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Summa ry

In order to clarify the effects of vibrational excitation on shock-wave transi-
tions of weak, spherical N-waves, which were generated by using sparks and exploding
wires as sources, the compressible Navier-Stokes equations were solved numerically,
including a one-mode vibrational-relaxation equation. A small pressurized air-sphere
explosion was used to simulate the N-waves generated from the actual sources. By
employing the random-choice method (RCM) with an operator-splitting technique, the
effects of artificial viscosity appearing in finite-difference schemes were eliminated
and accurate profiles of the shock transitions were obtained. However, a slight ran-
domness in the variation of the shock thickness remains. It is shown that a computer
simulation is possible by using a proper choice of initial parameters to obtain the
variations of the N-wave overpressure and half-duration with distance from the source.
The calculated rise times are also shown to simulate both spark and exploding-wire
data. It was found that, in addition to the vibrational-relaxation time of oxygen,
both the duration and the attenuation rate of a spherical N-wave are important factors
controlling its rise time.

TTe effects of the duration and the attenuation rate of a spherical N-wave on its
rise time, which are designated as t:,: N-wave effcct and 1hk nzonstat~onary effect,
respectively, are discussed in more detail pertaining to Lighthill's analytical solu-
tions and the RCM solutions for nonstationary plane waves and spherical N-waves It
is also shown that the duration and the attenuation rate of a spherical N-wave ae
affected by viscosity and vibrational nonequilibrium, so that they can deviate from
the results of classical, linear acoustic theory for very weak spherical waves.
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the near-field of a pressurized sphere, (ii) corn- Fairly extensive measurements were done by
parison between perfect-inviscid, perfect-viscous, using sparks at temperatures of 273-277 K and
real-inviscid and real-viscous solutions, (iii) relative humidities of 50-73%. Five source-receiver
effects of vibrational relaxation time or ambient distances j4.1m, 4.9m, 9.8m, 15.6m and 21.bm) were
temperature and humidity, (iv) effects of N-wave employed with four different charging voltages of
duration or radius of pressurized sphere, and (v) 4.4 KV, 5.0 KV, 5.4 KV and b.O KV. This series of
effects of nitrogen vibrational relaxation. The measurements is termed Series-I. Another serie s of
observed rise times of spark and exploding-wire measurements (Series-ll) was also done at a temper-
generated N-waves are also compared with those ature of 289 K and relative humidity of 50% for the
obtained from the analytical simulations, distance range of 11.8-19.0m and a charging voltage

of 4.4 KV.
In this report, the usual definition of rise

time is followed, and is taken as the time-interval Exploding wires were used to produce N-waves by
for the overpressure to vary from 10% to 90% of its replacing the resistor in the spark circuit by a
peak value. This definition is quite arbitrary and thin nickel wire 0.125 mm dia and optimum length of
is especially useful for actual SST signatures, as 5 cm. The sudden discharge of energy 'aporized the
discussed in Ref. t. Figure 1.1 illustrates the wire. The expansion of the metal vapour generated
definition of an N-wave rise time tr and its half- an N-wave in the far field. The measurements were
duration td. Figure 1.2 also illustrates the done at two conditions for Series-Ill (11 

= 
2-" K,

definition of a plane-wave rise time tr. Fhe RIf = 75%, r = 6.7m, 12.8m, 24.3m, S 4.6 KV, 0.0
corresponding shock thickness %x and half-duration KV), and Series-IV (11 = 280 K, RH = 87.5%, r
length xd may approximately be given by 24.3m, 29.3m, S - 4.6 KV, 6.0 KV), where T1 is the

room temperature, RII the relative humidity, r the
Ix= r, xd =at d  distance from the source and S the charging voltage.

where a1 is the undisturbed speed of sound, since we The vibrational relaxation times for oxygen and
consider only very weak waves. nitrogti were evaluated by using the empirical re-

lation obtained from the absorption of sound waves
by Bass and Shields (Ref. 23), as tabulated in

2. SPARK AND EXPLODING-WIRE DATA Table 2.1. The vibrational relaxation time at room
temperature strongly depends on the absolute humidity

In this section, the spark and exploding-wire of the atmosphere, as water molecules significantly
experiments which were carried out bY Iolst--Jensen reduce its value.
(Ref. 6) and the resulting data are summarized.
The purpose of these experiments was to generate Representative oscillograms from sparks and
weak, fully-developed N-waves with overpressure exploding wires are shown in Fig. 2.1. It can be
below 100 Pa in air, which would have interference- seen that both a spark and an exploding-wire source
free shock fronts. This was accomplished by using make it possible to produce well-established N-waves
sparks and exploding wires. The dome containing far from the source. In the exploding-wire experi-
the UTIAS air cushion vehicle (At:V) circular track ments, the N-waves were much cleaner than those
facility (Ref. 13) was used as a still-air reservoir generated by a spark, especially with regard to the
for part of the experiments. Its major internal rear shock. It was found that the wire length I.
diameter is about 42.-m. This proided waves free plays a significant role in shaping the rear shock
from interference with walls and other objects. pressure profile. After testing several wire

lengths, a wire length 1. = 5.0 cm proved to generate
For detecting weak shocks in the overpressure the most symmetrical N-waves, and was used in all

range 5-100I Pa, a condensor microphone was used subsequent runs. The microphones were set up normal
[Bruel G Kjaer 4135 free field 6.3 mm (1/4 in) dial. to the wire to minimize any line-source effect.
Amplification of the microphone signal was provided
by a preamplifier B&K 2619. The response of the In Figs. 2.2 - 2.4, the maximum (peak) over-
microphone system was tested in the UIIAS Travelling- pressure ('"P)max, the half-duration td and the rise
Wave Sonic-Boo: Simulator (Ref. 22). When measuring time tr are plotted against the distance from the
without its protective grid at zero angle of inci- source r. Figure 2.5 shows plots of tr vs (-P)max.
dence, the microphone has an approxirvate minimum The data for different series are represented by
rise time tr = 2.9 isec. The oscilloscopes used different symbols, which are common through Figs.
were Tektronix types 555 and 535 with a type I) 2.2 - 2.5. For the Series-I experiment, the data
plug-in that has a bandwidth better than 300 Ktlz. are plotted only for S = 4.4 KV and 6.0 KV to avoid
The microphone was calibrated with a BFK pistophone confusion.
type 4220, which give., a sound pressure level at
250 Hz of 124 dB. In Fig. 2.2, the lines indicate the curves of

(.'Plmax , r-n, which are drawn from the arbitrary
In the first series of experiments, sparks were points to fit the experimental data, where n is

used as a source of N-waves. The sparks were gener- termed the decay index of maximum overpressure.
ated by the energy released from a charged -.5 if: The solid and broken lines correspond to the curves
capacitor, rhe maximum charging voltage was 8 KV for n = I and 1.4, respectively. For 100 - (Ap)max
and the discharge device was a thyratron. A micro- 20 Pa both spark and exploding-wire data show that
phone was placed ahead of the measuring microphone maximum overpressures decay nearly inversely pro-
in parallel to get the trigger signal for the portional with distance from the source, as estimated
oscilloscope. The source and microphone were set from linear-acoustic theory. On the other hand, the
up at 1.8m above the floor to avoid interference spark data show that the decay index increases below
from reflected signals. 20 Pa. This deviation from linear-acoustic theory

can be attributed to real-gas effects arising from
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liirt ioial exc itatloll Of OXYgenl (5sC Sect ion -1 .4). (t
It is noted that the same input energy does not 5' ex p I -il5
result in the same decay of (.

1 p~max for di fferent 3 .X~ I- , 31
eniergyv sources. I'he exploding-wire source makes-
for a stronger expIns ion in air than the spark
sourCe for the same discharge voltage. It should for a shock w.. travelling with steady' profile at
ailso he noted that the overpressure decays are a constant .pte i hr v fo eo t
different for the different series of spark exper- re:lt iC to tile ground; V2r flow velocity at
iments despite the same discharge vol tage. I . -T ratio of spec ific heats, x -di stance,

t t ime , diffusivity of sound, defined b%
In Figs. 2.3 - 2.5, the broken lines indicate

the tendency' of the ex perimentalI data. The halIf- "r -
duraition td inc reases withi r. Thle durations for- . = --

the cxp lod ing-w ire experiment (SS-135 .secc are
longzer t han those for the spark experiments t5t)--
SVC . lie rise times tl. also increase with r, where =K in ema t I i scos It v , v i sc os it %

While thle maximum11 overpressure decrieases with r . r =o 1uk viscosity' due to rotational relaxat ion,
I t shoulId be not ed f rom : 1xg . 2 .5 t ha t t he r ise Pr =Prandi I number .Al I thle thermodvnimic and

imes tr rn different for thle different series of transport cueffic ionts, , ,. ,..r and P~r, ma%
expe riment s and supply volt ages at the same maximum he as sumed to he constant throughout thle flow,
0%verIprCSSure. since the shock waves are weak,. The original

TaNylor solut ion did not include the hulk viscosity'
due to rotational relaxation ais it appears in l.q.

3. OM'l ANALYSES FOR MqEAK SHIOCK I'RANSITIONS (3.2) . Hlowever, in the present paper, the term
- p..-pis used when it includes only the

lxx this section, some analYt ical solutions for effects of' rotat ional relaxation in order to dis-
weak ,hock transitions are reviewed and discussed t ingu ish from the . i:-. * ** which
in connect ion with the spark and exploding-wire inc ludes both the effects of rotat ional and (bra-
data, which were shown in Sect ion 2. In Sect ions t iona 1 relaxation.
.3. 1 - 3.3, some anal vtixcal solut ions for viscous-
shock tiins it ions are shown in cases of steadY F rom theil -ae a ssumpit ion, ie have
planar waves, quas i-stat ionarv N-waves and nonsta-

iona, ry planar waves, re spec t ively. Mhe analytical
soluition for stead%- p lanar ,ax is was derived bY .111 -33

laIlr Ref. 3), and will bi designated as theI i .11
LayI or solut ion or the I ix loi shock transition.
H ie anialvtical solut ions toi quasi -stat ionarv where 'p is the overpresslire ( 'p P - pl); a,1
N -waves and nonst at ionar 'p 1

linair waves were defined the uind istu rbed spee0d Of Sound; p1 , the undist urbed
hk I ighthi II (Ref. 20), aid kill he designated as pressure. Ibr) lij. (3.1 can be rewrittenl aS
thle I 1, ighthx IISolut ions, ox- the I ighth ill N-wave and
the ILighthi II shock transition, respectively. In ) T). 1a (xl -I t " (p) '-

So,:t ion 3 .4 , solutions for dispersed waves with I x * .QXP(.4
kvibrat ional exc itat ion are shown for a steady 

4
)P

p1lane wa ve, and an approx imat e express ion is
derived for the rise t ime of a ful l.\ or partly- where p)2is the overpressure at x D~.lefine
di spersed wave. the Taylor and L.ighth ill soluitions a dimensionless vair iabIi,
are extended to dispersed waves with vibrational
relixat ion by using a hulk-viscosity concept, and a I (11t) ("p),
the extended solutions will he designated as the--(.)
modified T'aN.lor solution and the modified Lighthil I,

sltorespectively. Some insight is also given
into the- structures and rise times of weak spherical Then
N-ies .

Lii. I *cxp ~i i-I(3.6)

3 .I CIa ssicalI lay I or Plane Shock -have trans it ions
or

I n thIf fir Iowi ng t hree sect ions, Sections1 - -

3.1 3.3 , t fe , 7,-.or :', :;. , -shoc k t ran s it ionls -- .nI- PL *n p)
art, considered, where the v ib rat ionlI mode of' - :.p)2
molecular internal energy is assumed to he ),z
Viscous, steady shock waves are formed as a result Figure 3.1 exhibits the Taylor velocity or
of a hal ance between thie wave form-steepen inrg pressure profi Iif) i;] plot Of V/V2 or (,'p)/ (.')2
te-ndeni-v due to the finite-;impl itiide compression against :. the variable Z is a similarity variabile,
corNtet ion ef feet sAnid thle wi xe forml-Vas i rg since the velocity or pressure profile can he
tridene v duv to t hi %iscous -d if iisinx effects. obt ained as a on ique curve against : for shock
I his halI , ingr determines the thickness of a St eadvX waves with di fferent st rength (.'Ii) 2/pI, and it w-ill
shoe wave and depends in thic shock st rength Ixble termed the di1st ance parameter.-

he classical liv bor so I it ion i Ref' 5)for weak, Three di fferent definitions of shock thickness
p1laxne shock -wa vi' t ranisitIirtis i s xpres.-e d byN for -_ are a I so shown i riFig. .3.1. The thickness
I ighthi II (Ref. 201 as I- is defined by



be realized because it requires an infinitely long
.pi , time for the wave to reach a steady state through

S- dviscous diffusive action. In the case when the0 'dv,/d-2=0 :d('"P)/dZ' Z:O shock strength increases, the nonlinear effects are
strengthened, while the diffusive effects remain

1his thickness corresponds to the velocity or den- unchanged. However, the shock thickness cannot be
sit. -based thickness, and it has been used in some less than the molecular mean-free-paths, since the
literature for shocks of moderate strength. The shock compression process is after all a result of
thicknesses (L)6 and ("-)0 are defined by the molecular collisions. In other words, for strong
distances for the overpressure to vary from 10% to shocks, the shock thickness has a lower limit which
90o and from S% to 95, respectively, of its equi- is controlled by molecular-collision processes.
librium value behind the shock. The last definition
was used by Lighthill (Ref. 20) for the shock thick- Figure 3.3 shows a comparison between the ex-
ness derived from the velocity profile. From Eq. perimental and theoretical (Taylor) rise time tr
I3.o or 13.-), we can evaluate the values of ('IZ)O , vs the maximum overpressure (AP)max. The Taylor
() and .'2l'l as curves shown in Fig. 3.2 are reproduced for T1 =

273 K and 290 K. As seen from Fig. 3.3, the rise

v_'211 = S., (.' 5.12-, (AZ)" = 6.870 times for the spark data (Series I and II) are
shorter than the Taylor rise times for the same

lhese will be termed the thickness parameters. The maximum overpressure, while the rise times for the
second definition of the shock thickness (10-90% exploding-wire data (Series Ill and IV) are longer.
overpressure) is used throughout this report because Both data do not coincide with the Taylor curves.
it can giv a reasonable criterion for evaluating It is clearly seen that the Taylor rise times for
the thickness of a shock wave with an antisymmetric steady viscous shocks can give no reasonable explan-
structure, which is found in N-waves and in partly ation for the observed rise times for weak spherical
or fully dispersed plane waves. N-waves. Therefore, another analysis is required

for this purpose.

The actual raylor thickness '.x)6 and the

laylor rise time to (lo-90% overpressure) can be 3.2 Viscous Plane N-Waves
related to the layor thickness parameter (.'.Z)() as

In this section, consideration is given to the
,x)' tr 2. (") case of a iaoanced ,-u.ioe, which is produced by

0 I . (5.8) moving a piston forward and then retracting it to
1 its original position in a tube. The generated

plane N-wave gradually decays due to viscous effects
from 1 . 3.5), where tr1I is the Taylor rise time as it proceeds. Lighthill (Ref. 20) solved this
corresponding to the Taylor thickness (.1x)O . We problem and obtained a similar solution for weak
assume tr '.xa,al, since the wave speed is plane N-waves, where the velocity profile is given
nearly equal to a1 for very weak waves. a s

In Fig. 3.2, the Taylor thickness (,x)0 or the 2 (3.9)
Faylor rise time tro are plotted in a nondimensional I - exp(X-/2"t)/.exp(Re) - 1
formn against (.',p) /Pl for a range of (.'.p) -/p =
l0

- 
- 10- or ('p) 1 Pa - 100 Pa in the atmos- where X is a coordinate measured in a frame of

phere. At NTP for air 1.333 x 10-5 m2
/s, reference which moves in the same direction as the

.. . =123, 1.4, Pr = 0.7 and, from Eq. (3.2), waves, with an undisturbed speed of sound al and is
3 3.13 x l0-' m2s. Using a1 = 331.7 m/s, the defined as X = x - alt; u is the excess wavelet

characteristic length and time are velocity whose variations are responsible for the

- 210-10 ". ,-': '_ effects and is defined as u = a l -
/aI = 1.03 x 10 m, /aI = 3.1 x 10 sec (a is the local speed of sound, v, the particle

velocity); Re is a Reynolds number of each half of
Therefore, for I'.p)2!Pl = 10-

4 
,or (-P)2 10 Pa at the N-waves, which is defined in terms of the mass

NT'P, then (.xl') = 5.3 mm and trO = lb ",sec, from flow in that half. For example, for the front half
Fig. 3.2. he Taylor thickness or rise time is
inversely proportional to the shock strength
t'P)2/P1. As the shock speed is weakened, the Re = 1 udX (3.10)
raylor thickness increases and tends to infinity
as (p1')2 - 0. n

As mentioned at the beginning of this section, where Xn is the node u 0 and is the diffusivity
the balance between the finite-amplitude (nonlinear) defined by Eq. (3.2). Note that Re is not invariant,
compression effects and the viscous-diffusion but varies with time as the mass flow varies with
effects determines the thickness of a steady shock the decay of the wave. The N,:.',' .-L"vc means
wave. As the wave is weakened, the nonlinear that its total mass flow always vanishes as
effects are gradually diminished, while the viscous-
diffusion effects remain unchanged regardless of
the shock strength. Therefore, for very weak shocks, udX = 0
the diffusion effects exceed overwhelmingly the
nonlinear compression effects and broaden the shock
thickness to very large values. In the limit of From the nonlinear wave relation,

(,'.P)2 - 0, the nonlinear effects disappear and only
the diffusion effects remain, so that the thickness .1
tends to infinity. lowever, in an actual case, the u .L v (3.11)
steady structure of such a very weak wave would not
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same form as Eq. (3.1), the Tavlor solution, since
Using Eqs. (3.3) and (3.11) and defining the Pmax7' can be replaced by Z - ZO, where z0 is the

similarity variables Z at m' It should be noted that the shock
thickness decreases as the Reynolds number Re or
the duration parameter Zd decreases for the same

-al -, - (3.121 maximum overpressure.
I tIn Fig. 3.6, the ratio of the thickness para-

meter (. /') is plotted against the duration
then from Eq. (3.9). parameter Zd, where )I.)), is the (.) for 2d - .

-[avlor solution) and is given by ('.Z)6 S.127.
p ,- ex ./2) 7- rhis figure clearly shows the dependence uf the

exp(Re - 3.13) shock thickness on the duration of the N-wave. As
the duration or the maximum overpressure increases,
the shock thickness approaches the Taylor value. As

Figure 3.4 shows the pressure profiles for several the duration or the maximum overpressure increases,
different Reynolds number Re in a plot of P against the shock thickness approaches the Taylor value. As

the duration or the maximum overpressure decreases,
the deviation from the Taylor value increases.

For a given Reynolds number Re, we can obtain
Pmax tthe maximum value of I), . (the shock thick- In Fig. 3.7, the normalized shock thickness
ness defined by 10-901 overpressure) and 'd (the (.X/'/al/ or the normalized rise time tr/( 3l2(
half length of the N-wave measured from the origin is plotted against the normalized maximum over-
to the point of 10% overpressure in the wave front). pressure 'P)max/P'l for the normalized duration
Then the following parameters can be obtained: Xd/ '/al) or td/('/al2) - constant. It can also

be seen from Fig. 3.7 that the shock thickness
S al,(AX) (Ap)max or rise time decreases for a fixed maximum over-

= () -3.14) pressure (!Apimax as the duration of N-wave de-Ylj max - Pl creases. This is the .-',:', . "". described in

the Introduction.

2 " - alXd LAP)max al td i'"P)max In Fig. 3.8, the experimental data of Ref. o
d =+I d max P1  - Pl are compared with the lighthill solutions for

(3.15) N-waves. The rise time tr is plotted against the
maximum overpressure (P?)max* The solid lines

where AX is the shock thickness corresponding to exhibit the N-wave solutions for td z Si ..sec and
tA, A~v; Xd, the half length of the N-wave -0 .sec which correspond to the half-durations in

corresponding to d, Xd d (4P)max, the maxi- the spark experiments. The laylor rise time for
mum value of (Ap). The parameters AZ and -d corre- rl 

= 
2-3 K is also plotted against (.'.p)max. The

spond to the shock thickness and the flow duration figure shows that the rise times obtained in the
of the N-wave with reference to the dimensionless spark experiments are adequately explained by the
variable Z, which is defined similarly to Eq. (3.5) Lighthill model of viscous (frozen) N-wave shocks
as though the measured rise times slightly deviate

from the theoretical curves in the range of the
aIX (AP)max lower overpressure.

Z - (3.1It)PZ In Fig. 3.9, the experimental data are plotted

on a figure showing the ratio of the thickness
AZ is the thickness parameter defined in the previ- parameters (IZ)/(?.Z)- vs the duration parameter 2d,
ous section and Zd will be termed the duration shown in Fig. 3.b. The data cover the range of
parameter. Details of the derivation of Pmvax, .Z Zd 

= 
10-100, in which the spark data lie between

and Zd are given in Appendix A. Zd = 10 and 60 and the exploding-wire data lie
between Sd = 50 and 100. Using the duration para-

Figure 3.5 exhibits the pressure profiles for meter Zd, the data may be categorized into three
the same cases as shown in Fig. 3.4 in a plot of domains. Above Zd - 50, the measured (..)-values
(0p)/(Op)max against 7 - Z0 , where Z0 is the Z deviate from the Lighthill curve and steeply in-
at (Ap)/(Ap)ma, = O.S. The solid line indicates crease with increasing Zd. In the range Zd = 15-50,
the Taylor solution for steady plane waves, which the measured (2)-values nearly coincide with the
is given by Eq. (3.6) or (3.7). The Lighthill Lighthill curve, a scatter of the data exists.
N-wave solution approaches the Taylor solution as Below Zd , 15, the measured (.2)-values again
Zd - - or Re - -. This can also be shown from Eq. deviate from the curve and steeply decrease with
13.13) as follows. Assume that P reaches its maximum decreasing Zd. The broken lines are drawn to
Pmax at = %m for large Re. Then, approximately, stress the tendency of the data.

2 Figure 3.10 shows a comparison between the
P Re /2 observed and Lighthill N-wave pressure profiles.
max: "m mTypical profiles in the Series 1-IV are plotted by

the broken lines in comparison with the correspond-
Put F =m ' (' " m), then ing analytical ones, which are evaluated from Eq.

(3.13) to have the same maximum overpressure

Pe+pexprna,)]Al (Ap)max and the same half-duration td as the experi-
m,)- 0 max 1l exp(Pmax mental ones, and plotted by the solid lines to fit

each other at the nodes of the N-waves. As seen
(3.1

7
) from the figure, the pressure profiles observed in

the spark experiments fSeries I and 1I; Figs.
in the limit of Re -. Equation (3.17) has the 3.10(a) and (b)] nearly coincide with the analytical
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ones, while the pressure profiles observed in the p- = * e ( ,3.22)
exploding-wire experiments [Series Ill and IV; lig. (,p), 2
3.10(c) and (d)] deviate from those predicted ana-
lytically. The main difference between both which is the laylor solution for steady plane waves,
experiments is that of the half-duration of the Eq. (3.0).
N-wave. Figure 3.10, as well as Figs. 3.8 and 3.9,
suggests that the lighthill viscous N-wave model -igure 3.11 shows the pressure Profiles for
does not always explain the rise times of N-waves several different time parameters in a plot of
over the entire range of td or 2d. ('p)/ p)2 against the distance parameter 2. The

pressure profile approaches the Taylor profile as
3.3 Nonstationary Viscous Plane Waves ' ,. It can be seen that the shock thickness

t increases as " increases [whether based on
In this section, consideration is given to a maximum slope (r 10-90% of ')/('.P)21.

nonstationary plane wave, which is generated by
the impulsive motion of a piston in a tube. The In Fig. 3.12, the ratio of the thickness para-
initially discontinuous wave-front is smoothed out meters ( Z,) ' is plotted against ,. If we
due to viscous diffusion and it tends to form a define a characteristic-time parameter of shock
final steady profile. It will be shown in the thickening s as at (.Z),'(')6 = 0.99, then
succeeding sections that this process of shock
thickening 'ls : ) 'ir, , plays an important
role in determining the rise times of weak spherical 5.5 or = 30.25
N-waves.

Lighthill (Ref. 20) has given a solution for from which the correponding time ts and distance
the nonstationary plane wave by solving Burger's xs are obtained from lq. (3.21; as
Equation. lie obtained the following result:

ut a - p, -2
U(Xt) 2 77 (3.23)

uX /2t)t& t I 'I) P1
u' l _ _ , u ,tl e Y / " d

_X which are designated as the shock-thickening time

1 + 'exp and distance, respectivel'. These are inversely
;-v e_2't proportional to the square of the shock strength

e dy (-P)2/Pl. This means that it takes a progressively
X-Ut longer time and distance to reach a final steady

( 13.181 state for weaker shock waves or for lower tLp)2/pl.
Physically, this tendency of longer shock-thicken-

in which the initial wave form is given by ing time or distance for weaker shocks is attributed
to the decline of shock steepening due to nonlinear

u(X, 0) u, for X 0 0, and zero for X 0 (3.19) (convective) effects.

where u2 is the excess wavelet velocity for X ..... In Fig. 3.13, the normalized shock-thickening

time t,/( 'a 1
2

) or distance xs/(6/al) is plotted
Using Eqs. (3.3) and (3.11), against the shock strength (.'P)2/Pl. The time

scale on the right hand side indicates the shock

erf Z - 1. - thickening time at NTP in air. For ('P)2/PI = 10-4
exp ' 1 c +- 4 2 or (p) 2 = 10 Pa, ts = I sec or xs = 330m. These

+ ex1 " + values suggest that the nonstationary effect on the(p ) 2  erf -+1 rise time or the shock thickness becomes very

c 4, V important for weak shock waves, for it takes a long
-. - time or a large distance to reach a steady state.

(3.20) This result is of value in interpreting Fig. 3.4

or 3.5, which provides solutions for quasi-station-
where Z and i are the distance parameter and the ary N-waves at the final values after a very long
time parameter, respectively, defined by time without specifying how long it may actually

take. lhe above solution quantifies the time or
2 (p) 2  a1 2t  (' 2  2 distance in specific cases. The spark and exploding-

a IX -2 ut j wire generated N-waves, described in Section 2, are
, I 2 also expected to be affected by this nonstationary

P L Pl effect, since the maximum overpressures are below
20 Pa only over a distance of lOm.

(3.21)
3.4 Shock Transitions with Vibrational Excitation

The complementary error function is defined by

The structure and thickness of shock waves
e 2 with vibrational excitation in air will be consid-

erf(X) C e
-

dy ered now. The analytical results of Polyakova,
Solyan and Khokhlov (Ref. 21) and Johannsen and

X Hodgson (Ref. 12) for plane dispersed waves are
Note that the shock strength (0P)2/P1 depends on re-examined and compared with Itolst-Jensen's data
the piston velocity v2 (= 2u2/(, l)]and is invari- (Ref. 6). Furthermore, extensions of Lighthill
ant throughout the process. When r ., Eq. (3.20) solutions for N-waves and nonstationary waves to
becomes shock transitions with vibrational excitation are
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made possible by using a bulk-viscosity concept. The bulk viscosity (Lv)j for the j-molecule
can be expressed as

For weak shock waves with vibrational excita-
tion, steady shock waves are formed as a result of 2
a balance between the wave-form-steepening tendency (uv) = 0(a - a .'ma (3.25)
due to finite-amplitude-compression effects and 0 e

the wave-easing tendency due to both effects of
viscous diffusion and vibrational relaxation. For for processes sufficiently slow, where .0 is the
very weak waves, the compression effects diminish equilibrium density of the medium. Then the dif-
and the wave-form-easing effects become predominant. fusivity Lv)j for J-molecule with a bulk viscosity
As discussed in Section 3.1 for : or "rea.<' (Uv)j can be expressed as
shock transitions, in the limit of ('.p),- 0, the
nonlinear compression effects disappear and the 2
wave-form-easing effects remain, so that the wave ('vj = ( = m (3.26)

thickness tends to infinity. For weak shocks v

whose strengths are slightly above the limit of

zero overpressure, the vibrational relaxation is This diffusivity will be used as a reference physic-
more effective than the viscous diffusion for the al property. It should be noted that the use of
wave-easing tendency. In this case, the compres- this property does not mean that the vibrational
sion process is so slow that the energy dissipation relaxation processes can always be replaced by the
due to vibrational nonequilibrium becomes predomin- bulk viscosity, which is valid only for processes
ant compared with that due to translational and sufficiently slow.
rotational nonequilibrium which requires a more
rapid change of the flow properties. As the wave The critical overpressure is defined as the
strength increases, the shock thickness decreases equilibrium overpressure behind a plane dispersed
owing to the increase in nonlinear-compression wave whose wave velocity is equal to the frozen
effects. When the nonlinear-compression effects speed of sound. When the equilibrium overpressure
overcome the wave-easing effects due to vibrational exceeds the critical overpressure, the steady plane
relaxation, the frozcn shock transition appears in wave is a partly dispersed wave with a frozen
the compression process of the wave. (viscous) shock front, which is followed by the

vibrational relaxation region. When the equilibrium

Figure 3.14 illustrates these two types of overpressure is below the critical overpressure, the
shock transition with vibrational excitation steady plane wave is a fully, dispersed wave with a
through pressure and temperature profiles. The smooth transition, which is controlled by the vib-
vibrational temperature Tv is also plotted to show rational excitation of the molecules.
the process of vibrational energy excitation. The
former wave dominated by' the vibrational excitation The equilibrium overpressure across a normal
is called a full' dispersed wave, and the latter shock wave with vibrational excitation can be given
wave including the fri zcn (relatively' sharp, vis- as
cous) shock transition is called a partly dispersed (Ap)2  2[Mf-l) + (Mf,-l)ci
wave. For strong shocks, the nonlinear compression . (3.27)
mainly balances with the viscous diffusion, though Pl ( ) 2(T-1)c.
it is accompanied by the slower process of vibra-
tional excitation. As shown in Fig. 3.14, for where Mf is the frozen Mach number, c the vibra-
stronger shocks, the temperature goes up to the tional specific heat for i-molecule nrmalized by
maximum (Rankine-flugoniot) value through the fP, z.n the gas constant cj = cj/R in which cj is assumed
shock compression and then it falls to the final to be constant acrbss the shock wave. Details of
equilibrium state through the , 2" z , as the derivation of Eq. (3.27) are given in Appendix
vibration attains its share of energy. B. If the harmonic oscillator approximation is

applied to the vibrational energy' level, the vib-
Polyakova et al (Ref. Il) have obtained an rational specific heats for 02 and N, in air may be

analytical solution for the structure of steady, written as
plane dispersed waves for nonviscous and noncon- - .-) 0
ductive gases as CO =.209 exp '(3.28a)

k-I 21- e 'Y + YO (v0  .) - v0
. . . .k - - v 0  (3.24) 7 -1 N -2 N

(v0  v)C N = .781 exp - - (3.28b)

where y = t - /ae; lagrangian coordinate,
a. = equilibrium speed of sound; yo = constant of where lI is the initial gas temperature (room tem-
integration; :j = vibrational relaxation time for perature), "i the vibrational characteristic tem-
j-molecule; v = velocity in a moving coordinate perature -- 2239.1 K, vy  3352 K. For Mf I,

system, vo = absolute value of the velocity at the we have the critical overpressure for the j-molecule
spatial coordinate - • -; k = mae/(2vo,); as
m = (af

2 
- ae

2
)/ae

2
; af = frozen speed of sound; 2

S= (¥.1)/2. (Ap 2(>-1) c. (_12
Y-1. A cr,j - 1 _________ 3 . (- c. (3.219)

In order to rewrite Eq. (3.24) using the PI ,+I) 2(1-1)c ) -

normalized overpressure (AP)/('"P) 2 and the distance
parameter Z, which were introduced in the previous for cj - 1, which is usually valid for atmospheric
sections, introduce two quantities: the bulk vis- air, as very little vibrational excitation can exist
cosity and a critical overpressure. at nearly room temperature. The critical overpres-

7
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sure (ip)cr . depends on the gas temperature T1 , tion of Eq. (3.34) are also given in Appendix B.
since the vigrational specific heat cj depends on
T. Johannesen and Hodgson (Ref. 12) have also

obtained an exact solution for steady plane dis-

In Fig. 3.15, the critical overpressures persed waves for nonviscous and non-conductive
1AP)cr , and (AP)crO N are plotted against T1 . gases, as follows:
The lines denoted by 02 and 02+N2 are calculated 2
from M [(++l) 2 2(uy-1)cjf - jx =-(,+l)M f

2 
u

(_P__r___ 2(,-1) 2  2lTj Ul
=P _ f1 c0  (3.30a) 1 I I f

2

+ -- - .n 1 - --

UI_____ -- 1 2rON =2(-1)2 (co  cN) (3.30b) 
1

'2 uM (l) 2  U ~2
respectively. That is, in the former case, only 1 + - +l)Mf21 7 1

the vibrational excitation for 0-molecules in air - ln u - u 2 (3.37)
is taken into account. For (Ap)2 (AP)cr j, the 2 - 1i/Ui u u
steady plane wave is fully dispersed, and tr

(-P)2 (AP)cr,j it is partly dispersed. where Ci is the flow velocity, 61 , u2 are the flow
velocities at x '. Using the relations

The diffusivity ("v)j can be expressed by the
critical overpressure as 1 1 (P)2

) +1 2 L)r for c. <- 1 (3.31) ul I Mf Pl (p P2 3.38a)

S u =2 '1 pI OP)_ 2 _ (Ap) 
(

The parameter k, which appears in Eq. (3.24), can ul U1 _ lMf
2  L P)2 (3.38b)

be rewritten as I I

and neglecting the higher order terms of O(cj), the
1 (LP)2 same equation as Eq. (3.34) is obtained, which was

for c. < 1 (3.32) derived from the Polyakova et al (Ref. 21) formula,
k (AP)cr,j .o by using the distance parameter defined by

That is, the parameter k is the ratio of the critic- alx (Lp)2  2"( (4P),
al and equilibrium overpressures. For k 1, the Z _ _ - - (3.39)
wave is a partly dispersed wave, and for k - 1 the v) j P1 lj ("P)cr,j
wave is a fully dispersed wave. The derivations of
Eqs. (3.31) and (3.32) are given in Appendix B. Further details can be found in Appendix B. Equa-

tion (3.34) will be used as a solution for steady
Using the relation plane dispersed waves.

1 +" ( In the limit of a weak wave (4)2 - 0, Eq.
v0 = P)2  (3.33) (3.34) tends to

then2 (Z-Zo) = '.n ( p) 2 , - ;n ("P) 2  (3.40)

•+ 2 2 0,P) L r" 7 (Lp -4
2, (Z-Z( ;n (n - This has the same form as the Taylor solution, Eq.

-r~ 2. -~)2  (3.7), in which the diffusivity 1is replaced by
(Zv)-' In the limit of weak shocks, the shock

- Ap)2  ~ comp~ession process is infinitely slow, so that

1] - (n (3.34) the bulk viscosity concept may be applied to the
cr,j (AP)2 vibrational relaxation process. The solution, in

which the diffusivity is replaced by ('v)j or

from Eq. (3.24), where the distance parameter Z is + (6v)j, will be called the modified Taylor
defined as solution.

a2 y (Ap)2  Figure 3.16 shows the pressure profiles for
Z ( Pl (3.35) several different values of (Ap)2/(AP)cr in a

v j plot of (Ap)/(Ap)2 against Z-ZO . The curve for
(AP)2/(AP)cr - 0 corresponds to the modified

in a similar way to Eqs. (3.16) and (3.21) in the Taylor solutign. For partly-dispersed waves
previous sections, it can be rewritten as [(.p), ". (A)cr j], there appears a discontinuous

shock front. Tl~e overpressure (Ap)f immediately

Z= - 7 _ (Ap)2  (336) behind the frozen shock is given by

- .----i  (AP)cr,j (Ap)f (p((pf I- cr, (3.41)

Z0 is an arbitrary constant. Details of the deriva- (Ap)2  (Ap)2

8



In Fig. 3.16, the chain curve indicates the pressure (3.23). For ('.P)2/Pl z 10
- 4 

or (P)2 11 la,
profile for Lip)2/(.P)cr j = 2, in which the discon- ts = 15 sec or xs = S km. This shows that it is
tinuous shock strength at'2 = Z0 is 1

1
p)f = O.S(.,p)2. very difficult to obtain a plane dispersed wave

in a steady, state on a laboratory' scale.

rhe thickness parameter (-2) is defined by the

10-91 % equilibrium overpressure, and can be related As for the .'-iaa' effect, the dispersed wave
to the rise time tr as is affected by the expansion behind the shock

front more seriously than the viscous wave, since

2, tr ('"p),2 th.- former has a larger thickness than the latter
* ('Pi (3.42) for the same duration and maximum overpressure.

Scr,j Therefore, both the .- ate and nornaat~cona',.
effects will seriously modify N-waves with vibra-

For fully-dispersed waves where [('.p)' V-P)c r,j tional nonequilibrium.
then from Eq. (3.34)

In Fig. 3.18, the exploding-wire data are
2' compared with several theoretical curves in a plot
'= .n 9 = .27 () 3.43) of the rise time tr against the maximum overpressure

'P)max" The chain lines indicate the Taylor and
the modified Taylor rise times. The broken lines

regardless of the value of (-'P)2/(.P)cr,j. T'hat is, indicate the modified l.ighthill rise times for

the thickness or rise time of a fully-dispersed N-1aves of t d  1l)0 and 120 .sec. The vibrational
wave, which is based on the 10-90'

, 
equilibrium diffusivity ' .v for oxygen is used for the modi-

overpressure, has the same value of the thickness fied la, ir and the modified lighthill solutions.
parameter as the Taylor thickness or rise time, if All cut - are evaluated for the gas temperature

the diffusivity (-v)j is used instead of . I
= 

280 K and the relative humidity RI1 = 8.51,
(Series lh). The corresponding vibrational-relaxa-

In Fig. 3.17, the ratio of the thickness para- tion time and the critical overpressure for oxygen
meter ( Ij'1 2(1) is plotted against the equiiibrium are about 5.-3 ..sec and 61 Pa, respectively The
overpressure normalized by the critical overpressare measured rise times are much shorter than the
for fully and partly-dispersed waves. It can be modified L ighthill rise times for fully-dispersed
seen in the figure that the effect of dispersion on N-waves. Ihis discrepancy can be attributed to
(,'Z) remains up to i'J 2 = I(('P) crj T This means the i.... '.z. effect
that the rise times for steady plane waves are
affected by the vibrational relaxation up to .p)2 I igure 3.19 shows a comparison between the
51)0-1,000 Pa in air, since ( 'P)cri = 50-100 Pa in observed and modified l.ighthill N-wave pressure
the usual range of ground temperatures (see Fig. profiles in a sim ilar wa\ to Fig. .3.10 for viscous
3.15). N-aves. lypical protfiles from Series 1-I , are

plotted uising broken lines in comparison with the
The Lighthill solutions for N-wiaves (Section corresponding anal t tcal ones shown as sol id lines,

3.2) and nonstationary wvaves (Section 3.31 may bec "hich ai ie ecalUate'd from 1l q .3.13 , kith "replaced
applied to fully-dispersed aves for small (')2 b'v . Mhe profiles 11,e tile same maximum over-

'P)cr . by replacing the diffusivity w kith the p r e s s u re ( plilax nid tie same halIf-duimralion td as
vilbrat inal diffusivity (v)i in order to provide a the l I sent a I kI)ones, and fit at teie nodes of the
rough estimate of the .- ,.-' and '. , ':', .- ,aves. IB contra'.t to fig. 3.10, the discrepancy
effects on the thickness or rise time of dispersed between the ob0hser\d an aMnalti,'al profiles is
waves with vibrational excitation, clear.

Assume that, lo conc lhde this sect ion., considerat ion is
3 , given to i char;mcterlst ic feature f weak N-waves

it I  = 331.- m/s, 0 S seI, lth vibirati onal nonequ l l britim. Figure 3.21 illu-
trates a classification of weak N-waves by their

"PJcr* SI) Pa, p1 = 101.3 KPa degree of vibrational nonequilibrium. The profiles
of gas and vibrdt tonal temperatures are plotted

then, from Eq. (1.31), under the follow ng a ssumpt ions: I ) the maximum
- 2 (peakl overpressures are below the critical over-

"j = 47 x 10 m /s pressure for steady, plane waves; (ii) the maximum

overpressure is the same for all cases in Fig. 3.2);
(Compare with above for translation and rotation (iii) only one mode of hibrat,onal excitation is
of 3.43 x 10-

S 
m
2
/s, that is. the dispersed shock considered. As seen, the N-waves can be classified

structure is entirely controll-d by' the vibrational into five categories: ',ai) quasi-equilibrium wave,
relaxation.) (b) moderately-nonequilIbrium wave, CI) highly -non

= 14x/l210 equi I ihrium %ave, (dl nearly -frozen wa ve, (e) quas i
/a 14 x 1 ', ( ) Ia 43 x 10) sec frozen wave.

(Compare with /a I = 1.03 x l(-
7
m and 'al 3.1 x he degree of' excitaition of vibrational energy

10-1 sec noted above.) These values are about ten is denoted by the ibratlonal temperature Fy, which
times as long as the ones evaluated for viscous is plotted by broken lines in Fig. 3.20). The time
shocks in Section 3.1. This means that the thick- lag between the gas and vibrational temperatures
ness or the rise time of a plane dispersed wave is .:orresponds to the i'rational relaxation time
about ten times as long as that of a viscous shock In a quasi-equilibrinm wave, the vibrational temper
wave for the same shock strength ('p)2/pl. The ature nearly follows the gas temperature. This is
shock-thickening time or distance of an impulsive the case where the concept of bulk viscosity is
step wave is also tenfold greater for a dispersed valid and the modified I ghthill solution for N-waves
wave than for a viscous wave, as seen from Eq. may be applied. Mhe structure of the shock front is

9



c:ontrolled by" the vibrational relaxation, that is, Then the basic flow equations can be written as:
the, wave is a fullY-dispersed wave. In a moder-
otel , -noiiequilibrium wave, an appreciable deviation +
of the vibrational temperature from the gas tempera- - I r + (1+ iv) )1
ture, can he seen. In this case, the concept of bulk t r r2 r-1R

%iscosity cannot be applied to the vibrational re- (4.1)
laxat I iln, though the front structure is still--
con1trol led by thle vibrational relaxation. This wave vi
can also be considered as a fully-dispersed wave. V2+
In a highlv-nonequilibrium wave, the front structure
is cont rolled by both processes of vibratijonal ex- U H -1 .1=. ))v +-v
citation and viscous dissipation. The wave becomes V'
j1 prt l-v-dispersed wave in the sense that the front ).(0

st ructure- IS partly) cont rol led by v iscous, effect . 'N N
he structure of a nearly-frozen-flow frozen wave
i s ma inly' control led by viscous effect , though
viLbratiounal excitat ion still remains in the rest of
the flow field. In a quasi-frozen wave, the vib- 0)
rational excitation is miarginal so that the whole 2v
flow field can be considered as frozen.I

'he discrepancy between the observed and ana- r r
l , t ica I rise tiumes ant! :ressurc !rofilIes described "o

inI thle precedino sect ions may be explained by.v
considering thle above classification for N-waves.

bhe N-saves generated by sparks Could be highly-
noneqti iI libr uum waves or nearly-frozen waves, since
thle front st ructiires seem to be mainly control led Gt
by visc:ous effect. The N-waves generated by' explod-H
In- %ires could be moderately-nonequilibrittm waves.
Thel CCOuipl inis of the N-wave and nonstat ionarv effects RI
would1 Make the Situations even more complex. 1-

-. ILANlLOI-CHI~iCII ANAlISIS FOR WEAK SIHOCK T A NSI - N

4.1 Ba s Ic Iquat ions 0 +.~ e ;R **N

(4.2)
bec analYsis is based onl the following assump-

i ons: Where 0 ",or pl ane flows aiid i 2 for spherical
flows, .- density, \ - veloc Iit ' , p - pressureI

a , the fl ow I s a nionstat Iona rv one-d imensions I I - temp-erature, I - t otalj energy , e -internalI

planar or Spherically Symmet ric) viscous, energy, R - gas constant, , - vibrational energy
compressible air flow. for the I -nolciitc -1 for oxygevn and m N for

itogeti -i~eln I rOiu' iit Iona t nrg,

S(h) vh iscosity . and thermal conduct ivity a are for thet -] mTOIlCiiILC, 11 1rat i ona I retuxit ion
issimod to be constant, as the shock waves are t ime for thle -, mol ecuul

weak.
BaseOd on the harmon ic is, I I litor approx imat o01

c )the gas is assumed to he thermally perfect thle equil i I ru m i irut I ona I ene rgY for I- he t 1o 9I, c, u I c
the equation of state for a thermally-perfect c ~can Tie exp)re s sed a1s
.gas is used.

R
td) Both cases of calorically -perfect and imperfectIIe

gases aire analy.vsed. For caloricallIY-imperfect . tiI I I1S

cases refec-red to as real gases) , the vibra-
ionial relaxatijon ot air moie,.ules are ta.cen where is tihe characterist ic: ibrat i''nal tempera

i nto acc ount . 1iowever, for most rf the analyses, ture foi- TLii qoecl -i 22;9) h, '\ =-3, K,
only' the vibrat ional relaxat ion of oxygen is l metu~l~r coticoiit ru ionl for thet I 1oleciulu': CLI
taken i nto( account , since the vibrational -relLaa- 0i. 2 09, £N " 0 -8t . Olie %ilii iiiI t emperi i Lre

ion time of nitrogen is much longer than the 1 f1 Or tile .1 r)otecu Ic cain Ai - he defined ais
jurat ion of most N*-waves analyvsed in this stujdyN.
the effevts of nitrogen vibrational relaxation R
are discussed only in the last part of this -

SetiIn he harmotic-oscllator approximat in
s applied to the vibrat ional energy level.

c . he rotat ional relaixat ion is taken into account ieV brat LOlal re'i,0kt ion times for xLe I

through thetbulk - viscosity concept . The bulk and nit rogen i.\ are, cii I iited tis i g thet empirical
vi SyOSl it due to the rotational relaxat ion is rela it ins obhtainted t1(Mm tilt' 311101rl11 1.11 Li' Sunid

sii(med to be r /)..waves; by Bass and N;h ix Ids Revf. as fol 1ows



1-1 The RCM is applied to step (1) and the explicit

0 = 1-24 + 4.4 x 11 h 0.05 (4.5) method of finite difference is applied to steps (2)
0.391 + h and (3). In step (4), the integrated relation was

used. If one step is passed over among steps
IP T± -I (oo on resu+ 350h exp 6.142 --- 1 flow, an inviscid-nonequilibrium flow or a viscous-

STt frozen flow, respectively. These are termed as a
(4.b) plane solution, a real-inviscid solution and a

perfect-viscous solution, respectively. The full
where pO = 101.3 KPa, To = 293.15 K, h - absolute solution including, both effects of vibrational ex-
humidity of air (%). As seen in Eqs. (4.5) and citation and viscosity is called a real-viscous
(4.6), the vibrational relaxation times for oxygen solution.
and nitrogen strongly depend on the absolute humid-
ity of air. In Fig. 4.1, T0 and TN are plotted as An outline of RCM is described below. Figure
functions of the absolute humidity for p = 101.3 4.2 shows an illustrative diagram for grid con-
KPa (Ref. 12). The relaxation time for nitrogen is struction and sequence of the sampling procedure.
two or three orders longer than the relaxation time The notations 'r and 't are increments of space and
for oxygen. The relative humidity is defined as time, respectively. For arbitrary integers n and

i, the properties iFl
+1 at time (n-l)*t are cal-

RN = h(p/psa) (4.7) culated from the properties O
n 

at time n't. Theat n-l/2
intermediate aalues Ui /2ire evaluated at time

where Psat is the partial pressure of water vapour (n , 1/2).'t. In the region of i r r £i~l) r
at saturation, and given by the Goff-Gratch equation anJ na.t t (n - 1/2).'t (surrounded by' the broken
(Ref. 24) as lines in Fig. 4.2), the Riemann problem (shock-tube

problem) is solved for the discontinuous initial
lOgl0(pst/p0) values

= IO.79586[1-(T0 /T)j - 5.02808 loglo(T/T) , I j r

+ l.50474xl0
4 
1 -108 .29692[1/fOj)-1 ],I (4.131

+ 0.42873x10-3, 104.7b955 -TO/T)] 
- 1 r i

2.219S983 (4.8) in this region. "hen, for example, the solution
consists of a shock wave S, all expansion wave R
and a contact surface C, as shown in Fig. 4.2. At

4.2 Numerical Method tia., n + 1'2) t, the region i'r • r (i+l).'r can
be divided into four subregions (11-f4) (or five

An operator-splitting technique was applied to subregions, if the interior of the expansion fan is
(q. 4.11. The calculation is done for each spatial taken into account), and the physical properties ir

mesh in each time step using the following procedure: Lach subreg ion can be det ermined from the solut ioi
cthic shock-tube probl(em for the initial condition

11 The hyperbolic equations are solved for an in- 11,1/2viscid frozen flow, 1 I11 l'b, valiies I ir+ euteo2hseo
I . 1 ,1/2 are equated to those of

Ajl~ '2 71 t point P' [r = rp11; i. r I'p i+lI 1 r.1,

-- ( - -- 4.11 which is chosen at ranuom. That is, we assume
1 +t r1 1 1 ,
I , ~ 2 n * l ," M ' e c h o i c e o f 1 1 i s m a d I

where the subscript I indicates the solutl ion of i, h

step (1). random-samp) ing technique in such a way that the

sampled points are uniformly distributed within a
(21 The spherical corrections are made by using the finite-sampling frequency. In a similar way, thc

values of the physical properties evaluated in
step (1). values of 1-1'2 are obtained from the initial

.U, values of 1iii and tIn  At the second half-time
=-j (11 141o i i-I'+
-)(I 1  step, IteV 

1 
are evaluated from the

valesof I/ ,n* Ii 1a initial ones.3) The viscous diffusion equations are solved by valus Of [
1 
/

1 /
2 and 1/i.1/2 a

using the values of the physical properties i;odunov's iterative technique is applied to solve
evaluated in step (2). the Riematn problem. As the vibrational energies

aI1 2 are assutmed to he frozen, they are invariant
3 .- C - ( 1 (4,11) across the aves, and keep their initial values,

't r r v (H)2 ( whose hoiindary is the contact surface.

(41 rhe vibrational relaxation equations are solved In the second and third steps of the operator-
by using the values of the physical properties splitting technique, explicit finite-difference
evaluated in step (3). schemes are employed, the finite-difference forms

U4  of Fqs. (4.101) and 14.111 reduce to

%t = (it 03 (4.12)

)nl n +l nl,

The final solutions are obtained in step (4). 112 i = Ii - ill) 1]t 14.14

LA



t in 1 = ,2) n + l +t n+l + (C2)n+l 4.3 Solutions for Plane, Waves
iU - 2 (C).1 2) . (C)3(.'r)"

S n . n\s a check on the method, the one-dimensional

-. [(C,) I (C,)i-I
1 

- [(It) t (4 15) shock-tube problem was solved for a perfect-inviscid
Ii flow, perfect-viscous flows and real-inviscid flows.

The thickness and structure of the shock waves are
Ihe multiple time step is used to evaluate (U3)9

+
1 compared with those obtained analytically in Chapter

to improve accuracy. At the intermediate substep 3.

4.3.1 Perfect-Inviscid Solution

+. 'l j 1+,k + --tk [(C3)i+ 1,k Figure 4.3 shows a computer plot of a perfect-
(.'.r 3 l inviscid solution of overpressure (.'.p) against dis-

.1K )n n (,/k) lancen( for several time intervals for a diaphragm
-r (C pressure ratio P41 2 and initial temperature ratiot r T41 = 1. 'rho overpressure (.'p) is normalized by the

'.k) n+(,/k) .t initial pressure Pl, and the distance x is normalized
I - ).1t )3 -1- ( =0, 1.... k) by' the length of the high-pressure chamber x0  (x* =

x/xo). The diaphragm is placed at x* = 1. The time
(4.16) t is normalized b xo/al (t* = alt/xo), After start-

ing the calculation or the removal of the diaphragm,
"here the time increment 't is subdivided by k. a shock wave as a discontinuous front propagates
klost of the calculatioris were carried out for k = 10. towards the right hand side, and a rarefaction wave

propagates towards tbe left band side. When t* = I
In thi Ith step, the vibrational relaxation the head of the rarefaction wave arrives at the end

jquit ions for air molecules wall of the high-pressure chamber. The shock Mach

number M. is about 1.16, and the normalized equili-

- C 1 brium overpressure or the shock strength ()p)2/Pl1 I e I
.. = 0, N) (4.17) is about 0.403. It should be noted that, unlike

finite-difference schemes, the shock wave as a dis-

continuous front occupies one mesh jump without
arc soled in each spatial mesh under the assumption smearing, where the normalized one-mesh size .x*

t c,'nsta.nt temperature and pressure, thereby yield- 1/40.
lng tIc ainalyt ical relation

[ IInl . .n
-]i - - ne3 4.3.2 Perfect-Viscous Solutions

31nl t Figure 4.4 shows a computer plot of a perfect-

e i exp -I N viscous solution for the same case as Fig. 4.3. The
rarefaction wave reflects at the end wall (x* = 0)

(4.18) and proceeds towards the right hand side. As expected,
smooth shock transitions due to actual viscosity are

Ihe tinite-diftfrence schemes with multiple time obtained. In order to show these smooth transitions
.tops, similar to 1q. 4.1), were also applied to clearly, a hypothetical chamber length x = 0.001 cm
1q. ,1.1-), and found to give the same results as was assumed at an initial pressure and temperature of
I. .4.18. In order to reduce the computation time, pl = 1(11.3 kPa and T1 = 273.15 K. Consequently,
I. %1. 1 was used for most of the calculations. t 0.106 .. see for t* = 3.500.
\, dc.cribed in Section 4.1, in the present study,
onl the vibrational relaxation equation for oxygen Ilere, it was not necessary to obtain the whole
Wa= solled (except Section 4.4.0). Furthermore, the flow field. The fine structure of the shock front
hulk kiscosity concept wals applied, instead of Fq. was important . Therefore, in order to save computa-

1.1-, to the vibrational relaxation for oxygen in tion time, the calculation was done only in a con-
secct ion I. 1..) and 1.4.6, in which the N-waves with fined region near the front for the wave far from
lun i durations were analysed, the diaphragm, neglecting the behaviour of the

rarefaction wave. Figure 4.5 illustrates the
Ohe condition of symmetry is imposed on the wall region of calculation and a plot of the shock-front

-hundarv and at the centre of the sphere. That is, path in the x*-t* plane. In the calculation, 30-80
at the boundary i,)'r mesh points around the front were used, and the

physical properties at each mesh point were trans-
1 (( II1 - L (4.19) ferred back to two points in the computational

U 0 space as the wave proceeds over two points in
physical space. The condition of continuity, Eq.

[he condition of continuity of gradient is imposed (4.20), is imposed on the free boundary of the
on the free boundary. That is, at the free boundary region of calculation. In Fig. 4.5, the white
11 r circles indicate the perfect-viscous RCM solutions,

in which the position of the shock front is defined
II II = t - II (4.2 ) as the po: it ion of 5,0' of ( 'p)2. The solid and

broken lines indicate analytical shock and sound-

wave paths, respect ively. the numerical solution
Ihe entir,- programs are given in Appendix C. for the shock path is in excellent agreement with

12
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analy's is. RCM pressure profiles show very good agreement with
the analyses. This result suggests that the RCM

Figures 4.6(a)-Ic) show perfect-viscous numeri- 6ith the operator-splitting technique may be
cal solutions for the shock-tube problem described applied to analyse the transient behaviour of a
above by comparison with Taylor's and Lighthill's viscous shock structure, though some random walks
analytical solutions for the shock thickness, which and overshoot above the Taylor value were observed
is defined by 10-90% of (*p)2 . The ratio of the for the thickness or rise time data.
thickness parameters IZ)/V2)6, which corresponds
to the thickness or rise time normalized by the 4.3.3 Real-Inviscid Solution
laylor thickness or rise time, is plotted against
the time parameter T defined by Eq. (3.21). The The initial conditions R141 = 1.0018, 14 1 -
figures indicate that the step wave with zero thick- 1.0, Pl = 

101.3 KPa, T1 = 303.15 K and RII = 90%)
ness is reduced to a plane wave with a smooth transi- were chosen so as to give a fully-dispersed wave
tion owing to viscous action, as the wave proceeds. in the final steady state for a real-inviscid flow,
ihe broken and solid lines indicate Taylor's and and to give a fast approach to the steady state
lighthill's solutions, respectively. The various in order to reduce the computational cost. Only
numerical solutions are indicated by symbols. All the vibrational excitation for oxygen molecules
calculations were carried out for the same case as was taken into account for atmospheric air. The
Fig. 4.4 IP4 1 

= 
2, T4 1 = 1, T1 = 273 K, Pl = 101.3 corresponding relaxation time for oxygen is o =

KPa, NIS  = 1.16, (.'p)2 = 40.7 KPa]. 1.0-1 sec and the characteristic time using the
bulk viscosity ('v)c) for oxygen is (,jj(Va1

2

Figure 4.6(a) shows the effect of multiple time 8.4x10l
- 10 

sec. The equilibrium shock Mach number
step for viscous correction. The mesh size is Me = 1.0004 and the equilibrium overpressure is
A. 0 = 41 Lx = 2.5xi0 -5 

cm). The black and white ('P)2 = 91.1 Pa, which is less than the correspond-
circles indicate the cases for k = I and 10 in Eq. ing critical overpressure for oxygen ( P)cr - 905.5

.. 1o), respectively. The k = 10 result for the Pa, so that the wave may become a fullv-dispersed
transient behaviour of the shock thickness is closer wave in the final steady State.
to l ighthill's solution. It is seen that the mul-
tiple time step for viscous correction improves Figure 4.8 shows the transient behaviour of
the result for the transient behaviour of the shock the pressure and temperature profiles of the dis-
thickness. The random walk due to the random persed wave obtained for the condition described
sampling in RCM and the overshoot of the thickness above (x0 = 0.5 cm and 'x = 0.0125 cm). The solid
value above Taylor's value can be seen. The mul- lines indicate the pressure and temperature profiles,
tiple time step of k = 10 was used for all calcula- which are the same in normal ized plots of ( 'p)/i 'p)2
tions described below, and ('T)/('T) 2 as the wave is very weak. The broken

lines indicate the normalized vibrational tempera-
Figure 4.6(b) shows the effect of the choice ture profiles (I\)/('T)2 . Ten profiles are shown

of random numbers. The mesh size is ..x* = 1/80 for the time parameter ' = 0.0003, 0.41, 0.81, 1.6,
( x - 1.25xl0-5 cm). The black and white circles 3.3, .4.9, 6.5, 8.1, 9.- and 11.4 or the normalized
indicate the cases using the random numbers by distance x* = 1.2, 30, tnO, 120, 238, 360, 476, 593,
maximum-length linearly recurring sequence and 716 and 830, where - is defined using the bulk vis-
linear congruential sequence, respectively. It cosity ivia for oxygen as = ialt/i v)Ol[f'Pi2/Pl

2
.

can be seen that the latter method is in better The calculation was also carried out only for a
agreement. Therefore, linear congruential sequence c'nfined region near the front for the wave far
%as used for all other calculations in the present irom the diaphragm, similar to the perfect-viscous
study, as well as by Saito and Glass (Ref. 17). It flow as shown in Fig. 4.5. The initial step wave
is also seen in Fig. 4.6(b) that the result is im- is smoothed out owing to the dissipative effect
proved by reducing the mesh size by half, in com- of the vibrational relaxation. It should be noted
parison with the result in Fig. 4.6(a). that this process which smears the wave is largely

different from that of the viscous wave. This
Figure 4.6(c) shows the comparison between the tendency of smoothing has been shown analytically

RCM and Mac(ormack's finite-difference method (MFMI), for linear waves (Ref. 25) and for nonlinear waves
which is shown in Appendix D. The MFM solution is (Ref. 26). In a transient state, the wave is a
in poor agreement with Lighthill's solution. Its partly-dispersed wave with a frozen shock front,
thickness or rise time values are much larger than even if the equilibrium shock pressure is below
the analytical ones owing to the effect of artifi- the critical overpressure. This suggests that the
cial viscosity. The RCM solution with operator- nonstationary effect is more important for dispersed
splitting techniques is superior to the MFM solution waves than for viscous shocks.
for the same mesh size, although random scattering
of the thickness or rise time values do occur. Figure 4.9 shows plots of )'Q/(2) 0 vs -, for
Better agreement with Lighthill's solution was real-inviscid shocks. The solid and broken lines
attained by using a finer RCM mesh as shown. Com- indicate the modified L.ighthill solution and the
puter costs would limit the ultimate mesh size to modified Taylor solution, respectively. The symbols
he used. indicate the RCM solutions for 'x = 0.025 cm and

0.0125 cm, respectively. The latter case corresponds
In Fig. 4.7, the normalized overpressure (Ap)/ to the one in Fig. 4.8. The RCM solutions of shock

-k ('P)2 is plotted against the distance parameter Z thickness show random walks and overshoot above the
at times = 0.99, 45.0 and 58.3 for cases of Taylor value, similar to the viscous solutions shown
'x = 1.25x10

-5 
cm [white circle in Fig. 4.6(c)1. The in Fig. 4.6. The thickness tends to approach the

origin of Z is taken at the place of ( p)/(l.'p) 2 = modified Taylor value using the bulk viscosity for
0.s. 'he solid lines indicate Lighthill's solution oxygen vibrational relaxation. It should be noted
for the transient state at : = 0.99 and Taylor's that the shock-thickening time of the RCM solution
solution for the final steady state at 7 . The is nearly the same as that of the modified Lighthill
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SOIL~tiofl, although thle (.2, I() vs ,plot of the formit ion brl'1 All CspIlO O1 Li pressurized air
HiMl so mt ion devi at es from Li ghth ill's solut ion Sphere aind tle effects of the presSUrc and temper-
owing to tile difference in the transient-wave iiture rat io, are discussed.
p rof'ilIes between the two -solutions shown in Figs.
1;.1I1 and 4.8, rhat is, the shock-thickening time Caise Al is a perfect-inviscid solution for
based onl the modi fied 1.ighth ill soluion provides 141 = 2 in the near-field of a pressurized sphere,
A r'sl~hl est inrate. Fi gures 4 . IlIla)'-(c I exhibit computer plots of

overpressure dist drot ion at various times after
In Ilig. 4.10O, the normalized overpressure thle explos 'ln.

pi ( p-2 is plotted against the distaince pairaimter
at - 25.0 and 27.6 for tht cast of .'x =0.012S Figure 1 1,. 1hfows the initial process of

cm11 iWhite' circle in Fifii. 4.9i, where - is also explosion of a p~res-surized air sphere. The front
defined using the hulk viscosity tor oxygen x~ih- shock, which is formed immediately Lfter bursting
rit ioia I reclaxat ion. 'he sol id I in indicates thle the sphere, decalys is it propagates outwards,
a I it ica I so lution for -rP . 1 p ().954 leaving an expandinrg .- ow behind it . Mhe rare-
VaLluated from Eq. k.351 for stemdy dispersed waves. famct ion wave, which propagates inwards into the
1he RCM pres sure prof iIc for 27-.() shows very sphere, reflected at thle centre of the sphere and
good aglreement with aria lsis, hut the 7 25.0 piroduces a htigh 1 y rarefled region behind it. A

lttionl shows ai Slight dev iaLtion :'rom thle ani I Vt - second implIod ing shocl wave of ever inc rea sing
cal one1 Ait thle upIs t rCiM Side Of thle front. 'lb i s strength 1,1i for-med ait tile bOiindairY bet ween the
dcv iAt ion soild I de it tribhut ed to the randomness inner aind oulteor expanision regions . Some "noi se"
issoc iaited with tilie RiNl soIL t iou. However, in inr thle pressure proflies in tilie espans ion region

eiriIthe RI sol ut ion for ril-inmisc id flow cain Ile Lit tribited to thle random wal1k inherent in
1 'IdeCs %vr re~iSoI~lahe reslts. thev RCMI. 11w compairi son between near-fiel d solut ions

or'I thle explosion of a pressurized air sphere us ing
*I. Soliitions tor _Srherical hai~ves lasN, Maeformrc k Lind Raindom-iCho ice methlods for a

perfect -inviscid flow is given in Appendix I..
1s dScru-ILIeIl inhaipter 1;, thle Shock structures

,sphrircal v ax es mia lie aIffec ted bl' N-waive arid ItIe succeed inrg process of N-wave format ion is
rinst it riarN citects and wool d Ire different fromi shrown in F ig . . 11 ( b) . Iflie imlod ing second shock

thOSC ft p1.II S Ils insome sit iiLit i os. 'Ihe piir- retfIct s Lit thre cent re of the spirere aind prodiuces
po1se ofl til is ect ionl is to show, some characteristixc a highlIy compressed region airound it . The reflected
feitures of trarnsient be~haixrour of shock st rictuires second shock is mnit iil lY very strong, hut rapidly
of SphVr'ilil sixes thrloug11 he RC M ii lIVSIS Lissoci- ae~csLt it proceeds olitwa rd- It follows the
it ed with the spirk and exp Ird in ii r exper iment s. flrunt shIock anrd firrTIrS the rca r shock of an N-wave.

1i gui-1 c -I. I I (c cxliiiits tile propigat ion of aii
161 i~t -three 'CLise i rrumC 0 t w i'I~ r.Siul ts aLe cstihl uslied N-wive, which mainrtains ai simiIlar

res-CItCJInii thi s se-ct ion for splitricail waikes, aird 1) i) ti It' i s it propaigates ouitwairds . Its maximum
*ter'Med1 Ls i'sCS -11, ,42 . Il h2.. (1 , 1:2.. . peik overpreICsurt decLi\'s graidua~l lv Litd the drir-

!11. P2,. ISp,.Ctixt-'I\ fie A-strits Al , A2.... I it ion increaseCs slowly.
corrIespondLs to perfect-i ui sc id solutions; K-se'ics,

perfec t -v iscous solutirons; ('-series, reail-iriviscid I gureLs 4. I2il -(dl show ai comparison oh
sohnit Ions; Land DIleies, rI C- -is:ouls solut ions. -C'tihl r shed N-wvives for cases Al-U~. Figure 4.121 a
[lIre piratieters , which shul d lie given as iitial I cXlii bits Li preCssure pr otiI e for the same caise Lbs
conidit ions, ire tire raidiius of thre jressuri Zed Fig. 4. 

1 1 
Cr, thoiizi the miesh siz ZC is inicreaised to

sphere. rij, thre pressuire Lird teirperitrire rit ios I' I.* 1 to hi compaired with caises A2-A4 . In
Ill and 4.1 ICrIOSS thle mit iAl inner pressulrized case A2, thle tempierabture raLtio il, is twice that
aiir Lind the Lambieint Ltmosphrere, the aitrmiospheric for case NlI. Ill case' A3, the pressuire ratio P.11 Is
pressxure' I aid t iriperaitirei 11 M aid tirele I LtixC inicreaised Irom 2 to 9i. In ease AlI, both pressure
hiimiid it , 11i. Ihesc .ire tibulated for eaich casie aid temlperitrIre' 1'it los .ir'e lligher FigureC 4. 12(h)
In Itaille I . I . Scv Issurled Ill 1011 .3 1,11a for all shows thait cast, A-' resulIts in :Imore s vmmetric

*caises . I he re I aiS~i t I i t ime Tid t lie sprit I ai I N-wave thian caise Al I i rg to the hot ter sphere,
meshes r* Arid r- are riso tabuilited in fabhle t.1. Whsliich enLaibls tire Secorl Shock to form sooner.
file itmosphcruc coniditiuons (I I and Ri ire chosenr'I 11S su1ggtIst tha~t thle hral f-duraLt ioD of the nega-
from da~tai in the spark id exp lod uin-w ire experi tixc ox erpressure ill Ln N-s-ice cn Ire cont rolled
merits desc:ruied In ihapter 2 i' eries 1 V 1. through i choice of I 1. Figures 12(c I anrd 12(d)

show thr~rt for h igher_ P.11 arid *141 the N-wax-es
In the C and '-series AI inral' ( rcaI gaises j, tie erticrited i) , %i spairk or an exploding wire cannot

vibrit iorial cxc uti~t Ii taiken Into accoint ioniN be sitmlatedi usirlic aI pressurized-sphere explosion
tor oxygenq ex.'ept case 1's. in which both Iiliraiona I iiiodr'I
tcxc itait ions nor ox iygen arid ni1t rogzer I re incI lured.
I n cae 1)- th11rough l'S,. thre x'illra~t I oraiI rel I xat in As seenr iniQ lis . 4.1I

2
1a)I- idl , thre overpr-essure

for oxygzen iso x'aliiitcd h\' in~rg the hrulk x cst pro ni It- ift fie, pt-s it i vi phabst show only Li slight
crlrict~t ins'tead of' solx rIng the reIritur l;it inn ,hriCg In Sh~lI 'k.i'MC~Ssof I'll irid Il lalIt hough

* ~ fo Io Ilsger. - pird thle di1r-it loris ire di ffere'nt)I. Hlowexver, the
riaLt us-c pli.ses St rorigIy depend onl these ratios.
Ihe Ivetrth ioft IIv pus it iv side is iif the ortder of

1.1It Neir -1.1 lq t ii'. fori rl' t t Iiiucd r - I on' r -nil in cichi a~se.. 'hat is, the half'-
( I'JI iIo (It of l \'-wkixx i dtt'rmined mainly\ byv a
IhOiriU ill thne sphi'rc raidurs within the range of
I'll inrd IllI on ivrvd here. -III the fol lowing,

th 5i. i;Ofl aii. llr 11,i c lIt is made ot' I I 1 1 in orler tto simpl ify the
t'il w~,rIIs'. ir' shur wnIn t It' tit- i I tIIId it .iri I-suIsI s ince jttIint ion is t ociissed on t ht, f'ront -

thi- pri 'Liii i -- I'.il ih( I'hc It), 1 5.1 r t, c in'j ii Ihcks rlciit'' or thui \'wiat- cs in t hins work .



I k ompa -I -isonl Betlwen Perfect-Inc1iscid, Perfect - unlike the smoothing cause., by art ificial viscosity:
It s i C-a I Inc isc i and Real A scous , in finite-U ifference methods. As seen in case CI,

l-F ici U Solutitons the effect of cibirat jona 1 nonequ iiib rium cont rihuteCs
to tr univ for weak waves. The rise times for the

ieI ciCUlatijun for cases A5, 81l, Cl and DI real -v iscous case III are almost the same as the
al IL 1,rr ted OLt for the same pa rameters in order to rise t imes ot thle perfect -viscous Case lii , unt ii

Ake the compa ri son c:Ivia bet weeni perfect -in Sc id , the effect of %ci brat tonal ioneqi I ih riurn becomes
ier.t'Ct I- i iu, real -1 iISCId and real -viscouIs noticeab Ic. tile viscptits effect playvs a dominant
>L Iloti :.Ss inl the far field. FIhe vibratijonal vxcita- role in determining thc rise time in thcsc cases.

iii ltr oxcn was taken into account for- real Hlwevei, ie vibratitunal n oiteili ibrium plays an
t(I aind D1)1) .the aih ient cond it ions corre- Important role ti reduclig thle maxiir, overpressure.

Ipo0l0 to thle Series- I experiment, and the relaxatison

he retil s ar shon iiiFigs 4.1-4 .'. Te profile of tile pi fect -vtsicous transit ion
Iu Ie 4.13k shwth pat f t e sho ckT fiii by ig .S41 it r 2 1 .6m FI.Ig. -1 .1 1 )b 1 is not s imilIar to

gucIti h l the p th of t oc front ) y p sla . ~ ether the priofi I c for it stevady pl ane wave: Sect ion
o tt itg he enre f hefrot 0 5, 'p)Ma ar e 3.1 1, the qitas i-station irs wly for moderate

:ed ~ ~ ~ ~ ~ ~ C1 iIdo id an the~h no-m ( iC Io t (11 t2eoll cthr Sc o or the nonstat i unarv,
dcitie IU v NI-" = r/i r,) and t at t 'r11, respect ivelI, plan ,a Sec io . Pits shous at character-
:h,- sIdIJ I tile In" s-ates the path of at sonlic 1 in1 tie' 1) 1~ itii of c1%I th o'. til tuai efec f

it t s een that awa. fromt the. explos ion the front spleical N tes. I igirc I .I- (c' indicates that
path liearl\ :Utnccides with tite suitic-I inc Path. thi- wati' is it pirt I disit t~v iL wave with at Uisi-on-
ii is resitlt indicates, thi cal tdity of' the tmethod of
soo11t ion with reg~ard to the propagat ion of the waive. iitiioueSJ IIi u N tltuit5 iid %IL itV steadh pli Iae
lIl- :,IlIIl~ onIS were aISo Carrted Out oll Iin a sit ion fort hL: oi tsptuudi- 0%Cci-pressure itr
I'lt tue2(L' 1011Ai Ii isgiunl osTii the frunt illI tlie lumt ( ect IIon S.I li,i 11 t iis1is at tons tiit it-nary 'N

ItAr- IICI I II I IC AiI Is t I cil Itlt oI 01 ior p1lne elffct liii di'ssidI ii'.- wh 1U) is discussed inl
wate I so It i I I Scct t oil I . lbII5c ntil t ;i Ion ir, d is s Iiat I \e

lIi -nas\ PiMn 0CI-iprLeSsUIV Pit i~\ tot spherical effects Jiit t o l i -. ( '.i t ibi-;s1)r~t tonalI nonequ Ii -

'.~~~~~~ I I to .s-kshe c I wae. Ilu di

as:ioiiIliei h t0lwin, thle dcc ac it- the maX imIJml

tilht t-ct'. uI i sc ti'd % ibtitl il n't I iieI~i I - that thle LIhea% indhi or 01 TtMe IMU!; itOitoermessure,
oit its- takenI iltsl ic:olit . ll ordet- toI road I'I% tlti hal 1-ditiat Iint , th III so1 t uis- or the shock Thick-
i-i ltiUitC theIIVCl Usc' i-t of- the naiMUItin scerpucSSitie Mies ad Tie sIli-s-ri 0 tl It Of A si-aik spheir-cal
thui kci irldex Ii is tt rdJUiCd, i 7)u 1 i1 d,lftuo N-]% CiI) ciii au ifitCI Id 1o 1)ib it sco11S I tv ald tibia-r
I"CaI I., -iA :7, r1 n) Ill Llsril , time vajlue oif I tonal uolesiil mbIin11,. hI stI hows t ha t hot h effect s
;~I %,r t'it- ,IIh 1, ,ih Ii I .o I atpp I I-"s t o s phi ic I mi I 111st be taikeii Intio icoirt ishtir Aaiu Ivsli g the shock

Al us icl It t I I -A St rI leIC11I' O i t %i Ctk smJIle I ICa I N-w -Vi

I- igos I' . 1 1 show-s tile decayi~ ot ti-e ralx Iu MU -3 ,i mulI it t in'I fotI -Spark anitd I I odi1ug - W i r- -
nI- vrp r, S'Ir,- ltr toort1C ai- as f Itnct 10o1 of tile ksinit it id N t- >

d,;st aci r~cCI .Ill tilei p'irfict -incise II solult ioll cQase
'us , t lie a%.x i :7n OtI-riesii ,Ut dicavs it ti rate InI this. sct ion, lihe niimmcii:a 1 s imul at iotn,
hiusirs"i pt-uput-t I tTIl t o i- ii I )for ma Pix at-c shownt tot- ti spher-icil N-wates , w~hich were

I at ough n1 1 fut 1, 1, 1 1ii Pal I l gene r-it ed frtom spit k) and ixpl td ing -wir tosources,
sstiisr ciics , it I , CI and Ill, tli- deca Indices ii descibed's ill t Iat et i 2. A reirement was set
InICI-eaIsi for la '1 111" 11N Pa tite tom the di ss IpIa t is-ie for- timi - , :*' i f weak spher-ical I -wat-es that
i ffci-ts of tm:.euos i ts- anid t ih-at iona I loli'iu i I ibrium thle c;iI itid ma iuum oci-rpressiire t I pIm1  atid
in) :ompairisoni with c-ase A5 . hi ile almxost the same the half diii t iou tdI shoiilid coinceide with thle
cc rpi-SSiiri'S are obt aiined for 1 -1 i 10ti0 Pa for expeiri menta ii iliii' at at specif ied lucaS i on r.- Tb i s

AIll ca se' inc ILidtIog casi- A.,, at r =20m , ii = 1 S requ iremint cain he fitlIf ilIIeil lv giv\ing appropriatt e
foir case III ;Int n I .416 for cases CI and )'I . Thlle vaitlues tio thein it i il pressure ratlio P4 1 and tile
li-v taLit ion froit time ci ass ica I acouISt IC theory for raiius r01 ot the pi essir i cod sphere. H ow-es-er, fi

mm It0l P';, is ;lt t rlbuit' to t -.'s-linear pract ice, thi adjuistmnent Of thle vaIlues Of 1'41 and
itft'Lt sIll a way,' Of fiI.... - ' *uu-1 - nt is ait labotrious. taisk ii ut-der to mtatch requi red

s-loes ilf I pa m nd td at at spec itied location.-
I Iig iic 4 .13 exiiiits titi half-dtirat ion td a s at Sevecral tIrillc i-liuiat ions were needed to get thei

funtct ion of' di stanci' r. [liei rapsid Incri-asi' if td f i ma I t-esii I t lases I2, C2, P1 , IQ and D.-,ar
liar t ile ceint ri' is at t rihLtCd to 051111 inear effects - the resuilts (t'f .. "I ,- * -' for the spark aInd
In casi- A.,, td is coinstanlt fot- ( p1 lax I0 tilt P, CixpLd ITL -it-i' (3 dat
wit i Ii- in case's 8I , 1:1 and IN . III tuereases wi th r
diii' to dissipat itc vffveets of v iscosity aInd cibri- In Iigs. 4.18-1.21 , the results of the numerical

i.oni I iui i irium. ca Icuilat ionIs at-e COITupareil wi th tile experimental datai
his ;llott incj -N~a vs r, s-I s i-, t, s , a

I- igiri- I1.1t, shows the- r, ts imi's tr a's at func- tr vs *I P)mzix ] In these figures, the experim'ntal
ioni 'If" distance r, and I ig - 1.1- shows the pressure poinits are plo0t ted by w' V ito s ymbol s and the numeriical
profiles at sii-ral IOit lns for casi- S 4, 11, C1 otics h\' blacf symbIols. I Ihi' so I iii and broken lines
nd -l ThMe peirfict -ivisc id soltit filn results in denoti' time interpolat-i IInt-s for thle numericail and

V1i tol t iliiii front so that tr = t in this case, ixperimenital data , respect i -elv . In Fig. 4.21, thi-
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cast- DIl, WILle the vibrat totnal relaxat ion of oxygen the increase of shock thickness cannot follow the
acts ats at hulk viscosity in case D8. Figure 4.42 Change Ill maximuIm Overpressure 1 nonstat jonary
siron, s that the wave is it partly -di spersed wave for etffe c t ). I-urt hermorL, a longer relIaxat ion time
ni 1trogen01. FLIi Ily -d i slersed wilves for it i t rogen coulId results in at shortecr rise time in cont rast to a
he obtaimed for w.aves with longer durat ion and lower steady wave, since the( shock-thickening time is
MaxImorn ovyerp re ssore. nearly proportironal to the relaxat ion time for

di spe rsed Wanles inonst ationary effect)

CO. CoN(IllSlIONS (- I AS thet do liat Iol 1111 rCaS , t;ic r' 'it t I tie

aiIlilcireS tilte rued I IIV I i ll i1' %;titale for St edi'
li1e t'Orei' rig rsItcahesruai dasplante ~a sor the mod ifIied I i ghthii v alue for

foll1ows: quasiil-stat i0onarN N-waves, wh icli is obt a ined by
lilt roduc inrg thle bl, %ni scrs itY vconIcept into the

IIt wats shown that the trais ~int shock struictures viscouIs- flow ariaI 'S is. lor, haes w i ti longer dora -
of weak Irlark' and slpheiricalI wanes in a ir can he tjoTIns the rionstat ionar 'v etfect on rise time-
ariaIINSed In' lg tile unStead, compressible appears rri ll for Ilowner in imurn onerl-pieSSures.
Nanier-Stokes equat iOns With a nibrat loral-relaxa -

I~~~~ ionl Olia io r xgn rnt rogeir .Us ing thle r Srh liltc' nIC n-n iiC 1,Which derot es the Incal I deca
randninn-chnrice method IRCM) with anl ojierator-spll it - rate Ot- I p1 j;1 , -ILet ned i)' r1 1i ir, X --n , is iqull
irig technrI11re0 tno unit,\ for a L lami--. i , I inear aiccorst ic wane, bit

IincreaCS dire tol tht' dr--ipit linn effts Of n ISCO'itn
2liii' pe-rfect-n isc:ous and real -iiniseid ,(olilt ions arid nl'rirt i011:a 110rrrrrnqrr I irini for moderate non-

for iripil sine. Steli-waves s11ow thalt the stmear ing~ eqnir I hiirrrir, Wea -1)1lr't in a N-wanes. It 'Iiprloaichis
lrIVCn SCSn doe to dIlSIInat Inc effects; of kiSCnSit f n eIor quias i-eqii Iilir iuir walnes rif long duirat ion.
and n ibhrat ional 1 tionqo I ~ih riun for shock fronts a re
itrteai srnain I e ig reemren t w i t It mia I N's is;. hlow-ene r, i) l ilt' CifeCts Of N 1 n a Ih i roraI noneq i I ih)r i um on
thereL is4 sonic r'ando0mIess Ii the shock thiickrness or 1' t1 I ; d1arid t d are I iIrd t 0 ) he s im ilaitr t o thItoSeu
t Ire iIsec t uic v,%alu and i T theruI-e zi re s onnr e reshitoo t s oif 02 urih :is ori Iincreas cIi decay index and h ilf-

,inn'th 11USteCady%-st a te va IU e . drIIra t I in, ari d snnn-a Ir ir i)f th Ip()reus suir e p eatk . th11eseu
vt f cets i Iiiccia r rnIl ,itI I 'wt rma x Imi m o incrpire s ur c-

I hie iliit ll \-Wave formatiloll ptocess wais estar- below 't ri Li for 12-sof longz duirat lol.
Ii shie fur a perfect- itivisc id wave fnir exploding
rI'cSSLiirien and i lnIrICS. It Was fOLITndI that the iCn i.roe isc i1 101 thiL icurnal13
ittenritit lonlr of the maximurm ; peak I ovn-rpressrire arid mot in it inn1 in1 inl nrcn-n it! trud' w, to irrswei the
the hal t-duirat ion of an N-wane Inl tire farl fielId 11in It r0o1 irerHI Ir N- L wanes' Iln-sarreo
ciii be cirt rol led 1)'Na proper chinice Of loder X1,1M inn' V , irs n iml* t -lt'ancb rks or~iL

spnen a I IL til I C l -genelrat ed N-waves

L in' lirIfeCCt -irIV isc Id, lie rfe t -v i cous , real 11 ;innten %n .inknild V 1)r1Odn 1), w Irc-s , rue1 r'iSeL
rrntv Isc idi iand realI- v iscorus, fa r-fin-eI d soIutt irn s trrr t rn11s arC dcterrrned ill N-wane drit innin aind th- noni-

wekspherical wanes i i air, were- conmpare-d. It wais st Jt rOrni* rn i t uiinn' t rin' I leh ftom t hn soiirce.
found tinat tine dissipatie effnects oif vi scns it arid Ni11 vnr'iu'i's -ti p rt stiid% is, Important sinen'
ntur11iniorna I norncrilIibriurnT Orf ox.Ngen inn thnena it as0ncnerin Ii in iiic aprnropriatt n\'pl ana-
of, tile miaxinnim on'erpnressren, liii 1f-drat iunn and t ins or n' i n' t 1IL mOlt spack and explund illnz-wi 1n-
N -wane % ri sn' t irn re conre d i st irrgir i sinhhl for- naIuns t'1C Irn't nd Ni-waves irS irs Ji nL t 11in nintietlIt S Oft' te

of p 0max ' I00 Pit - ''-, anid t in'. . -'-'Witt it 11ad nr t

3.l ihn- numericail simulations were carried oLut fur inc (i n itIniSlttu'rt ileln',nen
weak sphn-rical N-waves, genierated in atmonspheric ila
from spa rks and exloditng wi res . 'lhe nuimer ical I iLI Nd' S
rn-souIts shuiw goind ag rn-nmerit w itin thn- experimental
data w itin regard to tile decay rate of (. p1 riix tinn- I. Ni edzw ienck i, A., iinner, -H. S., 'Srbirectirvn-
irncreausing rate unf td, thle rise tine rl and tile loindiess nrf N-Wive Snnic Bonoms'', .1. Acoust -

wave profilns.. 'Ihe rn-stilts indicatne thant the Snc. America, %*'rr. 61(0t)i, Piee. 19-8, ppn. 101--
robserved shonck striuctuires of weak spherical N-waves 1o21 .
ire clint rot led by the cutpled diss ipat ive effects
of ni semis iti and nibrat iornalI norieqo i I iltriu-m Of H. lio n - )i A. , Ne-wmn, J1. W. .,''nst rumentat tirn
Oixyen . inchtinrn t iri- tnr %IC:rSlir-nin-rt oif Sornic Room Signai-

tres", .1. \crost - Src.-America, Wt.n 39Al, No.
it') tire calIcuilat ed arid oblse-rvend risn' times (or P, a rt 2, 1lit'ii.
shock thicknesses) for wneak sphe-rical N-waves are
nurst ll much smailIer thnan thouse predicted aralnt ic- 3. Mag)I In-II, I I I1 I fiiiin'KelI , k. - ihetderson i 11 , -

ai IlIy fu r isteady* plnec wavnes. It is fouind that ''Sortic Boom Measurremrents for SR-1I \ircraift
tinl p lhnrmemnnon is att ribuited to the '.'.and thn' ripein-,t iiu irl MmLi) NiirniV'n-S to Jtn ;iid \lt itUninS

.-* -,coupled with v o irat itnal to21584 Met n-rs", N\SA IN 19683 -2 .
reIlaxat ioIn iof Oxygcen. 'Ihe shtort er hal f-durat ions
g iv. shonrt er rise t imn-s for the same mamximnim ove r- 4 . Reed, .! W. - 'At msphe-r i c At tenumt ion oif I xpIo -
pre-ssres ditl to flow expains ion bteh ind the. front sionn W~ales'', .1. - 'uist Stc. Am-rica, \ml.
,;hock mOf itt N-wa-n (%-wavne. vffeeti - A inure i-apid 61(1 - lair. 19-i, pp) .39--.
dncreasn oif the miximum overpressure also rcl]ts

inashnorter rise time fir the sante maimum over- I - ay I o r , t; . I I,'ier r'ord it i inns Necessar y fo r
Inrussitre. sine- the. shock-thickening time hecomes Discuint intmus Mot loll Ii Gases', l'roc , Royal
increaisingly long as-it wave is we-akented, sin that Soc ., %'nr .3-1, 110(, ppl. 3-1 3 .
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lable .

\ibrat ional Relaxat ion "l'imcs for Oxygen " and Nit rogen

I Series I t KI RI I I . I I i s .,) (rnsecIN

Spa rk 2-3-- .50-3 0.38-).45 1 .4 - I .O5-1 .22
I Spa rk 289 5U O.6 5.8 0 .52

Ill 2-- -5 ) .ol 9. I ().-5
IV 14 28o 0 - .5 0.88 5. 0 .32

I- room temperature, R1I- rlti e hIumidi ty
All iasOlute humLIdit, 1.48-Cxplodin1g i rC

lab IL' 4.1I

Plrainet cI's fur (omILpt at Ion o ut Spir Ia k;Ives

(a I Ierfect - lnv1scId VlIows

Case P41 41 'r"
41-

Al 2.0 1 .1 1/80, 1-I o
AIA 2.0 1.0 1/10
A2 2.0 2.0c 1/1W
A3 9.0 1 .0 11
A 9.0 9.0 I/1o
A5 2.44 1.0 1.30
At) 1.8 1 .0 1/3o

(b) Perfect-Viscous Plows

Case 141 T41 1 (K) r (cm) (cm)

BI 2.44 1.0 2-3 1.15 1/3o 0. 0383
8H2 1.2 1.O 2-3 1.8 1,4Io I.o4

(c) Real-Inviscid Flows

Case P41  4 1 l I (K) RIH) (.s r) cm) r' r (cm)

C1 2.44 1.0 273 b7 IS.o 1.15 1, 30 0.0383
C2 1.2 1.1 273 o7 13.6 1.8 1 40 0.045

(d) Real-Viscous Flows

Case )41  4 1 TI  (K) RII ) ' s) r cm) r* r cm)

DI 2.44 1.0 273 o7 15. .15 1/30 ).0383
I1A 2.44 1.0 273 t) 15.6 1.15 1/10 o.115
02 1.8 1.0 289 50 5.54 1.15 130 0.0383
D2A 1.8 1.0 289 50 5.54 .15 1/10 0.115
P3 3.3 1 .0 280 8".5 5.3 1.S 1/2(1 0.09
D3A 3.3 1.0 280 8-.5 S.3 1.8 l,10( o11S
)4 1.8 1.0 273 t- 15. 1.15 113o 1).t0383

D5 1.8 1 .1 289 50 5.54 l1 .5 1/30 0.383
D6,DOA 1.8 1 .0 289 50 5-54 5".5 1/30 1.91-

D7 1 .08 1 .1 289 50 5,54 5 .5 1/30 1.91"
)8 1.08 1 289 50 510 (N2 I 5-.5 1/30 I tO1-

21
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FIG. 2. 1 SPARK AND EXPLODI NG-WIRE-GENERATED N-WAVES.

(a) SERIES I - SPARKS 6. 60 KV, r 21 .bm ; CTP)max 8. 2 Pa ,
dt 72 , is, tr =11.9 vis.

S(b) SERIES IV - XPLODING WIRE
S =6.0 KV, r =29.3m; ( p)max =20.2 Pa,
td 12 p''hs, tr =15.2 i's.
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FIG. 2.3 HALF-DURATION DATA td vs r.

SPARK: SERIES I1 0 AND II - A
EXPLODING WIRES: SERIES III - AND IV -0
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FIG. 3.7 NORMAIZED SHOCK T1IICKNFSSAX/(S'/a 1 ) OR NORMALIZED RISE TIME
tr/(6S/ai2 ) VS NORMALIZED MAXIMUM OVERPRESSURE (AP)max/PI FOR
NORMALIZED DURATION td/(6/a1 2) =5x10

5 , 2X105 , 105 5x104

FOR LIGHTHILL N-WAVES.



30V Tayor (T 273K)

t d = 7Opsec %

20 4,4KV> \\q 0.Z46KV

10- '0 \\

5 10 20 30

(AP)maX (Pa)

\~~~~j\ \. kNII %j l 1 \ %I , \ ,I ~ I I ~ \

0 \1\- M \111 A i 6 " ,

[ W II I '~ \0

1% 0

J.
20- 0 J/

0 (N -wve

0.5
N

011

5 10 20 50 100 200

Zd

[~l~ I , k j H~ N \I I \101\I \\i I k)III I M 1I) 111 k% I NII )I R~X

NI 1 \1', \I\~ I OIIXI\ I'I(\\I IlkR

I 1 1O IV1 R



I0

8-
c 6- "

4-

2-

0
0 20 40 60 80 100

t (p.sec)

(a) SERIES I - SPARK DATA

LI GIITIILL: (Ap)max = 8.52 Pa, tr = 12 wjs, td 72 ws.

SERIES I: r = 21.6m, (AP)max 8.52 Pa, tr = 11.4 fls, td = 72 js.

10-

8

0
0 0 20 40 60 80 100

(b) SERIES II -SPARK DATA .

ILIGlTILL: (AP)max = 5.83 Pa, tr =16.7 ws, td = 76.8 lis.
oSERIES 11 r =  19.0m, (AP)max  = 5.83 Pa, tr  = 15.5 pas, td  = 76.8 ps.

i'FIG. 3.10 COMPARISON BETWEEN EXPERIMENTAL --- AND TttEORETICAL

(LIGHIILL) PRESSURE PROFILES OF N-WAVES.
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(c) SERIES III - EXPLODING-WIRE DATA
LIGItTtIILL: (,\P)max = 17.0 Pa, tr 7.97 bs, td = 113.6 .

SERIES III: r 27.6m, (AP)max 17.0 Pa, tr 10.3 us, td = 113.6 s

20-

16

a.12 /
a. 8 -
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0 40 80 120 160 200

t (/sec)
(d) S[RiS IV - EXPIOI)ING-WIRE DATA

LI,;TIIILL: (AP)max = 15.3 Pa, tr = 8.68 is, td = 105.3 0s.

SERIFS IV: r= 29.3m, (Ap)max = 15.3 Pa, tr = 18.7 Us, td = 105.3 ,s.

FIG. 3.10 - CONTINUED
COMPARI SON B'TWEEN EXPERIMENTAL --- AND THEORETI CAL

(II GIIT I II,) PRESSUIRE PROFI LES OF N-WAVES.
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(b) SERIES I1: SPARK DATA
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(c) Series- II : Exploding- wire data

(c) SERI ES I11: \PI.0]om vJ ,RI I'\NI.
MODIFIIFI) lIlG;lllllll " ( p~fmh X  - I- ' , t 1 . , , td  1 . . .

SIFRIIS I I: r= 27.0m, p = 1- i , I ., 5, d l . (. .s.

20-

16

S12-

n 8-

4-

0
0 40 80 120 160

t (IL sec)

(d) Series-lZ: Exploding -wire data

(d) SERIES IV: 1EXI'IODING-WIRE DATA
DIIIHD) LIGI;lTI Ll.: (.'P)max =  15.3 Pz, tr  = 37.4 us, td  = 105.3 ,s.

SERIES IV: r = 29.3m) (,p)max = 17 Pa, tr = 18.7 Os, td  = lOS.3 s.
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0 0 1 1  1 -6U2  1 (6P)2 1 (6P)2  Introducing the relation (3.29), then

e 1  (B.13) 2 2(y-1)
2
c- (Ap)2

-M f2 _ -|

Substituting Eq. (B.13) into Eq. (B.12), obtain I Y -1 p1

2 (AP)2 P. (Ap)2 "y, (p) cr, (4)2

" Pi ('-1)-2c P, (AP)cr,j cr,j 12 Pl - Cp r,)

(3.32) The terms in Eq. (3.37) can now be rewritten as

2 2 u2 ¥*2 (A ) r j 1 (AP) 2 ,

8.4 Derivation of Eq. (3.34) from Eq. (3.24): jl+yMf 
2
-(Y+)Mf 2

Polyakova et al (Ref. 21) - P1 LTAP)Cr

Equation (3.24) can be rewritten as 
(B.20)

-(Y+I)Mf
2 

- 1 - -1 " - - , (B.21)

Y Yo r1  i 1)n 1 + - 1 n 1-
kT. kj kj and U

J 0  V 0  2

(B.14) OMf [(y)+2(y-1)cj] r u 2 (y+l)x (6P)2

2a T. U 2yaITj Pl

Using the notations for a normal shock in B.1 1 1 (B.22)

Thus, Eq. (3.37) can be rewritten as

1 -u = V 0  
(B. I5)

(y+l)x CAP)2 y+1 (6P)2

1 + 2 l
-
u = Pl "P = 2 (P 33) 2alxj p, y Pl

1 + . = 2 u-uPp (A)I (Ap) ( 631) 2 1 p

0 =- 2 p P1  (P) 2 1  1

Using the expression (3.32) for k + P - Pn 1 (Ap)

(A2 p1  j I(AP)cr ,j 171 yM 1  (Ap)2]AP)2 y Y+I aly (AP) 2  y+
¥ (AP)2 y z---( l "77!

kt. 22 p
1  = (-2 . y2 P +1 cr,j AP)2 1 [ A1)2(B.16) 

2
P, P1  L jn 'V4

2  
P1

where Z is defined 
as

a1 y (Ap) 2  { - P) (B.23)
Z = - - (3.35) (AP)2(6v) i Pi

Substituting Eqs. (3.33), (B.16) and (3.35) into Eq.

(B.14) obtains

Y+.1 (Z-Z = 2 ] n (AP) Define

2y (+P)cr,j CAp) 2

(AP)2  ] - __) IZ = - axj (Ap)2  (3.39)
- Ap)2 in (p (3.34) + a1ITI CAp) cr,j

P)cr,j i (AP) 2

where 2y 2(Ap) 2 (AP)

Z D + 2[0 n- - y M f 2 p

-cont (B.17) TAp)crj + c (B.24)

then obtain

B.5 Derivation of Eq. (3.34) from Eq. (3.37):
Johannesen and Hodgson (Ref. 12) y+_ -(1p0 2 = n (Ap)

2y - inPcr [ ("P)2

From Eq. (B.10) 2y 0  [ (Ap) I L (Ap)2

[y+1 2(y-I~c ](Ap)PI 2[y (y-1)c.] Ap)2Mf (B.18) ] n (Ap) (3.34)

f2yly-)(Prj (Ap)2

B-2



B.6 Derivation of Eq. (3.41): Frozen-Shock Substituting Eq. (B.19) into Eq. (8.25), obtain
Overpressure

Generally, the frozen overpressure can be ex- (~~ ~) Pc~
pressed as p1  p1  p1

_____ 2y 2 (4P)f crp)___ - (M 1)(.2)__ 1 r~ (3.41)(Pf -~ fy 2 825~)2 (Ap)2

8-3w



APPENDIX C

PROGRAM LISTING FOR RANDOM-CHOICE METHOD

The program for solving Eq. (4.1) using the where L0 is a reference length, taken as L= 5ro,
RCM with an operator-splitting technique is given in most calculations.
in this section. The normalized variables used for
computation are: The time step is determined from the maximum

value for the local stability criterion (CFL
condition) at each time step:

E= E/(P1 RT1 ), v' = v/ rRTl, P' = P/PI,

At' = max[Ar'/{Iv'l + yp']P' = P/PI, T' = T/Tl, 0!] = jRT)

The program listing given below was used for
r' =r/LO ,  t' alt/(v LO) the computations of real-viscous spherical waves.

C-i



c RANDOM CHOICE METHOD VARIATION H2.
C * SPHERICAL WAVE *
C * REAL P VISCOUS *

IMPLICIT REAL*6 (A-HsP-Z)
DIMENSION KT1( 10) PT1C1O),TT1(1O),TV1(1O)
REAL XARRAY(416)PYARRAY(416)
COMMON/IK/KR1,KLsISTPPKRNP1,ITTN
COMMON//OTRLULPL'RUPERRURiPRXIYGAMSOLSOSSOR
COMMON/OUT/TIMEDXRHO(416),PRE(416)hUX(416),ENG(416),XR(416)
1 ,PRFAC
COMMON/RAD/ETAREOPRANTA(416),U2(416)
COMMON/RELAX/SO(416),UZ(416),ElTH1,TAU
COMMON/TSU/ISK, ISS7 ILM
INTEGER TSTP

C -

C DATA READING
READ(5p81) NPRINS
READC5*81) ISTART
READ(518l) NOOT
REAO(5v81) IQ
READ(5981) NSTOP
READ(5981) JCT
REAO(5v81) JO
READ(5rd1) N
REAO(5v8l) NHALF
READ(5p8.) NOG
READC5781) IXYP
READ(5981) INCR
READ(5781) 15K -

REAO(5v81) ISS
REAO(5s82) TMAX
REAO(5t82) TMIN
READ(5y62) PMAX
REAO(5vF2) PMIN
READ(5v82) XPI
READ(5v82) XP2
REAOC5782) XFAC
REAO(51S2) RMAx
REAO(5982) PRFAC
REAO(5182) ESS
REAO(5t82) ETA
READ(5t82) WL
REAO(5t82) PL
REAO(5v82) RL
REAOC5va2) TO
READ(5182) RH
REAO(5'82) COEP
REAC(3t62) COET

81 FORMAT(;10)
82 FORMATCF15.7)

C COEFFICIENT OF XYPLOT
YPJ=-PMIN
YP2=(PMAX+PMIN)/12.O
YP3: -TM IN
YP4=CTMAX+TMIN)/I2.O
JCTM=JCT-JD
LMT~l
NP1=N~l
NP2=N*15
NPM=N-1
NPX'=N-5

C- 2



APPENDIX D

PROGRAM OF MacCORMACK'S FINITE-DIFFERENCE METHOD

In Section 4.3.2, the RCM solutions are com- and the corrector step
pared with MacCormack's solution for a perfect-
viscous plane wave. In this section, the scheme
and the program of the MacCormack method are given n+ I nl * At nGl +n U
for the perfect-viscous plane wave. U. = 2 * ) _ A (p - Fn-l)

The basic equation (4.1) can be written for At (fnl _+-noI -n.1

perfect-viscous plane waves as + - ( l 2 C.-1
(Ax) i~l 1 1

3U F 2C
- + - - C = 0 The normalized variables used for computation

ax are

2. El v 1 C= 21 = E/(P 1yRT 1) ,v = v// '7WRTY), p' = pip1 ,U = [ ' ] , F , V=p 2, v 2 ]
- (E~p)v XT+Iiv i p p/pl T' = T/TI, x' = x/LO, t' = at/L0

E = p e va), e = RT, p pRT where L0 is the reference length, and put as L0 = 5xO .

The corresponding finite difference scheme of The time step is determined from 90% of the

the Macormack method are the predictor step: maximum value for the local stability criterion (CFL
condition) at each time step:

Oin.l on Atn

(1 + 7X 7o A' 2'I i i1
(A- ) t' = max[O.9 Ax'l(vY-r + Iv'I)]

D-I



* USERTO cT!%30000
3* PROCEDURE =LOGON2

* TSLOG STARTED TIME:1')57:0R DATE=e2-12-ne t

READY
E MAC F7(FI)
E
LIST
00010 C PROGR~AM LIST OF MACCORMACK METHOr

*00020 C
00030 C *t SHflCI TUBE 3
00040 C 3* PERFECT, VISCOUS if
00050 C 3* MACCU;dMACK 3
00060 IMPLICIT REAL3*8 (A-HP-Z)
00070 fjIMENSION U1(40193) ,U2(40193) ,V2(401) ,X(401 ),PA(415)
0O0060 1 ,KT1(10)gPT1(1O)
00OO)C 29VC(401 ) TC(401 )
00100 REAL XARPAY(401) wYAqRAY(401)
00110 C 3* DATA PEADI*-4G
0012C KJ=399
00)13c !-.9Ax220
00140 NO=4
0015(" 10=161
0 016 501 'C 2
00170 uQ(
0 01 1,0 N PR I r.Tz1
C01k4 ESS=O00
00200 )XFAC=2.5
00210 PFAC=1.00
00220 CFAC=C.9000
00230 P4=2.0000
00240 T4=1.0000
00250 L=0.005
00260 C i* CONSTANTS
00270 KJ1=KJ+1
002.'G KJ2:KJ+2
00290 KJJ:I(J+13
00300 KSO:ID.19
00310 KLO=ID-20
00320 rNPX=KJ1-5
00330 f.CO:4*0*NNO
00340 ES1:FSS*0901
00350 CA:1.0/DFLOATCKJ1)
00360 GF=1.4000
00370 C,=GF3*(GF-1.O)
00380 G1:1.0/C'2
00390 VISC:1.5D-05
00400 REO:( 0. 10130.04)3*WL/340.0/VI SC
00410 GFPR=0*70003*(GF-1.0)
00420 C 3* PRINTING OF CONSTANTS 3
00430 WRITE(69111)
00440 i11 FoRmAT//HO,1OX,'3************3*3**3t**3*3*3*'/1H ,1OX,
00450 it 00 SHOCK TUBE *'/1H ,1oX,'3* PERFECT , VISCOUS 0*'
00460 3* /1H ,1OX,'3* MACCORMACK *'9
00470 3* /lHO,33******3**3***§***3'
00480 WJRITE(69112) KJ1,N4MAXN4N, In, INCNGQNPRINTESSXFAC,
00490 3*PFACCFACP4,T49WLVISC

00500 112 FORMAT(//JH 9'KJ1:',13,', NMAX=1,139', NNfl:'o
00510 3* 129'9 ID=',13,'9 INC=',12,', NGQ:',
00520 if 139'' NPRINT:',12,/1H ,'ESSz',F7959', XFAC:',
00530 3* F5.2919 PFAC=99F5.3,', CFAC=',F7*59
00540 3* ' P4c*9F10.59'9 T42',F1.59'9 WL:',F7*5#
00550 3* H fi 'VISCOSITY=',015@7)

D-2



00560 c if MESH
00570 XC1)=-0.5*(PX
00580 [ 0 190 J=19KJ1
00590 190 X(J+1)ZX(J)+DX
00600 C 11 INITIAL CflNI)IT!014S
00510 C.J 2r,6 J=191IJ
C0620 Ul(jgI)=P4/T4
00b30 U1(J,? )=C0
00640 V2(j)=%0f
00650 VC(J)=C.0
G06(11 TC(J)=T4
00670 Ul(J93)=Gl)'F4
0 0 i 206 PA(J)=P4
OOhqo iD1lIfl+l
00700 09J 207 j~iniKJ2
00710 L1(j1)=1.00
00720 Ul(j92)=fl.0
00730 V2(J)=0.0
00740 VC(J):0.0
00750 TC(J)=1.0
00760 U1'(J,3)=Gl
00770 2tJ7 PA(J)=1.0
007,o LG 2079 J=KJ29KJJ
007()0 207) PA(J)=1.0
O0 DCJ - 20S 1=193
Olt10 2081 U1( IrI ):0.5*(Ul( Ifl.1,I)+U1 (10-1,1))
001-20 PA( 1F)=0.5*(PAC 1D+1),PA( 10-i))

U0640 Y=G.C
oo,5 , I s= ,
00FP60 NAtC
ooe70 c F* LrT li, ---For, SL0.-4 PLIOTTEIR
0013ti CALL fEVICE(IX(YPL5T ,90,O000)
00,190 CALL PA.IkOPC C',0200Th0,,260*FR0)
00900 CALL VSP'1 (0.0,O0020.0,26.0)
00910 [J~ 250 I1,KJ
00920 XARPAY(1)=XF'4C(FLIAT(1-1)/FLOAT(Kjl)+0.R*DX)
C0930 250 YARRAY(1)=PA(1.1)-l.0
00940 YARRAY(I)=-0.7
00950 CALL PL(IT(4.0,9..0,-3)
001;0 CALL SCALE (XARPAV,12@59KJ,1)
00970 CALL 5CALE(YAPRAV,15o5,KJ,1)
00980 CALL AXISC 0.0,0.0,6HX-AX1S,-6,12.5,0OQ
00990 if XARRAY(KJI),XARRAY(KJ2))
01000 CALL AXISC 0.0,0.0,12H0VERPPE;S'.JRE,12,15.5,90.0,
01010 PY'PRAY(Kjl),YARRAY(KJ2))
01020 YARA(1)=1.O
01030 CALL LI.E( YAPRAYYARRAYKJ,1,Cqa)
01040 CALL SYMPCL( 1.2,17.,0.,337HIACC(JRMACK k'FTHnD (NR=160,TX=0.9*CFL),
01050 If 0.0937)
01060 CALL SYr BOLC 1.2,16.0,0.3,33HPERFECTVSCOLIS(P41:2.00,T41=1.r),
01070 0 0.0,33)
01080 C 1, ACCOFMACK it
01090 DO 209 J=1,KJ2
01100 DO 209 I~l,3
01110 209 U2(JI):UlCJI)
01120 KS1:K.SO
01130 KL1:I(LO
01140 U70 360 N:=1,NM'AX
01150 CFL1*0
O1100 00O 300 J=KL19KS1
01170 CFL2:1.C/PSQRT(V2,.) ).DS0RT(DARSCPA(J)/U1(J,1))))
01180 1F(CFL1*LToCFL2) GO Tfl 300
01190 CFLJ=CFL2
01200 JCFL:J
01210 300 C JhT I.UE
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01220 DTX:CFL1*CPAC
01230 OT=DTX*OX
01240 DWz2-0oPT
01250 D3=0*5*nTX
01260 U4zDTX/DX/PE0
01270 D5zD4/GFPR
01280 116:O.5*C)4
01290 D7=095*05
01300 Y =Y f7,T
01310 CO 302 J:KL1,KS1
01320 0DDCflTX
01330 L2(J,1):Ul(J,1)-DTX*Ul(J,192)+flpDgUl(J,2)
01340 u2(j,2)UlJCJ2)-DTX*Ul(J11)*V2(J+1)OD*IJ1 CJ,1),'V2(J)-:,TXI.
01350 1 (PA(J41)-PA(J))/GF
01360 it .4v(1 -2.03fVCcJ)+VC(J-1))
01370 U2(j,3)=:U1(J,3)-DTX; Ul(J.192)r(Ul(J+1,3),PA(JI)/GF)/t.1(j,1,1
01380 1 *DDfl*L!1J2f*(UJ3)PA(J)/GF)/U1(Jtl1
01390 *+f5*(TC(J.1)-2.03$TC(J).Tc(j-1, )+)4i*(V?(J*1)-2.0*\V2(J).V2(J-1)
01400 302 CONTINUE
01410 PO) 303 J:KL1,KS1
01420 V:3:u?(J92)/1J2(Jtl)
01430 IF([DABS(VB).LT.(0.1P-09)) GO TiO 3C610
01440 lv2(J)=VPE**2
01450 GO Tn 3011
01460 3010 V2(J)0O.0
01470 3011 PA(J)=:G2§*U2(J,3)-0.5*V2(J)*U2(j,1)
01480 VC(J)=2.0*VB
01490 TC(J)=PA(J)/U2(J,1)
01500 303 CUNTILOl
01510 DJ 30)4 1:1,3
01520 304 U;2(1,fl:U2(2,I)
01530 u2( 1,2)=-U2( 192)
01540 V2(1)=V2(2)
01550 PAC1)=PA(2)
01560 VC(1):VC(2)
01570 TC(1)=TCC2)
01550 DO 306 J=KL1,KS1
01590 L006:03
01600 U1l(J,1)=0.5*(U1C(J,1),U2(Jol) )-ODDI1.j2(J,?)+r3*U2(J-1,2)
01610 Ul(J,?)=0.5*$(U1CJ,2)+U2CJ,2) )-O)DD*U2(J,1)*VCJ)+03*U?(J-1,1)
01620 1 *V2 (J-1 )-D3 ( PAC J)-PA( J-1 ) )/GF
01630 it +r6;*(VC(J,1 )-2.0* VCCJ).VC(J-1)
01640 U1(J,3)=0.50(U1(J,3).tI2(J,3) )-DDD*U2(J,?)*(t)2(j,3)+PA(J)/GF)/Li2CJ
01650 1 ,1).f33U2(J-12flcUU?(J-1,3),PA(J-1 )/GF)/1J2(J-1,1)
01660 +* *t(TCCJ.1,-2.1!*TC(J).TC(J-1) ).O6*(v2(J1I)-2.O*V2(J).V2(J-1))
01670 306 CONTINUE
01680 DO 307 J=KL1,KSI
01690 V8=U1(J,2)/U1(Jg1)
01700 IF(DABS(VB).LT.(0.lr)-08)) GO TO 347
01710 V2(j):vi~o*2
01720 GO Tn 348
01730 347 V2Cj)=0.0
01740 348 PACJ)=:G2*(1J,3)-l.5*fV2(J~iuL1(J,1)
01750 VC(J)=?.OflVB
01760 TC(J)=PA(J)/U1 (J,1)
01770 307 CONTINUE
01780 00 314 1=1,3
01790 314 Ul1lqI)=U1(2,1)
01600 U1(1,2)=-U1(192)
01810 v2(1)zv(2)
01820 PA(1)=PAC2)
01830 VCC1)=VC(2)
01840 TC(1)=TC(2)
01850 00 3145 I=KL1,KS1
01860 J=KSI-I.KLI
01870 PAA=PA(J)-l.0000
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o0b-0 IF(PPA.C-T.FSl) GO TO 3150
C1890 u1(J, )=100000
01900 Lu C '2 )=09000000
01910 U,1(Js3)=G1
01920 PA(J):1.000000
01930 VC(J)=0.000 00
01940 TC(J)=1.00000
01950 5145 V2(J)=09000000
01960 C VSTEPc V T R CTRL I
01970 Al1-O IF(KLIEr42) GO Tfl 315
0 1 Wo KLIzKL1-1
01990 31 IF (K!; IGF.KJl) (-i rn j
02000 vS1:k'-l4i
02010 31o I F( ( 11I IC P E. 0 T
02U20 IF(N.LTof~l',(0 T" 8;r
02030 .qITr((6,2')0l) P.gygnTXJCFL
02040 2 (lY, I F J R t T ( 1 A40 5 X 2H'., I7 95 y,? 4 y 1 2 5,5 X4 HT X E 13 5' ,5 HJ C L

02060Kz(,1KL)1

0 209 0 (3 2400 Jzlv1C
0 2 1 1) KTl(J)=l+KlBUfJ-I)
02110 2430O OTI(JhFPFAC*(PA(KTl(j)) -1.C)

0 213 0 2 9: CON T I ' UF.
02140 2531 F0RM8T(14F #94P I94c:.94,F .4,i4,F%4I4F.1(,,4,F-. .'*14'
0 215 0 1 FF%4,t4vF-.4B4F".4)
02160 C 4 PL,'T 2 *
02170 P5A=PA(r.PX)-l.0
021F,) IF(PcA.(ToESS) Tv r 999

02200 YAPQ-y( I )PA( 1+1)-I.,)
02210 2 t C]NT I 1.0
02220 CALL LlP.E(XAP;AYYAL AYKJ, 190'3)
o2240 A, I F ( -r ( N. 9 , C A).,E.) S T r- 36 0
02240 N. 'N NNN f

0 225 0 .CA C A I .C NC 0
32260 ZN4C~l\C.1
02270 36o Cd N.T I .1r
022 40 099 CALL VSTP(09CL)
02290 CALL GPSLT-
02300 C io EV.- i
02310 vAITF(6,611l
02 3 20 611 FGRvT( ///40X, 1SH* 00 ' EP.D 00
02330 STOP
02340 U
EN8 OF I)ATA

I N PuT

E
EN.D S
SAVLC TO CATA SET (IT',3F000.MAC.FOPT')

TSLUG E',D044444111111 441111105*
9* 0 If *V A441 * 041 If 94114 40 0 3f *I f 140 4140* 014 * * 1014 *t 014i If 0f 0 UA I tii 01*§ *1k4r tI
0 USF 11P =7T 30fl00
vs PkWCEOU4RE = L( G'? 0

0 SLOG ENIIED TIME=1O:58:30 nATE=82-12-08 1
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APPENDIX E

COMPAR ISON BETWEEN NEAR- F I E LD SOLUTIONS

OF THE EXPLOSION OF A PRESSURIZED AIR SPHERE

USING LAX, MacCORMACK AND RANDOM-CIIOICE METHODS (RCM)

FOR A PERFECT-INVISCID FLOW

In the initial stage of the present study, 1.2(a), the Lax and MacCormack solutions give
several numerical methods were tried to solve the smoothed shock-transitions due to the effect of
problem of the explosion of a pressurized air artificial viscosity in a rough mesh size of .'r*
sphere. Some of the results are presented here 1/80. By using the finer mesh sizes ir* = 1/320,
to show the superiority of the RCM over other Figs. E.I(b and l.2(b)], this smoothing is improved,
methods for analysing shock-transitions of spher- aiid the Lax method gives a better result. However,
ical N-waves. the smoothing at the front shock still remains.

The RCM solutions [Figs. 1.2(a) and (b] show
The near-field solutions using lax, MacCormack discontinuous shock fronts irrespective of mesh

and RCM for the same case as Al (P 4 1 
= 

2.0, T4 1 = 1.0) sizes (.r* = 1/40, 1/80), though some randomnesses
are shown in Figs. E.1, F.2 and .3, respectively, appear in the expansion part of a pressure profile.
In Figs. E.1 and E.2 (Lax and MacCormack methods), In our analysis of shock transition, it is necessary
the time steps were selected to be 80". of the CFI. to clarify the effects of viscosity and vibrational
condition to avoid undesirable oscillations of nonequilibrium on shock thickness without the effect
numerical values. As seen in Figs. I.I(al and of artificial viscosity. Consequently, we adopted

the RCM.
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APPLNDI X F

BULK VISCOSITY ANALYSIS FOR VIBRATIONAL RELAXATION FOR OXYGEN

In Sections 4.4.5 and 4.4.6, the bulk viscosity instead of Eqs. (4.1) and (4.2), where "e is an
concept is introduced to evaluate the vibrational effective viscosity including the bulk viscosity

relaxation for oxygen instead of solving the relax- ()v)o for oxygen, defined by

ation equation for oxygen. The basic equations are

shown in some detail as follows:

;' 4 42 
+  (eV)O/ .

- t r 2 r"r
The bulk viscosity (v) 0 is evaluated from Eq.
(3.25):

+ j(11i+l1v - ifR = 0 (F.1) ,0 =  
(af -aeC 2 0

-a f 0 0 . )

2p where

E (E+p)v + 0  (2.20.t,

I'e S ' :y exp -10 (F.5

N -+C -1

v " ,The operator-splitting technique was applied to

v .1 vEq. (F.l) as well as Eq. (4.1). The effect of vib-
e 2 I = p(Ep)v rational relaxation for oxygen was taken into

2r
+ e v account in the step of viscous correction IStep 3;

EN Iq. (4.11(] of the operator splitting through Eqs.
(.3) -( F ( 5. More precisely, in the first step,

the RCM solution should be obtained by solving the
Riemann problem for oxygen in vibrational equili-

2.. v 1} brium, since the whole flow field may be considered
1 

0
Rfor oxygen as in quasi-equilibrium. However, in

l = -R
rv the present report, the effects of oxygen vibra-

0 , e ]/ tional excitation is taken into account only through
N ethe bulk viscosity', since its contribution to the

internal energy specific heats of the air molecules
, ] may be considered as very small as long as it is

:RT, = .v e - v nearly in equilibrium at room temperature. Thus,
- -. the RCM solutions were obtained by using the invis-

5 Rcid-frozen program, excluding the term (,O)e in Eq.

e RT + { ,)e + (F.2) (F.2).

F-I



2-:

C.

o 4'

14 9

oo

t ~ ~ 00 . .C. A

z P



LM


