to generate

the incident square wave, the l eft boundary conditions for the HULL (ref. 2)
2-0 code were modifi ed to include a subroutine which used Rankine-Hugoniot re-
lations to specify the density , horizontal particle velocity and internal
energy of air for any incident pressure l evel. For the pressure ranges in
this report, y (the ratio of specific heats) was a constant = 1.4.

The ambient values used were:

pressure P0 1.0Ol56E6 dynes/cm2 = 14.53 psi

density p 0 l.22499E—3 gm/cm 3

sound speed C0 3.38327E4 cm/sec

energy 10 2.044E9 ergs/gm

• The parameters used to specify the incident waveform at various test pressures
were :

5 
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P RHO I U
(psi) (gm/cm 3) (ergs/gm) (cm/sec)

2 1.343447E-3 2.l208678E9 3.1466528E3

20 2.2316484E-3 2.6666835E9 2.2533251E4

200 5.28544l2E-3 6.99580l9E9 9.299l486E4

where P is the incident overpressure, RHO , I, and U are the density , specific internal
energy, and velocity of the material behind the shock front, respectively. The
variable P is the desired incident overpressure and is specified in subroutine
LBOUND. Variables RHO , I, and U are input variables for a package of air.
These input variables are determined from Rankine-Hugoniot relations where
i s the inc ident over pressure , CS IS the ambient sound speed, and y = 1.4:

— I~~~
p

50~’0p — 

~o1 7 +

U _ 5 P s0r cs 1
- 

- 

~ ~0 L 1 + 6 Ps0’7 
p )1/2J

and

_ Po + P so
. 0

A two-dimensional rectangular universe was generated with x = 200 cm and
y = 10 cm, forming a matrix of 100 x 6 zones. The timeframe of interest was
10 ~S to 5 ms. In this way both the incident and reflected waveforms could be
observed , giving information concerning the stability and shape of the waveform [
at different pressures .

6
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SECTION II

TWO PSI CALCULATIONS
•

DEFAULT WAVEFORM

• For the first problem (19.8010) the incident pressure was the default value ,
2 psi. This problem was run to check the l eft boundary conditions and to eval-
uate the default waveform (no artifical viscosity). The HULL code adjusts its
time step using the Courant condition which says simply that no signal may
propagate a distance greater than the smallest zone size in one time step. For
further control , the user may set a variable STABF (stability factor) which
multipl i es the Courant-determined time step to calculate the final time step
used by the code. For the default waveform, the stability factor was 0.5. The
l eft boundary conditions (where the waveform is generated) were seen to be quite ‘I

stable. The incident waveform oscillated somewhat at early times due to the
finite differencing , but when the wavefront hit the wall (at 2.5 msec), much of

• the oscillation was smoothed out and the pressure overshoot was about 0.7% (fig.
1). The l eading edge was smeared over about ten zones. The reflected wave

• (4.2 psi overpressure) was smeared over approximately 15 zones, with an over-
shoot of about 0.9% at 4.8 msec (fig. 2).

THE EFFECT OF THE STABILITY FACTOR

A second problem (19.8011) was run with the same input conditions as the de-
fault waveform except that the stability factor was decreased by an order of
magnitude to 0.05, also with no artifical viscosity . The wave propagated at
about the same velocity as the default waveform , but required over six times
the number of cycles in order to reach the wall. The early oscillations did
not smooth out as the waveform moved down the tube . Instead , the waveform be-
came increasingly unstable. The pressure overshoot for the incident wave at
2.5 msec was about 2.5% (fig. 3) and by 4.8 msec the reflected wave overshoot
was about 3.8% (fig. 4). The incident wave (2.5 msec) was smeared over about

• 12 zones. We conclude that the default stability factor (0.5) is more suitable
for these problems , giving a better waveform at reduced cost (because fewer

. cycl es are requ i red for propagation).

7

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j~~~~~•~ - - - .



AFWL-TR-77-53

IICRt.’~~4II1L ~ I S 2 . R ~iM ? I jJNI~~ ~tL~ C l Iv ~~~~~~~~~ r~~~i~ Z.Iflt4
id~~ Z~Pilltt. ~.IIG~ S ~LC 1l2 ’ u P T  1L1~~RICE ~~~~~~ ~M tJ : 21 •II~~IZ D’I~~~ ~ItC ~ S ~~~ T~ LjN flI 1. ~l T ,i ~ . i _[  5~ ‘~H 2 ’

20 140 b.) 1~0 100 I �C 140 60 et) CQ

131.3

- W 3  4 4.3I 1.

~~.. 4 
~~., ~ 

S

to.., a..

l

~~

.o \. 
~

.,

~~ 
‘. :5 ~. 1:4 ~~ 1:1 •.

~ :. :. ~~~ :. ~:
- . -

— 
U~ N’~~ T Y  t~~~I~~ III~ t H I 1 ~.,.,. I E?t..14& 1 r~~~lj3i -jI.’~ ~~HOHIZOI4TI~L cno~c :tct u~~ ~~ ~~~~~~~~ 3~~~~~ Q~ ~,i .u: 21 

~anlzcP IIr&. cRo:~ ~ECT:0II ~ T 4~I.. IlILj C~ ~~~~~~~ ui i ..: 21
41) 60 8t~ ICO 

~
I L ,  .

~ i. ::~.L~GI 
“ - ‘  ,~3.4 ~~~~~~~~~ 

• 3.1

~~~~

I).-. 
— — 

_____,_j l

1 C151.3 .
~ 

‘4 2 ~~~~

IC.,  S .,~~~~3 L

I.... I 
~~om.,

‘I

‘I.-’ 
~i ,_~o.$

I,,.)

• -. — —, - .. - ______________________________________________ _____________t• .t .9 .3 .3 t .3 :.~ .‘., ~• ‘ ‘.~ 3,1 .. :~ .1 :~ :3 ~~ :.•WCt,t. . a W n  a

Figure 1. AFWL - 2 psi Square Wave on Wall - No Viscosity
rime - 2.5 rnsec , Problem l- ~.3C lO.

8



____________________ - t’::’’~-~ .~L-~ - ‘j :: ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ V — —~~~~. , . _, ,,,,~ 
.... ... -. 

- —~~~— — — 
- _______

AFW L-T R-77-53

- 
_ 

~~~~~~~~~~ i~ L~ ( I I T  1 l jP . ~ r~L ~~~~~~~
I ~~ I ZC Ii I . -,... ( ~~ I “4 1 ~ t I1i ..~ ~ 2 1 4Ia14~Z’~ IT IL C1i.~S ~-Ei . I 1.14 ~I I.¾,J 1.1 .2 5t

.3 00 80 100 
J I  

~u) 40 L3 eo

j\__~
____ 

~ 
.t~~~~

ta~a

I

21.0 I

I ~ 2.3

II.., 

LJ
.

~
1 1 2 . 1  • — a s  -II .O .3 .4 .9  I d  .5 1:1 2.~ l.’I 2.)  ‘.0 1 0  .1 .4 .9 .2 .5 :3 2.4 l.’l 2 1  1.3

~I~RI!(~T4I AI_ HIS T~.~~1M E~~R~’r -‘O~ l!c,I1~ t. ~~4i~,iaHG~~Z~?4I~ L. ~40s~ ~E C T ~ 0?, ~T ~. T ) T i ..Ct ~~~~~~~ ‘i i  .1: 21 HCR 131~I~ L ~11CS S ~E CT 0’4 ~T ~L T l i ~.~ E 3.~~E.0S ~M .J 21
~~~~ 20 ‘~t) 60 ~0 GO Z?4.0 

I 20 1,0 60 53 00

if
I~ .D 210.3

Is..

I? ,.. • 
~~~.,

AS 

~ :~ 
‘S :. 4:2 :~ :. 1: ~:, ~ •~~ ~~~ , .~ .9 .1 I~~b .3 2 . 4

a W l~~ ~ - aWISI 5

Fic~re 2. AF~L - 2 psi Square Wave on Wa~l - Mo V is i b i l i ty
4 8 ms c Problem 10 3010

_ _  .~~~~~~~~~~~~~~~



AFWL-TR-77-53

, AIZ2T;T ~ L riIST3GR~M H)4 I 1I3NT.~t. l4~L0 ( I lV  RIl.2’1I4~. 1. ISI ~~J4c.M
I-*13PIZONII1I. 11’CS S S1ClI3~4 1 T  I~~t IT UQ F ~~~~~~~ i~H I.): 2) t,onIlu1.~~I. 011055 ~~~ I),I1I AT ~ . r~~r~ ot 3. ”~~ -0S ~~ .. : 21
I jO ‘.0 60 50 IC ~ I i  20 40 6~) 60 ICC

II . . Sl,4 t ~~~~~~~~~ •~,4
1 .1110 .1* 1 1. ‘~~~I .3)

344 : 3.~A4.21 1*4 1
41 4.3

I I’.., __ld’~J\~ ~~..

112.0 a 11.)

21.0

41*.) I t O

0.3

~~~~~ 1 5.3

:~ :~ :. ~ :~ 1:5 0:4 ~~~~~~~~~~~ : :, :~ :3 :11 ~:, 0: ~~ ~~ ‘ ‘.0 
- - . - ~~I•5 5 - —

I-I4$ IZI3U AI. ,i) ST ~C..~~N
II0I4J1~~ITP) 1.123 S ~ T I ’  ~lT 1~~T ru~C 3 31. 1.2 1411 I.J I 1.Z’1.~

-T l~~R 1Z ~L MN
‘~‘‘ r— H0RIZ~~II~~ CP1JS5 5~C T I I ~I A? ~ .r I T I ~CE 3. 7’~f . C5 ~Pi . : 21— 20 40 bO 50 1W 2~10.) I 20 ~0 50 80 103
l A O  Sill I.d ~ 4-31 .

~
,

544 1 l . â’ t -33  2121 , •ll.
344 1 2.Col*.~ 

. I I 2. 1 04~~4)I 2.X.A..~Iz . .  
- 

A 
2l~~.l 2 j J

2 

~

~~ :: I 
~~lllO.I 

• -I ~~ZI21. 0

20.9 -

4*.) 

II
to.., 11111In.,

121.1 
_________________________________________0.0 .~ .~ .0 1.3 .11 .0 2.4 ~.. ~ ~~ - : :. :. .~ :1 ~:. 1.1

- .  . 
-

Figure 3. AFWL - 2 psi Square Wave on Wall - STABF = 0.05
Time - 2.5 rnsec , Problem ~9.8O1i.

10

I..-
IS

___________________________ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
___________ —



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - 5-- --.- - -.5-- - -__ S ~~~~~— - — - — - .5. - - 5-- -

AFWL—TR-77-53

I~~RI1iIl)AL HIS)00fi1V4 HI~iI~ Z~ N1~~. .-(1. 1C I T V  ps~A Ii~~l1ilL ,ll~~~IC.~~,I34
I40RII~ ’tI 4I%. Ci~~~~ ~F CI 014 ~ J ~ II IUCIF 3. “A: -05 14M 12: 21 p.0fl Il01,T~~. CflO’,1’3 ¶~C :ioi, AT ~l I I~ ,j  1 .3~ 1W ii: ~‘121.0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~., — _. ——I 213 40 t~0 00 ICC I 20 40 60 80 I I ~0

15.0 III 1 1.1154 .1* •I,4 4-0.11.1.11254. : l.,14~~.114 ‘‘ 544 1 ). 4 ~~(.~3J l~ OI l ?.~~~A.03 341
191.1

31.9 ( f\~
_.__

AS (
423.0 

IS.)

I
I 

~ 10. 0 -

III.) I . . .

_ _ _ _I I

.•~~ if~~111. 3
4.0

Al .— —.- ._ .
3.14 .3 .0 .5 .2 1.5 1.0 2.4 2.0 3.7 2.) 

~~~ t11~14 ~ 0.0 .2 .4 .0 a .11 .0 3.4 3.~ 3.1 •.3

— 

e(1.5 T1 HL~~12CWAI_ 141 5730)lrJl CIICROY H0~ IZ 1~?1I~L MI~~~~~ M
4-l0RIZ31.I14. C~*OS5 ~EC1~ 0N ~ T ~JITct)E 3. 75€. -3~ IIM 1J 2) HORILC#1P4. CRCSS ¶ .[CT C’4 QI Ai. I)~~jCE 3. -~S~ -3’~ l.~I i: 3)

‘~~‘ ~~~~~~~~ 40 CO 80 ICC 
— ~~~~ 

[I 23 140 t:C 
- 

00 IOU
Sill I 1.3351.)) 323.3 . 519 1~~~ ~1 545 3 1.)1 0) 5 4 1 1  2. 5.19341 ;.15(~~ 

- 221.I .~~~ . 

~~ i

54.3 211.1

_ _J— ~ 312.5— 154.

I S )  . ———— .— ~~~~~~~~~ — - ~~.s — — . -0.3 ~ .0 1.3 .11 .0 2.1 3 . 4  i. ’ ~a I I I  .3 .4 . 1 4. 2 .5 ~ 4 2 . 1  2.. 2. 1

Figure 4. AFWL - 2 psi Square Wave on Wall - ST~8F = 0.~5T ime - 4.8 msec , Problem 19.3011.

—~~~ ~~_ . —- ~-



- ——--- ‘ 
5 -5 -55-.— 52S~~2 5~2~S.— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
F - -

AFWL-TR-77-53

DEFAULT ARTIFICIAL VISCOSITY

The third problem (19.8012) was run wi th the artificial viscosity option
turned on. This option provides a pseudoviscous term

q = p~u (- C1 Cs + C0 ~u)

where cs is the sound speed, ~u is the velocity gradient, and the constants C1
and C0 are the coefficients of linear and quadratic viscosity , respectively.
This term is added to the pressure at each cycle (ref. 1). The default coef-
ficients are C1 = 0.5 and C0 

= 0. The resultant waveform (problem 19.8012) was
found to propagate slightly faster than the waveform wi th no viscosity (fig. 5).
By the time the wavefront had reached the wall (2.5 msec) the early oscillati ons
were gone, with no overshoot or undershoot noticed . The only difficulty was
that the wavefront was rather rounded and spread over quite a few zones--l5
zones for the incident wave at 2.5 msec and > 30 zones for the reflected wave
at 4.8 msec (fig. 6). Though pretty, the waveform was not real ly close to a
square wave. We decided to vary the viscosi ty coefficients in an attempt to
improve the waveform.

VARIATIONS IN THE VISCOSITY COEFFICIENTS

Three problems were then run wi th different viscosity coefficients. Prob-
lem 19.8010A was run wi th a small linear coefficient (C 1 = 0.05 and C0 

= 0.),
The problem 19.8011A was run with a large quadratic coefficient (C1 0. and
C0 

= 0.5), and problem 19.8Ol2A was run wi th a moderate linear coefficient
(C 1 = 0.2 and C0 

= 0.). Adding the quadratic term in l9.8011A improved the
original (default) waveform only slightly (figs. 7 and 8), reducing the re-
flected overpressure overshoot to about 0.7% while being smeared about the same
(10 zones). Adding a small linear term (l9.8O1OA ) further improved the orig-
inal waveform, reducing the reflected overshoot to 0.4% while maintaining the
same smear (figs. 9 and 10). AddIng a moderate linear term (19.8012A) im-
proved the original waveform by elimi nating the overshoot, but at the expense
of increasing the smear to twelve zones (figs. 11 and 12). We consider the
small linear term to be the better alternative .

12
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Figure 10. AFWL - 2 psi Square Wave on Wall - Small Linear Viscosity
Time - 4.8 msec, Problem 19.8OlOA .
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AN ARTIFICIAL VISCOSITY FUNCTION

An artifical viscosity function was developed to provide an appropriate
artificial viscosity coefficient for any incident overpressure between 2 psi
and about 1200 psi. This formulation is an empirical fit applied to SAP (ref.
3, a 1-0 Lagrangian code) to develop the 1-KT Standard (ref. 4). A slowly-
‘
~varying function of pressure was needed which approaches an upper limi t as
pressure increases. Density as a function of pressure satisfies these cri-
teria. The linear coefficient of viscosity was formulated to be

C1 = /(0.1) Rhm + 0.015

where

~maxRh m = —— l ,p > p
p max o

0 H

and 
~niax 

is the maximum density found in the grid while p is the ambient dens-
ity. The quadratic coefficient is given by

co
z0

— With this artificial viscosity function (AyE) implemented (problem 19.8012B),

C1 was approximately 0.113 (incident) and 0.156 (reflected) (figs. 13 and 14).
Wi th these coefficients, the 2 psi waveform was comparable to the best of the
preceding runs, problem 19.8Ol OA. On the incident wave the overshoot was only
0.4% and the shock was smeared over 10 zones at 2.5 ms. At 4.8 ms the over-
shoot was less than 0.2% , wh ile the shock smeared 15 zones .
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Figure 13. AFW L - 2 psi Square Wave on Wall - Visc osity Function
Time - 2.5 .msec , Problem 19.80 123.
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Figure 14. AFWL - 2 psi Square Wave on Wall - Viscosity Function
Time - 4.8 cnsec , Pro bl em 19.80123.
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SECTION III

TWENTY PSI CALCULATION

WITH THE ARTIFICIAL VISCOSITY FUNCTION

Only a single problem (19.8013) was run with a 20 psi incident waveform, to
check the AVE at 20 psi and at about 60 psi (the reflected wave). For the inci-
dent wave , C1 = 0.302 (incident) and 0.474 (reflected). The incident waveform
at 1.8 msec (just before impact) shows no overshoot and is spread over only
nine zones (fig. 15). The reflected waveform at 4.2 msec shows a very slight
overshoot and an acceptabl e spread of 10 zones (fig. 16).
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Figure 15. AFWL - 20 psi Square Wave on Wal l - Viscosity Function
Time - 1.8 msec, Problem 19.8013.
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SECTION IV

TWO HUNDRED PSI CALCULATIONS

DEFAULT WAVEFORM
The first 200 psi problem (19.8014) was run to evaluate the default wave—

form (stability factor of 0.5, wi th no artificial viscosity). At 200 psi the
defaul t waveform i s nearly perfec t, having virtually no overshoot and a spread
of four or five zones just before hitting the wall at 700 usec (fig. 17). The
reflected wave at 2.5 msec’ (1200 psi), however , was quite poorly formed, wi th
an overshoot of about 25% (fig. 18).

THE EFFECT OF DEFAULT VISCOSITY

The second 200 psi problem (19.8O14A ) was run wi th the default viscosity
coef fic ients (C 1 = 0.5 and C0 = 0). The incident waveform at 700 .~sec had no
overs hoot but was spread over about eight zones , which was acceptable (fig. 19).
The reflected wave at 2.5 msec was considerably improved over the default 200

— psi problem, having an overshoot of about 1.8% and a spread of six zones (fig.
20).

WITH THE ARTIFICIAL VISCOSITY FUNCTION -

Finally, a third 200 psi problem (19 ,80MB) was run with the AVE implemented .
For thi s problem, C1 = 0.591 (incident) and 1.106 (reflected). The incident
(200 psi ) waveform at 700 ~sec s howed no overs hoot, a slightly rounded top l ead-
ing edge, and an acceptable spread of about eight zones (fig. 21). The re-
flected waveform (at about 1200 psi) at 2.5 msec showed virtually no overshoot,
a slightly rounded bottom leading edge, and a spread of about ‘1 0 zones (fig. 22).
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Figure 17. AFWL - 200 psi Square Wave on Wall - No Viscosity
T ime — 700 ~sec, Problem 19.8014.
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SECTION V

REFLECTION FACTORS

One method of validating the results of these calculations is to check the
value of the peak reflected overpressure for each problem against the peak for
an ideal gas (y = 1.4). Using Rankine—Hugoniot relations , the formula for peak
reflected overpressure is

P — 2  ~(7+4~P/P\
~ ~s7+~p/~ /

where t~’ = ~i~~a 
and 

~
‘r 

= 

~r
’
~
’a ~~ 

incident pressure, P,, = reflected pres-
sure, and = ambient pressure).

The following table sumarizes the results for those calculation s which
used the AVF:

APr(actual t3Pr(theory)
Problem (dynes/cm2) (dynes/cm2) (dynes/cm2)

‘19.801 28 l.381E5 2.924E5 2.923E5

19.8013 1.379E6 4.132E6 4.l31E6

19.8014B 1.379E7 8.234E7 8.249E7

There is a 0.2% error in the 200 psi problem and better agreement with the
others. This clearly suggests that the HULL code is modeling the head-on
shock properly.
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SECTION VI

CONCLUSIONS

The HULL code can provide a stable, sharply—defined shock for any over—

pressure l evel from 2 psi to 1200 psi using the artificial viscosity function

presented in thi s report. Both the incident and the reflected waveforms are

stable yet defined sharply enough so that valid pressure l evels for blast en-

vironments may be calculated .
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