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I. Shock ¥aves in Gases

The study of free surface velocity by means of the pin
technique is rendered difficult by reason of premature dis-
charge of the pins. It is believed that the air shock which

precedes the metal surface is sufficiently ionized to bring

this about, but the mechanism by which this ionization occurs
is somevhat obscure. At a surface velocity of 2.7 X 105
cm/sec this ionization is present in, Ho, He, Ny, and Ose 4
slightly greater velocity serves to ionize CO,, but CH, and
CzHé'show no detectable ionization, even at velocities in ex-
cess of 3.0 X 10,

The inference of ionization drawn from pin investigations
1s confirmed by studies with photo-cells. Intense luminosity
is present wnen ionization is suspected; little or no light
is emitted vken no preconduction is observed. That these two
effecls are indeed associated with the shock wave in the gas

1s denonstrated by the fact that the onset of preconduction

Ea precedes metzllic conduction by an interval proportional to

gk the distance traveled by the metal surface. Furthermore, in
S the photo=-cell experiments tne diaphragm which collimates the -
N light beam fails at the instant when the air shock is believed
gl to reach it, while the light intensity prior to this failure

; increases more or less lineafly with tine.
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Pennéy has calculated temperature and pressure in air

shocks fpr the range in which we are interested. He assumes
equilibriun behind the shock, snd allows for excitation of
various types of molecular energies. It is presumed that the
mass-velocity v in our air shocks is equal to the free surface
velocity of the moving metallic surface. VWhen v = 2,7 X 105

cn/sec, Penney finds:

Air Shock Veloeity (cm/sec) C = 3.113x 107
Shock Pressure (Atmospheres) p = 111
Temperature (Degrees Kelvin) T = 3760

. Shock Velocity € -
Ratlo: §p5s Velocity v - 1.152

This czlculated value of temperatures is certainly suf-
ficient to cause some lonization. But this explanation of
ionization would not account for the observed fact that ioni-
zation begins suddenly, at a velocity near 2.6 X 105, and 1s

so intense as to obscure metallic conduction vhen v = 3.0 X 105
or more, However, the figure given for % is in excellent
agreenent with observation.

In contemplating extension of Penney's theory Lo other
gases, simplification would be desirable, as the computation
of internal energy by his method is laboriously elaborate.
Unfortunately, no worthwhile.simplificaticn can be more than
crudely approximate. We begin by assunming that our gases are
ideel, in that their équations of state are:

, UNCLASSIFIED
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1. g =« B T, when n = molecular weight, so that C, - C

p v=Ro

‘:

For any particular shock, we further assume that there exists

an eversge value of C., say Ty, suck that

Ciy dT = Ty (Tp = T)

Thus for 1 mole of gas, the differential of internal energy U

would bes
dU = C, dT-i-[T(—S-‘?.-)v-p} &V = Cy dT
since T(%%g—) -p = O, or

2. AU=T, (Tz-Tl)

The eaquations governing the propagaticn of the cshock are:

ec = o' (c - v) (mass)
3.pP'-2 = gcv (romentun)
p'v = pc Au+% ecv2 (energy)
Here
€ = original density \ aris/ce
o' = final density }m grers/
¢ = shock velccity }
Vv = mass velocity in cn/sec
p = original pressure . 2
p' = firal pressure }in dynes/cn
Au = change of internal energy in ergs/gran,

m
(Y'Y

. C— E
Now au = 20 = T (- 52)
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C. .
Let YV vhere now J is an effective rztio of
- & T

R

specific heats.

Then using 1

= e ! . )
P R =T <%r g) o« Our equations ncw becone :
' ¥
—d../2L_2 R.... v =
5F= 1 { ¢ € ec 2
Rl = LSV 3 1 r
p p
ﬁi"" 1 -X
e c
—
4. Sset vz v,\& ,C:CO’V.(E)’. )€ ax
Then _1 .1 .
e =l-x
2
L .2.(pte_1).p +R-X-lPv° =
i i Al i S-S & AR
1 1 2 1) afav.2+1) L - 12
-1 [(1 -3 (o’ D) l] vo? +1) X~ 37
e 2 2 1 2 1.2 _1_2,1
—?lt\}‘.vo+1-VO-X‘-1}=VC+X--2'VO -_--2-vo +I
2
. 2 v
Avoz-vo -%: +(1 "b’) -—Z—— + SJE> :0
2 l -3 1 ¥ -
X +< 5 -l)‘&+——;T—-L =0
0
5e X‘;_ _b.___lx_l,, =0

This eguation determines K as a function of vo,bﬂ

¥ 1 UNGLASSIFIE?.
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One may now find the temperature incresse:

o 000:
P

.l-. R S . . 1
AU = sty o 5 (T- 1) = e 5 E. (T T)-P-( x)

7o %—'-: 1+ (- l)( v02+55)

Given X, v (as in Penney's report) to find ?f, we simply

solve (54 , which yields

X

8 Y - E
= T/ T X

Vo2 & 2

] C
Finally, to compute C_, given ¥, p', we set X = =2 and

Vo
substitute in (5.)

2
o - Y+2 9..9-..{_=0
Vo2 2 Vo  v,2

2 Y+ '
c. - 21 CoVo = ¥ = O ,butCovo=£_-1

, 2 + p
9. . ¢2%zx+ '{'gl(ﬁ—-

In Fig. 1, X is plotted as a function of Vo for various
values of ¥, while Fig. 2 gives T'/T in a similar manner.
Fig. 3, give Yo as a function of the molecular weight u,
vhen T = 283° K, It is based on average values of the velo-
city of sound for typical gasess

It is hardly to be expected thet the value of Z’will be

constant for any partlculas gss when a wide range of temperature
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is to be covered. as an example of this, Fig. 4 shows the
variation of owr effective value of S as computed from Eq. 8,
using the data of Penney's report. It might be interesting
tc use such experimentzl data as are available to check tlis
figure, though it is doubtful if the precision would be suf-
ficient to give a detailed confirmation.

We now proceed to estimate X, T', p' for several gases
in which we &re interested, taking v = 2.7 x 105 cm/sec.s In
order to do this, it is necessary to guess the effective
values of B’; there appears in the table below: The initial
condition is taken to be T = 283o K, p = 1 atmosphere.

TABLE I
Ionization Maximum
lL.olecular 5 Vo X T' p'/p= Potential Shock

Gas ‘lleight (estimated) DegK Xvoo4+1 (ev) Energy(ev)
Hy | 2.02 1.40 2.48|1.360 | 716°| S.4| 15.6 % 0.18

He | 4.00 1.¢5 3.48|1.412 | 1530°| 18.1| 24.5 0.32
CHy | 16.0 1.15 6.5¢{1.097 { 1340°| 54 4.5 (1.2

Ny | 8.0 1.25 9.2 1.137] 3400°| 99 15.5 ! .l
CoHg | 30.1 1.12 | $.59{1.072; 1840°| <9 12.8 2.3

Op | 32.0 1.25 | 9.91]1.166 | 3820°| 116 12.5 2.4

o, | 44.0 | 1.20 ?11.62 1,106 | 4040°] 151 14 .4 3.3
Air | 29,0 bo1,28 9.45(1.152 ! 3820°} 104 .2

<peﬁi£yj 2540 1.28 i 1,152 3760°| 111
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It will be seen that the approximate theory gives a
pressure and temperature for air in fair agreement with those
computed by Penney. The effective value of M in this case
was chosen to give Penney's value for X. 1In the other cases,
ad justment of ¥ would vary X, 7', P', but probably not dras-
tically. Observed values for X may soon permit an estimate
of the effective value of ¥, For example, Gitting's results
on air shock, with a surface velocity of 4.0 x lO5 indicate
that X = 1.165. This vould require an effective value of
o= 1.32,

The production of lons in the gas remains something of a
mystery. It is possible tc compute the average wvork done
per particle from Eq. 3. Blg represents the total work
done per unit mass by the sggck. To be sure, nearly half of
this ultimately zprears as kinetic energy, but we can take
tiis figure as representing a basis of comparison for the
work availakle to ionize the different gases. Now:

Vo

23
The number of particles in one gram will be 02X 10°~ ,

12, M

so we divide by this, also dividing by 1l.€ x 10 to convert

to electron volts. Hence the energy available per molecule is:
o= M 2 i ;
W ml— v <1+’ ) > (V in cm/seC)
The values thus computed appear in Table I. Experimentally,

one finds air commencing.tp ionize at 2.7 % 107 cm/sec, while




APPROVED FOR PUBLI C RELEASE

methane requires nearly 7 x 10° cm/sec. Thus for methane,
the critical value is ¥ = 8.1 e.v. It is reasonable to
suppose trat methane can absorb a good part of this energy
in vibration and rotation. No doubt oxygen too can absorb
energy in the same way. HLowever, it might not be unreascn-
able to assume that methane could absorb three times as much,
because of its diverse degrees of freedom, and the low energies
associated with them. ©Such an assumption makes the ratio of
available shnock energy to ionization energy nearly equal in
the two gases, thcugh clearly the ratio is very small. In
fact, if we assume 1/7th the oxygen energy is available, while
1/21st the methane energy is available, we get fractions of
the ionization potential not far from that of helium, where
no doubt any energy absorbed inelasticzlly must go into energy
of the orbital electrons. But this hypothesis fails utterly
tc account for the ready ionization of hydrogen, vhere the
work available for ionization is much too small by comparison.
A pcssible source of ionization in H2 might be the rela-
tively complete ionization of heavy impurities, for example
N2, CO,, or Hy0. In the shock front these molecules would
be brcought from rest to the mean shock velocity by means of
repeated collisions with H2 molecules. In the event that
these collisions were inelastic, it would require perhaps 14
of them to bring N2 up to speed; nore night occur in direc-
ticns transverse to the shceck. Thnus the Ny molecule might

receive up to 15 times.the,@pergy of an average i, molecule,
.0' : : ':o o, .

APPRAVES: FER BURLEG “RELEASE
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or l.1 e.ve This is comparable to the energies available
for other gases, but it low by a factor of 10 if one is
trying to account for complete ionization of the impurity.
liost of the above discussion is obviously little better
than conjecture. Certain experimental work would greatly
elvrcidate matters. In the first place, one must discover
the critical surfsce velocity for all gases of interest.
To do this, it would be well to standardize (1) pin size
and shape, (2) pin veltage, (3) pecording circuit, and
(4) the signal amplitude which is tzken as indicating in-
cipient ionization., It is more difficult to prescribe
stanaardization for the luminosity experiments. In tke
seccnd place the possibility of effects of impurities in
the light gases (H2 and He) might well be investigated,
though tkis may not be easy. Ionization of .0lj is prob-
ably emple to account for the observed effects. An impurity
present to 0.l;» (molar) would require cnly 104 ionization

to be observable. It might be interesting to see if traces

of Ny, would increase the luminosity observed with hydrogen.
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II. ZThermal Effects in letals

The equation of state of a metal, together with a knowl-
eage of its specific heat as a function of temperature pro-
vides all the information necessary to calculate the tenpera-
ture in the material which has suffered a Rankine-Hugoniot
compression. LA-208 and LA-385 contain the necessary infor-
mation, but the actual computation of temperatﬁre increase
in 2 given case 1is a bit laborious. We shall proceed to
compute the temperature rise in aluminum, for a shock which
reduces the volume to C.8 its initial valué. The underiying
princirle is that the change in intermnal energy may be com-
puted either from the work dcne by the shock in a Rankine-
Hugoniot compression, or from the equation of state.

The conservation of energy in a Rankine-Hugoniot com~-
pression yields:

-1
AU = 5 (pyp+p) (v - vy) * 1.

Here (pl, Vl) refer to the original pressure snd volume
respectively, while Ppy V, are tne final values.

* This equaticn is of course derivable from Eq. 3 of
the Report on Air Shock, if we distinguish between
the two notations. ©Eqe. 3 refers to a 1 gram mass,
for which ‘

au = gél = % v , fror which we eliminate
v and ¢ using conservation of mass and momentun.
Thus one finds

& (p' + p)(% -l) but for mass M,

volune V, € = § k y €1.% % U = MAu, so
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Thernodynamically, one finds

duE_.L‘,i}) dT—:-(-a-‘é av
( oI/l oV
which becomes, with suitable substitutions,

du = C,dT + T¢ [’f‘i’ (%)]v dv 2.

Now LA-385 makes certain assumptions about the equation
of state, p = p (v,T), and then deduces the form of the ex~
pressien for internal energy U. The pertinent statements
ares

p = po (V) +a(v)T + b(v)T? (p.21, Eq. 2.1)

v ~ Vv
U =-§ podv + T 5 bdv + 38T (p.23, Eq.2.4a)
1 o

Tnis amounts to assuming that

32U v
3. CV'('Z’T'>V=2TS bdv + 3R
o
Note here that the initel volume at T = C is v, =1, that

p is measured in megabars (1 megabar = 1012 dynes/cm2 =

106 atmospheres nearly), that T is measured in electron

volts (1 e.v. = 11,600 degrees centigrade), and that R,
instead of being the gas constant in ergs per mole per degree
centigrade is now measured in 1012 ergs per cubic centimeter
per electron volt, and thus depends on both density and mole-
cular weight. The latter is sufficiently confusing to warrant
a whole sentence in 1LA-385 (p. 23).

In 2 compression from vy to v, one now finds:

Vi V2 Vi
4, AU = 28 RTTRN 2
‘ Podv + T ,-'g $baves T S av -
Sv?_ 2.00 oq. .:' .: . ) :.'. O +3R (TQ Tl)
APPROVEGFER’ BUBE)SC RELEASE
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This is written down from inspection of Eq. 2.4a of

F‘.o""

=385, It may also be deduced of course by integration of
Eq. 2, using Cy as stated in Eq. 3, and any convenient path
for eveluating the line integrsl. 1In Eq. 1 we now set P = 0,
Py = Po(vo) + alvy)Ts +—b(v2)T22, and find

~ 2
T2 (po(vz)-+ a(vy)T, + b(vy)To )

i vy -
Se AU = 5

.

Equating 4 and 5 we clearly get a quadratic equation
by which T2 may be determined as a function of Voo

Wie have done tiis for ti.e case mentioned above, viz,.
Vo = 0.8 vy« The functions a(v) and b(v) are given in
LA-335, p. 33, but the function b(v) gives a divergent
integral in equation 4. Now according to LA-385 the function
b for small v is of the form

b gy 3

whose integral converges for v = 0. 1In order to evaluate
the integral, we have used the latter form for b when

v £ 0.2, and have adjusted K to agree with the function

on LA-385, p. 33 when v = 0.2. Thus fer alurinum,

1 0.2 1
=1/3
biv = 0.,0425v dv + bdv = 0.056812

0 0 .2
1
vhile for iron, by the same technique, S bdv = 0.054090,
o)
In any event, for the moderate compression considered

(Vo = 0.8 v;) the terms in T2 are of little importance.

. UNCLASSIFIED
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The first step is to find vy at room temperature,
Tl = 0.025 e.v. (17°C.), end zero pressure. This is found

by solving for v the equation

2 - 4
0= QM'BJ)L.I?{.-_L‘LO)&.A.&&QB + 0,025 @_-.1.32% + 0.38031 - 0.0079
1+ 1o

+ 0.000625 949‘0—,2"-@ + 0.054149 - 0,047703v +O.Ol7508v2>
1
vhere a1 = ; =1, The result is

1.02022 = 1,020 , whence

V1

We must novw evaluate

1,020 .816 1.02
AU = g Podv + I,° |  bav - T,° B bav +3R(T, - T
0

)
1
0.816 0

Tne integrations were performed graphically, by plotting
po and b as a function of v, and then using a planimeter
(Figss 5 and 6). In integratiig b(v) one must of course
add .025(v, - vp) to the area under the curve in Fig. 6,

1l
as well as adding S bdv . e find

0
1.020

g Podv = 0.01670
02516 _

go bdv = 0.05103 UNCLASSIFIEQ

1.020
5 bév = 0.05676,
0 o ?
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200

irms, setiing Tl = (.025

2 hY
AU = €.05103 Tp + 0 28G70 Tn + 0,00042
rrom Aq. 5 we easily f'ind
AU w (.00343 T," + 0.062322 T, + 0.02193
3irce these tio evpressions must be equal,

O OAY60 T22 + 042273 T, = 0.01251 = 0

Finally,

T, = 0.C545 = 632°
Tl = 00,0250 = 250~
T.-T; = C.0295 = 342°C

The above procedure, though perfectly straightforward
is scriewhat laborious. It is cof some interest to inquire
whetlier an approxinate method could be devised, wiich
vwoeule yileld nearly the seme result. ve begin by observing
tiiet thie ternms in T22 are negligible. BSuppose then, we
take as our eaquation of stete

P = pog+ al vhere "a" is constant.

Computing "a'" for volume v = 0.%¢, one finds a a 0.35867.

2 v\ 2 Y
Y O P

-

S/ AU = g:ipodv + ?R AT | from the equalai;ﬁo(ﬁ-ﬁ‘fsgﬁ?fﬁb

“aking Cy = 3R,

3
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_ep ko

0.290(T = To) + 0.01670 =
0.0219 + C.05G8T
0.0125

Hawe{Au

U

02307

T

result of the more elaborate method.

C.260T + 0.00%45

.0544 = 6309, in gcod agreement with the

1t would be convenient if it were possible to compute

the terperzture increase from tlhie cold equaticn of state,

and the asccepted values of the ccefficient of thermal ex-

pvangiorn. If

p = po + af + bL©

y pt

57/,

) p =(/2
(=4). “5'\’?2>T

From Lna=-28%5

, cne finds

a + 2bT

r(34), + 12(38),

= (K A
1+1

- L 19 ) .

3'0" .\.;2 5)1 ’/}1 (1"‘1
D2 4 - ©.19290 . .007

oV ve

Qb . . .«_.C_'.Ozf:ﬁrz - 0477 4+ 0.0250V

Vv ve '

)2 -3}1>( =

.t atvnspherie pressure, roor termperature, v = 1.02,

} - "K."QUJ_
EZEBQ - = J. C‘o';"qQ - C)OCV;S a_ ~S2g!2__
oV T 1.04 1.0006¢ .001
28 o - (1,102
oV
Qb - - L0166 vi:ich gives
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Since the thermal expansiocn coefficient is

g‘Tf) :_%;(2 (‘) ) , one finds A

vy
2Y) = 40.8
(d' T):o = 0.c23

The value frorm the Handbook of Chemistry and Physics
is 0.832,

<

It would now be desirable to deduce from the tabulated
values of thermal expansicn a value for "a" by which tem-
peratire increments could be computed for materials not
discussed in LA-385. Unfortunately, this does not seem to
be easily possible, since there seems to be no way of in-
ferring from LA-208 an equation of state at room tempera-
ture. In any event, we have not thus far succeeded in
doing this.

It is, however, easy to compute the shock pressure p2
corresponding to our coripressed material, vV, = 0.816, when
T = 0.0545 e.v. The result is |

Po = 0,215+ 0.610 = 0.0545+ O. 0336 x 0.0030
pPo = 0.248 m.b.

I® one simply takes the cold equation of state, the
pressure correspond*ng to v, = O. 8 v, is 0.240 mb. The
pressures inferred from pin measurements are in general
higher than those in LA-208. Hence, temperature considera-
tions tend to decrease tlre observed discrepancy betveen

the equations in LA-2C8 and experiment.
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