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ABSTRACT

The method used here in computing the detonation para-
meters of the ammonium nitrate fuel=oil mixture is the
approximate method used by F. W, Brown (F, W, Brown, 1957,
p. 123)., This method appears to be satisfactory only when
the explosi&é is oxygen balanced or slightly oxygen posi-
tive. When the explosive is oxygen negative, this method
fails completely., The detonation parameters, calculated
by the approximate method, continue to show an increase
when the fuel-0il ratic is increased which of course is
not the case.

To compute these parameters for oxygen balanced or
oxygen positive mixturesy; I have the following steps

1 ~ The Oxygen Balance A

For convenience I take 100 gm of explosive and calcu~-

O: 09 COP O

hydrogen, carbon and oxygen in the original explosive. Also

late N H and 0, which are the moles of nitrogen,

I assume that all the carbon goes to carbon dioxide and

iii
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that all the hydrogen goes to water, in case of oxygen=
balanced explosives.,

Then 4 = 05 = 2@0 = HO/Z

2 — Gaseous Products

Computing NgsCqs and 00 moles/wt of explosive, we can

get the moles of (602) = C moles/wt of explosive

0
] 1 ] (H20> . HO/Z 8 L "

il L1 1 (NZ‘D = No/z a " ]

Adding all these together, we get the total moles per
the weight of the explosive, from which we can get the moles

per one gram of the explosive,

3 - Heat of Explosion Qg

Q = Ug =~ Uq

where UE is the sum of the products of the moles of
each gaseous product, multiplied by its heat of formation,

and U, is the sum of the products of the moles of each

0

original constituent, multiplied by its heat of formation,
U =3 ne H

n = Number of moles

H = Heat of formation

4 ~ Temperature of Explosion Tg
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Using Table (3) for the internal energies of gases at
different temperatures, we can try a few temperatures and
interpclate to obtain a temperature that would satisfy the
above equation, ie., to get a temperature at which Q is
very close to Q.. This temperature would be the right

temperature of explosion,

5 - The Value (bl/Vﬁ)

bl is wery close to bEg so we shall use b1 instead of

E°
From Table (4) bE can be calculated bE = 3 nibi
Vﬁ is supposed to be equal to Vy or the density of

the original explosive

6 = The Value } 4

Using the differences in Table (3)

E = B

B T R
T, - T v
Sy

Cy =

- - R
and RE =iy =1+ Ev

A
Knowing (bl/Vﬁ) and,we can interpolate in tables 5,
6, and 7 to find K, L, and M,
Getting all these wvalues, we can calculate Ty, D, and

Py using the following equations
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2 A 1
T, = Ay 1 I L
' 11 + 1 .
D = 91,22 ———=—— N,T, ¢ K

B

o o w2 1
P; = 0,009869 D (’o WM m 1:] M

In calculating these parameters in a 10 percent oil mixture,
where the oxygen deficiency is about 1 mole per 100 gm of
the mixture, a simple method to correct the gaseous pro-
ducts is used, The presence of carbon monoxide and
hydrogen gases produced among the gaseous products is

taken into consideration, other gases found in minute
quantities, such as methane and nitrous gases are ignored,
In this simple method, one equilibrium constant only is
used, The results are close to those computed by the exact

method used by Cooks
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INTRODUCTION

Ammonium nitrate (AN) as an explosive has become one
of the most interesting and profitable fields of study for
the mining industry. Although AN is not considered as an
explosive by itself, it is an important ingredient of many
commercial explosives, often comprising 75 to 90 percent,
because of its lower price; and moreover it produces a larger
volume of gas upon detonation than any other explosive
material commonly used.

AN has been used as an explosive by mixing it with car-
bon black, sulfur, sawdust, or other such combustibles to
form more gas from excess oxygen available in the AN decompo~-
sition reaction. When this type of explosive is detonated,
-the speed of detonation is approximately that of AN by it~
sélf (2000 m/s).

When AN is mixed with fuel-oil (F.0.), approximately
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6 percent by weight, the decomposition reaction is much
stronger (4000 m/s), due to the fact that F.O. penetrates
the grains of the AN, especially the prilled type through
which the F.O. is distributed uniformly (Cook, 1958, p. 135).

AN-F.0. mixture has been adopted as a low-cost effici-
ent blasting agent by a wide variety of mining and heavy-
construction operations. Moreover, ready availability of
the component supplies and ease of their formulation into
effective blasting agents have made it possible for the
blaster himself to prepare the mixes at the site of use.
Although AN-F.O. mixture has partly displaced explosives
such as dynamites in some applications, there are other
blasting operations, where AN-$.0. mixture does not appear
to be well-adapted.

When AN-F.O. mixture is initiated by an efficient
booster, the mixture undergoes chemical decomposition at a
rapid rate and produces gaseous products at very high
pressure and temperature, capable of doing work by expansion.
The energy and gaseous products are derived from exothermic
rearrangements between oéygena carbon, and nitrogen atoms.

The following reaction takes place with great rapidity

and violence when AN detonates; in other words, under the
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influence of extreme heating under confinement, or through
initiation by a powerful priming explosive charge (Encyclo~

pedia of Chemical Technology, 1947, p. 819).

2 NH,NO 0+ 0

4NO3 = 2 N2 + 4 H

2 2

There is no well-known fixed chemical formula for the
fﬁel—oil diesel No. 2. This fuel-o0il is composed of three
hydrocarbon compounds: aromatic 15 percent, naphthenic
32 percent, paraffinic 53 percent. The chemical formula of
the paraffins, for example, is CﬁH2n+2, and (n) can be any
number; therefore fixed formula is impossible. Dr. Clark
(Bruzewski & Clark, 1959, p. 175) has used the simple for-
mula (CHZ) for the fuel-oil in his calculations, apparently
because any complicated formula is roughly a multipie of
this simple one. I prefer to use the formula of Decane
(ClOsz), because Decane is a liquid and not a gas, and it
is little denser than the kerosene. This choice will make
little difference in the results, due to the differences iﬁ
the heat of formations of the two compounds. Because the
heat of formation of the Decane is 82 k ch/mole at 0° ¢,
the heat of formation of (CHZ) is about 0 or + 24 k cal/méle

at the same temperature.
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If there is enough oxygen to oxidize the carbon to
carbon dioxide, and the hydrogen to water, the explosive is
said to be oxygen balanced; otherwise it is oxygen negative
or oxygen positive, depending on the amount of oxygen needed '

for that purpose. -



T 937

DETONATION

Detonation is a process by which the explosive undergoes
chemical reaction within a peculiar type of shock called the
detonation wave. The detonation wave propagates through the
explosive, supported and reinforced by the chemical reaction
at a velocity ranging from 1 to 5 miles/sec (Clark, Some
detonation properties of AN, Univ. of Miss., Sch. of Min.
Bull., Tech., series No. 98), depending on the chemical
reaction and the physical nature of the explosive. In
general, detonation waves travel through a column of ex-
plosive at a constant speed, determined (through the thermo-
“dynamic laws) by the chemical energy released in detonation,
‘the rate at which this energy is released, the density of the
explosive, and the charge diameter.

The so—~called ideal detonation corresponds to the

theoretical maximum or hydrodynamic value D*; practically
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it is the steady value attained at a sufficiently long dis-
tance from the initiator in a charge having a diameter
sufficiently large that further increase in either length
or diameter will not cause an increase in velocity.

The veiocity of ideal detonation is completely deter-
mined by the thermohydrodynamics of the explosive and its
chemical composition; all quantities are calculable through
the thermodynamic theor&Iénd an appropriate equation of
state.

The non~ideal detonation is, however, steady and stable
under the particular conditions (charge diameter and con-
finement) where it is observed.

In‘cylindrical charges between the critical diameter;

d below which steady detonation will not propagate, and

c?
the minimum diameter dm for ideal detonation, one observes
in general velocity-diameter curves which increase steadily™
with diameter (Fig. 1 and 2).

For many high explosives, particularly those which are
fine~grained, the detonation velocity increases linearly
with increase in ioading density. For coarse~grained

materials such as AN, the relationship does not appear to be

linear, especially for charges smaller than the unconfined
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Detonation Velocity - Thousands ft/sec
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/C = 2 _ |
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& | /0
Diameter—~inches (Bruzewski)

Influence of charge diameter on detonation velocity
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Fig, 2

—
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Diameter—~inches (Cook)
Charge diameter-velocity curves for prilled AN-F,O.
explosives

" Calculated ecorresponding to the lower curve in Fig, 1
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critical diameter (Fig. 3). Mixtures of AN and aluminum in
small diameter charges, for example, show a nonlinear in-
crease, and at a certain critical density the detonation
velocity decreases and finally dies out with further increase
in density (Fig. 4). Por prilled AN it appears that it may
follow a somewhat similar behavior for higher.loading den-
sities.

The influence of F.0. content on the detonation velo~
city is shown in figures 5 and 6. The general shape of
the curves are very nearly parallei to the theoretical ideal
velocity curves. An important fact shown by these curves
is that the curves drop more quickly by decreasing the F.O.
content, more than increasing the EOO..contenta

Particle size and particle~size distribution play an
important part in the sensitivity and rate ofvdetohation of
condensed explosives, particularly those which have an abso~
lute reaction rate of the order of that of AN and in which
the grain size is normally greater than 20 or 30 mesh.
Figure 7 shows the relation between the particle size and
the detonation velocity.

.Maximum detonation velocity is achieved at 0.5 percent

coating, whatever the type of coating may be. As more



T 937 10

Figs 3
(Bruzewski)

Yo
o

9.5% Regular AN/5% Fuel 0il
W/C = 2

[
~h
1}

-
W
1

L
N
1

Q

070 080 0.90

Density = gm/@ﬁ3

-Detonation Veloeity ~ Thousands ft/sec
. ‘
%

Influence of charge density upon detonation wvelocity
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Cumulative Percent

Figs 7
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coating agent is added, more oil is held at the surface, and
consequently the reaction is damped slightly due to lack of
penetration into the prill (Fig. 8).

Since AN is highly hygroscopic and very soluble in
water, the amount of moisture contained in an AN explosive
mixture has a marked effect on its performance (Fig. 9)}.

Figure 10 shows the relation between the detonation
velocity and the distance from the booster. In an AN-FO
mixture, the booster, if large enough, may puSh the detona-
tion velocity of the AN more than usual; then the detonation
velocity of the mixture establishes again to its own detona-

tion velocity.

14
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Detonation Velocity = Thousands ft/sec

lz‘]bensity = 0490

11

Influence of inert coating upon detonation velocity
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Fig. 8
(Bruziewski)
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Detonation Velodity -~ Thousands ft/sec
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Influence of moisture content upon detonation velocity

(Bruzewski)’
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Fig.; 10
b -
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gy, 4 A
v
8
=]
a 21
1 J
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Distance (cm) (Cook)

Velocity-distance relations in 80/20 AN/TNT
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DETONATION PHENOMENA

Eyring (1959, p., 69) said:

At the high temperature inside a detonating explosive,

the chemical reaction is much too fast to be studied

directly., For a large class of phenomena, this

does not matter; all that needs to be known is the

composition of the detonation products., With only

this knowledge and with the aid of thermodynamic

and hydrodynamic theory, the detonation velocity

ahd the pressure of the gaseous products can be

calculated.

As previously mentioned, things affect the value of
the detonation velocity, such as the density of the explosive,
the type of booster, the confinement, the diameter of the
charge, the grain size, and the type of coating, All these
involve the reaction rate; but in my calcuiations, I use
Brown's approximate method of computation which gives ideal
values,

The development of the theory of detonation velocity
breaks into two parts. The first part gives the relation
between the pressure and the volume in a wave which propa-

gates unchanged in type., This pressure-volume relation is

18
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- commonly known as the Rankine-=Hugniot relation,

'El - Eo*ﬁ 1/2 (Pl = PO) (Vb,m Vl) (1) Appendix (3)

This relation can be written in the form
= Ny RTy {(2) Appendix (7)

2 Ki

By~ By

The second part of the theory of detonation velocity,
relates the detonation wvelocity to the sonic velocity behind
the detonation wave, This relation is called the Chapman-
Jouguet conditiong

CJ=-Condition D = Wy + C (3)

Where C is the velocity of sound in the gaseous pro-

v ,’ —~8P___ :
C = ae Appendix (8)

The Mola: Heat Capacity of a Gas

ducts

When a quantity of heat q,, is delivered to a gas under
condition of constant volume, it may change the internal
energy of the gas by the amount El w»EO; therefore the molar

heat capacity Cy is giwven by

v T

or Cy (T} = Ty) =Ey - E,
Where the energy to maintain a stable shock wave is

furnished by a chemical reaction, the quantity of heat Qq

19
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liberated by the reaction must be taken into consideration;
therefore the energy equation becomes

from (1) and (4)

CylTy = Tg) = 172 (Py = Po) (Vg = V3) + 0 (5)

from (5) and (4)

vKl'VO + ol
vl N .
Kl + 1
N-. R
. .1 dot .,
‘where Ry = 1+ & 55 Appendix (5)

A

20
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THE EQUATION OF STATE OF THE PRODUCTS OF EXPLOSIONS

A gas law of the following form is used
PV = NRT f

where f depends on the volume and the gas composition, Its
dependence on temperatures is ignored because it is
sufficiently accurate law at high pressure and temperature,

£=1+b/v+ 0.,625(b/v)> + 0,2869 (b/v)> + 0.193(b/v)*
where b is the second virial coefficient and applies to
single compounds.

The second virial coefficient of the gaseous mixture

can be defined as

b =" —Z.= n.b.
i ivi

without excessive errors, where n, is the number of moles
of the i-th molecular species and b; is the molar coeffici-
ent of that species,

The simple Abel equation of state with the covolume o«

is also used

21
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oL NRT
or 1l --7—= %5
also . %. NRT
£ PV
o< 1
then 1 = 7 = =%
S 1
or v = 1 =
d<. _ . _ 1 _b 1 as
amd gy TLT ETY T2 ab/v)
- 2. = :_b, 1 df‘
v v £4 d(b/v)

22
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VELOCITY OF DETONATION

1 0
= Yo v, - ¥ (9)
0 1 Appendix (2) - 4A
Yo o - . _ x
= o\ [ (p, = P,) (v, = V,)
VO Vl \/ 1 0 o 1
3 4 N RT;
Vo = V1 Ky Appendix (7) - 21A (10)
K Vg = ot
7 = Appendix (6) = 20A
Ky + 1

23
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N, R
AN o= 1 + —L
Cy
— d o
K= Mg Appendix (5) - 19A (11)
D =91,22 &L*t1 N,T; K (12)
VAL
R = 8,314 Joules/degree/mole

= 8,314 x 1000 dynes/nt/degree/mole
\l87314 = 9] ,22

K 1s a constant to substitute for the differences between

31 and K and the other values.

24
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DETONATION PRESSURE

Detonation pressure is a property of great importance

in detonation technology. Its direct measurement cannot be

made owing to its transient nature and its exceedingly high

magnitude at least in
pressure 1is, however,

dynamic equation,

condensed explosives, The detonation

accurately definited by the hydro-

Dz
Py = Py = 2 __(vo - V) (13)
0]
P, is negligible compared with detonation pressure Py
- et 2* V
Py o= . - 1
Yo v
E
N K1V0+OL
Vi = '
Kl + 1
P, =D% FPo |1 - K, + ——i
1 1 Vg
—
Kl + 1

25
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1

.H"Pl atmosphere

L

P, (13.6 x 76 x 980)

=

2 1]
D C;lj%l + 1

.009869 D2 C

l :]
M
o + 1
| Al

(14)

26
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DETONATION TEMPERATURE

Equation (5) N. RT
L 171
c, (T, - TO) =Q, + »
2K
1
el N RTy
Ty =¢C +
v 2K1C’v
T . NlR _ Ql
1 2Kl@v @V

']'_“ =
g c, 2K, G, - N,R
_ 9 x 2K
2K G, - NjR
I Mt
| e
c (2K, - K + 1 - &,
¢, K, + 1 - &
_ %
T dot
viE K, + 1 - &,

27
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e 1= &, DMy

1o 1 cT TO2K. G

T1 o E 1°V'E
TE K. + 1 - Q.;,Z“_
1 dVl

=1 x 2 Al Qg MR
1. F 1 {15) === =1 Y e
1 CoTr 2K Cy
-1 CP - Ci(V
2K
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EXPLOSION TEMPERATURE

F. W. Brown (1941, p. 632) said:

If an explosive were detonated in a perfectly
insulated, rigid, closed bomb having a volume
equal to that of the explosive charge, the products
would reach an equilibrium temperature and pressure
that will be designated as the explosion tempera-
ture and pressure. Although the temperature and
pressure vary widely during detonation, the explo-
sion temperature and pressure represent an average
result of the explosion and can be used as a basis
for computing other quantities.

In order to compute accurately the explosion
temperature as defined, it would be necessary to

know:

a — The heat of formation of the original
explosive

b - The composition of the products
c - The heat of formation of the products
d - The specific heat of the products

e - The gas law obeyed by the gaseous products

29
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30

f - The heat losses

Actually only the upper limit of explosion
temperature can be calculated.

‘The following assumptions are made:

1

2

The explosion occurs at constant volume
All the explosive re%cts

Heat losses are neglected

Motion of the gases are neglected
Spectroscopic thermodynamic data are used

The gaseous products of detonation obey
Abel's law

The products of detonation are calculated
by assuming thermodynamic equilibrium
at the explosion temperature

Deviation from assumptions 1 to 5 would tend to
give a lower temperaturey hence the computed tem=—
perature must be considered as a probable upper limit.

Spectroscopic thermodynamic data are employed
because no other data are available for all tempera-
tures, and the agreement of the data with known ex-
perimental values is good.

The calculated products of explosion are used
rather than those determined experimentally because:

1 - Secondary reactions are known to occur

after the explosion.

2 - The detonator probably has an appreciable

effect on the products determined
experimentally.
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Although it must be true that the computed pro-
ducts are not correct, as it is not likely that all
‘the equilibria are reached during the explosion,
and as some permissible explosives do not react
completely, it seems more desirable to use the
theoretical products for computing the explosion
temperatures.

Most of the explosives consist of a combina-
tion of carbon, hydrogen, nitrogen, and oxygen
with ingredients adjusted so that there is suffi-
cient oxygen to oxidize almost completely the
carbon and hydrogen-to carbon dioxide and steam.

An approximate method is used for computing
the important performance parameters of blasting
explosives. This method is compared with more
exact procedures and is shown to be adequate for
the current state of explosive technology, for
all except highly underoxidized explosives,
which are rarely used in commercial blasting
operations.

A calculation of the products of explosion of the
ammonium nitrate fuel=oil mixture will be made in detail

by the means of the approximate method.
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Table 1 (After Taylor)

Atomic Weights

Element | Atomic Weight
Carbon 12
Hydrogen 1
Nitrogen 14
Oxygen | 16

Table 2 (After Taylor)

Heats of Formations

Compound Chemical Formula Heat of Formation at 0°c

at Const. Volume K cal/mole
AN NH/NO, 84,70
: : 82,00
F.0. C1o0f22 e
Carbon dioxide co, ) 94.03
Steam H2O 57 .47
Nit¥ogen N, 00,00

Gram mole of AN NH ,NO 14 + 4 + 14 + 3 x 16 = 80 gm

Gram mole of Decane C;0Hos 12 x 10 + 22 = 142 gm
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Table 3

(After Taylor)

Internal Energies, Relative to 0°c of Gaseous Products in

the Ideal Gas State (k.cal/mole) Taylor

Temp . .CO COZ H2 H20(g) 02 N2
1600 9.46. 17.11 8.61 12,78 10,00 9.33
1700 10,13 18.36 9.22 13,76 10,70 9,99
1800 10,80 19,62 9.84 14,77 11,41 10,65
1900 11,47 20,88 10,47 15,78 12,12 11,32
2000 12,14 22,14 11,11 16.81 12,84 11,99
2100 12,82 23,41 11,75 17.85 13,56 12,66
2200 13,50 24,70 12,40 18.89 14,28 13,33
2300 14,19 25,98 13,06 19,96 15,02 14,01
2400 14,87 27,27 13,72 21,03 15,76 14,69
2500 15.56 28,56 14,38 22,09 16,50 15,37
2600 16,25 29,86 15,06 23,19 17.25 16,06
Z700 16,94 31,16 15,74 24,28 18,01 16,74
2800 17.63 32,47 16,42 25,38 18,77 17.43
2900 18,32 33,78 17,11 26,47 19,53 18,12
3000 19,01 35,09 17,79 27,57 20,28 18,81
3100 19,71 36,41 18,49 28,68 21,06 19,51
3200 20.41 37.74 19,19 29,79 21484 20,20
3300 21,10 39,06 19,89 30,93 22,62 20,89
3400 21.80 40,39 20,60 32,06 23,39 21,59
3500 22,50 41,72 21,30 33,19 24,17 22,29
3600 23,20 43,05 22,01 34,33 24,97 22,99
3700 23,91 44,38 22,73 35,47 25,76 23,68
3800 24,61 45,72 23,45 36,61 26,56 24,38
3900 25,31 47,06 24,17 37,75 27435 25,09
4000 26,01 A8,40 24,88 38,90 28,15 25,79

33
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Table 4

(After Taylor)

High Temperature Second Virial Coefficients of Gaseous

Products of Explosion

Second V% Second v%rial

Gas coef, cm Gas coef, cm”/mole
Ammonia 15,2 Methane 37,0
Carbon dioxide Nitric ox 21,2
(rotating) 63,0 Nitrogen 34,0
Carbon dioxide Nitrous ox 63,9
(non-rotating) 37,0 Oxygen 3045
Carbon monoxide 33,0 Water 7«9

vapour
Hydrogen 14,0




T 937

Table 5 (After F, W, Brown)
. . At
Values of K in the Relation D = 91,22 VXI_— i Nl?lK
b, /v g = Lol A = 1.2 A = 1.3
.0 1.000 1.000 1,000
o2 1,213 1,213 1,215
03 10331 1,332 1.338
.4 1.461 1,463 1,464
D 1.600 1,601 1,604
.6 1,756 1,759 1.764
o7 1,923 1,928 1.934
+8 2,103 2,112 2,121
.9 2,294 2,311 2,324
1.0 2,514 2,559 2,570
1.1 2,743 2,766 2,785
1,2 2,988 3,014 3,045
1.3 3,227 3.282 3.327
1.4 3,523 3.574 3,633
1,5 3.852 3,896 3,952
1,6 4,156 4,246 4,307
1,7 4,472 4,576 4,695

35
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Table 6 (After F, W, Brown)

Values of I. in the Relation (Tl/TE) = K%% L
(by /Vg) Aq = 1.1 Ay = l.2 Ay = 1.3
.0 1,000 1,000 1,000
.2 1,0017 1,0028 1,0035
3 1,0034 1,0057 1,0071
o4 1,0059 1,0093 1,0116
.5 1.0083 1,0136 1.0170
.6 1,0115 1,0189 1,0236
.7 1,0153 1,0253 1,0312
.8 1,0197 1.0321 1,0449
.9 1,0250 1,0401 1.0497
1.0 1.0306 1.0489 1.0605
1.1 1,0372 1.,0589 1,0723
1,2 1.0447 '1,0689 11,0851
1,3 1,0527 1,0826 1,0993
1,4 1.0617 1,0951 1,1144
1.5 1.0712 1,1087 1,1297
1.6 1,0815 1,1229 1,1467
1.7 1,0931 1.1393 1.1638
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Table 7 (After F, W, Brown)
0,009869 _2

Values of M in the Relation P, = o+ 1 D” AM
(by /Vg) Ap = 1.l g = l.2 a1 = 1.3
.0 1,000 1,000 1,000
.2 ,8387 .8369 .8351
.3 47775 »7735 ,7702
A .7258 .7174 .7128
45 6762 6690 6617
.6 ,6346 .6241 .6150
.7 .5968 .5848 .5732
.8 .5638 .5482 .5361
.9 .5351 .5168 .5030
1.0 .5070 .4863 ,4656
1.1 .4822 +4580 4421
1,2 44620 4343 4147
1,3 4439 .4143 .3896
1.4 ,4240 .3923 .3673
1,5 4036 .3698 <3475
1.6 .3858 3480 ,3275
1.7 .3735 +3347 3019

1
I + 0.88 p, (b;/V)

M =
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- Let us take 100 gm AN —~ F,O. mixture 6% F,0,

94 gm AN

6 gm‘F.O,

100 gm of the mixture

1, Moles in original explosive

Cp = T2 x - = 0.422 moles/100 gm
Hy =25 x o2 +22-x2 = 5.630 " .

N, =28 x 2% = 2,350 " .

0, = 50 x 3¢ = 3,520 * "
A= 0y = 2C, = Hy/2

= 3,52 = ,844 -~ 2,815 = =0,139

.. 6% F,0, gives oxygen - negative explosive

2, Moles of the Products

(coz) = CO = 0,422 moles/100 gm
(H,0) = H /2 = 2,815 " "
(§,) = Ny/2 = 1,175 " "

4,412 total moles/100 gm

or 0,04412 " "o /1

3., Heat of Explosion Qp
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U, = 3 moles X ht of formation of the products
U0 = 3 moles X ht of formation of the explosive ingredients

U, = 0.422 x 94,03 + 2,815 x 57,47 + 0 = 201.8 K cal/100 gm

0 —%% x 84,7 +

Q
i

l‘g“‘z‘ x 82 = 103,6 " " "

98,2 n 1] 1]

0
i

4, Temperature of Explosive T
oz = [c, dar = ¢ T,

Try Tp = 2500°C and find the internal energies from

E

table (3).,.

Moles X internal energies of the products
(coz) 2422 x 28,56 = 12,1
(HZO) 2,815 x 22,90 = 64,5

18.0

)

(NZ) 1.75 x 15,37

Q500 = 94.6 K cal/100 gm

Qo0 = 9649 K cal/100 gm

ST = 2656.5°C or 2929,5 K°
5. ,bl‘ﬁﬁg[Second Virial Coef, of the Products

b =3 nibi

find bi from table (4)

nxb (cc/molef
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(co,) 422 x 37 = 15,6
(H,0) 2.815 x 7.9 = 22,2
(w,) 1.175 x 34 = 40,0

77.8 cc/100 gm

or ,778 cc/gm

by
-{}E =b, @ = .778 x 0,8

= ,6224

6, To @mpute A Use the Differences in Table 3

(co,) (HZO) (N,)
//92600 29,86 23,19 16,06
' 1.3 1,09 .68 K cal/mole

13 10,9 6.8 caY/mole/°C
(coz) = »422 x 13 = 5,48 c¢al/100 gm explosive

(HZO) = 2,815 x 10,9 = 30,7 " " " "

(N = 1,175 x 6.8 = 8,0 " " " "

44,18 cal/100 gm explosive

o)

. 44,18
<. Cy =_Z:jI§—— = 10 cal/mole

_ R _ 1,987
Ap =1+ g =1+ =225

= 1,1987
v T

7. Interpreting in Tables 5, 6, 7 Find

K = 1579
L,= 1,02

M= ,6161

40
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NlTl = 404412 x 3260 =

A H

Cm—aas

N

9., D = 9122 N, T

171

10, P D

1 g +1

- 2009869 2 ey _

41

= %ﬁ% % 2929,5 x 1,02
3,260 K°
144
K = 91.22 x 2,1987 \/_14—4
\/1.1987
= 3940 mt/sec
065292 (3940)° x .8 x .6161

34,400 atmosphere
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Taking 5,4% Fo.0, == 94,6 gm AN

5,4 gm F,O,.
100 gm AN F.0. mixture

Cp = 4379
Hy = 5.35 Cy = +379

N, = 2.36 H,/2 = 2,675
0y = 3.54 N,/2 = 1,180

4,234 moles/100 gm

+4234 mole/gm

A= 3,54 -~ ,758 = 2,675 = +0,007

Slightly oxygen - positive or balanced

Up = 0379 x 94,03 + +,675 x 57.47 = 219,.,4
94,6 5,4 _
Uy =30 ¥ 84.7,+-Ij§ x 82 = 100
QE = 119,.4
o, =
O T
For 3000°C Q3000 =108,9
b e To 3246°% or 3519 K°
b X moles
(co,) 37 x .379 = 13,75
(H,0) 7.9 x 2,675 = 21,10
(N,) 34 x 1.18 = 40,00
74 .85
7485 cc/gm

_%":,2‘9_
E —
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co, H,0 N,
Q3500- 39,06 42,29 20,89
Q3400 37..74 41,16 20,20
1.32 1.13 +69
13,2 11.3 6.9
(002) = 5,2
(Hzo) = .30 02
(v,) = _8.05
43,45
_ 43,45
Cy = ~1334 ~ 0.3
1,987 L= 1. 192
A1 = 10,3 +1=1,
K= 1,7578
= 1,0183
M= ,6267
- (e}
T, = 3880 K
D = 4100 mt/sec NyTy = 164
P. = 37,800 atmos,

1

43

K cal/100 gm /100 degree

cal/100 gm/ degree
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Taking 5% F,O.

95 gm AN
-2 gm F,O,

100 gm AN F,0, mixture

C, = 0.346 moles/100 gm

Hy = 5.525 " g

N, = 2,375 " n

0y = 3.560 " "

A= 3,56 - ,692 - 2,7625 = + 0,1055

Uy = 191.70

U, = 102.97

oy = 88.73

Q2500 = 88,05

Qo0 = 214

Ty = 2520 ®c or 2793 °x

(Co,) = 37 x .3460 = 12,8

(H,0) = 7.9 x 2,7625 = 21.8

() = 34 x 1,1875 = 41,5

76,1 or

= ,607

_b_
Vg

(co,)
(1,0)

(N

.761

i

a4

«3460

2,7625

1,1875

4,2960 moles/100 gm
.04296 moles/one gm
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(Co,) = .36 x 13 = 4,50
(R,0) = 2,7625 x 11 = 30,40
(N,) = 1,1875 x 6,9 = _9,35
44,25
_ 44,25 _
Cv = 7,205 = 10.25
A= 1,194
K = 1,759
= 1,0189
M= ,6241
_ 2,388 » | _ o
T, = 52288 — x 2793 x 1.0189 = 3060 °K
NyTy =131

D = 91,22 22298 \/737 x 1,759

w 1.194

3680 m/sec,

_ 009869

| 2
17 72,194 (3680)° x ,8 x ,6241

= 30,600 atmos,

45
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Taking 2% F.O.

98 gm AN
.2 gm F.O0,

100 gm explosive

GO = ,141 co2 = 0,141
Hy =5.210 H,0 = 2,605
NO = 2,450 NZ = 1,225
0, = 3.68 3,971 moles/100 gm

or 0.03971 moles/one gm

A= 3,68 - 0,282 2,605 = + 0,795

]

Up = 13.3 + 150 = 163.30
U, = 103.8 + 1,15 = 104,95
Qo = 58,35
Q000 = 312 + 43,90 + 14.65 = 61,67
Q1500 = 2+26 + 30.7 + 10,6 = 43,56
Th = 1908,5 °¢ or 1598 K°
b xn

(co,) = 37 x 14 = 5,2
(H,0) = 7.9 x 2.605=20.5
(M) = 34 x 1,225 =41.6

2 7.3

or ,673

b
S L - 538
VE
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Q5200

Q100

(co,)

(,0)

(N

It

(co,)

24,70

&= old x 12,

i

= 1,225 x 6,7

== 1,631
= 1,0170

= 6450
2440 K°

3240 m/sec

2,605 x 10,

24,000 atmospheres

(5,0) (x,)
18.89 13,33
17,85 12.66
1,04 .67
10,4 6.7
9 = 1.82
4 =25,71
= 8.20
35,73
35,73
3.97 = 8495
= 1,222
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Let us take 10% F.0. mixture
90 gm AN
10 gm F.o0.

100 gm mixture

Using Brown's approximate method, we get

Co = 705 (co,) = .705
Hy = 6,100 (H,0) = 3,050
Np = 2.250 (N,) = 1,125
0, = 3.380 Products 4,88 moles/100 gm

A= 3,38 - 1,41 = 3,05 = = 1,08
One mole of oxygen per 100 gm is too much, so CO and H2 are
to be expected in the products; also HO, H, CH4, NO and
others, but these can be neglected because they are found
in very small quantities,
If the computations are made without considering the
carbon monoxide and the hydrogen gases, we would arrive 36 

wrong results as

— o
TE = 4000 K

D = 5000 mt/sec

Pl = 50,000 atmos.

which are much higher than should be, And if we increase
the fuel ratio more than 10 percent, we would get higher

values, This increase in the parameter wvalues comes from
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supposing that more oxygen is in the reaction than is really
present; so we have to adjust for CO andH2 only and neglect
all the other gases,
In order to estimate the amounts of CO and H2 approxi-
mately, we have the following steps:
I. Assume an explosion temperature T

E

II, 1 - Assume a value for ¥ where X = e

COZ for this
‘assumed temperature Th
2 - Calculate the explosion products—gromrthe assumed

value of X == supposing no free carbon occurs in

the reaction

Seco + o, =g,
o, (x + 1) = C4
.. Co, = Cq
X + 1
o = ¢4 - 2

If the hydrogen is considered to come from the

\

following reaction

PR —
CO + Hy0 =—= 0, + H,

According to the mass law, the speed with which CO
and Hzo react is proportional to the concentrations

of CO and H20° Then

Rate for forward reaction (Rf) < C(co)o C(HZO)



T 937

or R_. = K @(C(O) R G(Hzo)

WhererRf is the rate of forward reaction
and Rr is the rate of reverse reaction

is the concentration of the hydrogen

C
(H,)
At equilibrimm Rf and Rr
"R Ceoy - Cmy00 T %2 Ceo,) - Cmy)
or simply‘fl = K - (CO)(H o)
K, c (co MHZ)
e 20
© (H,)
K, = called the equilibrium constant
H, + H,0 = H /2

H,0 [m + 1] = H0/2

or H.0 = 21 %e

2 X + K

3 -~ Calculate the oxygen balance A

A= 0, = €0 - 2€0, ~ H,O0

2 2

if A # 0 choose another value of ¥

4 -~ Interpolate to determine ﬁﬁﬁ"correct value of X

‘5 = Calculate the explosion products for the correct

value of X
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IIT.

Iv,

Calculate Qn = (U, - Uy) by the usual method then

E

calculate CVTE for the assumed TE,

If Ug - U, # C ‘assume another wvalue for T and

V E’
repeat I and II.

Interpolate to find the correct Tg.

Proceed with the computations as in the approximate

method. In applying this method to 10 percent F,O.,

we hawve
0 = ,705
HO = 6,100
NO = 2,250
OO = 3,380

51
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I, Let Ty = 2500°K

IT, Assume X = 1,5

o 002 = 705 = ,282 moles
2.5
co = ,423 ©
(H./2)K
o= mQa-m;C;. = L}
H)0 =~ g =2,490
C
K, for 2500 K° = 6,65
H, = 0,56
A= 3,380 = 3,477 = = ,097

Let X = 1,7

co = 0,261
2

co = 0,444

H,0 = 0,430

H, = 0,620

N, .= 1,125

A= 3,380 - 3,396 = -~ 0,016 which is o.k.

III., U, = ,261 x 94,03 + ,444 x 26,7 + 2,43 x 57,47 + O

E
+ 0 =176
_% 10
UO =3 x 84,7 + 142 x 82
UE =*UO = 75,23

T = 2500 K° = 2227°C

= 100,77

52
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CVTEA= 261 x 24,78 + ,444 x 13,67 + 2,43 x 16,04

+ .62 x 10,63 + lq125 x 11,49 = 130

Ug = Uy # CyTg

53
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I. Let T, = 2273 K°

IT, Take X = 1,5

002 = ,282 (COz) = ,282

cCoO = ,423 (co) = ,423

K, = 5.678 (H,0) = 2,410

H,0 = 2,41 (H,) = ,640

H, = .64 LiN,) = 1,125

N2. = 1.125 Products 4,880 moles/100 gm

A= 3,38 - ,564 ~ ,423 = 2,410 = 0,017

UEfﬁ +282 x 94,03 + ,423 x 26,7 + 2,41 x 57,47 = .176,8
UO = 100,77
UE - UO = 76
_ o
TE = 2000°C
:.CVTZOOO = ,282 x 22,14 x ,423 x 12414 + ,64 x 11,11

+ 2,41 x 16,81 + 1,125 x 11.99 = 72.16

Correct TE is about 2290 K° which is ¢lose to that chosen,

IIT. Second vifial‘coefficient.b
nxb>b

(co,) = ,282 x 37 = 10,40
(co) = ,423 x 33 = 14,00
(H,0) = 2,410 x 7.9 = 19,00

= ,640 x 14 = 8,95

il

1,125 x 34 =38,75

90.75 or 0,9075 cc/gm
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Py

VB

== = ,725

Using the differences in Table 3

(co,) = .282 x 12,7 = 3,58
(co) = .423 x 6.8 = 2.88
(H,0) = 2,410 x 10.4 = 25,10
(H,) = .640 x 6.4 = 4,10
(N,) = 1,125 x 6,7 = _7,50
43,16
. _ 43,16 _
«*Cy =~z.88 ~ 8.9
A= 1,224
K = 1.9760
L = 1,0285
M = 0.5727
T, o= 2 M T_ . I
1" Xy +1 'E
= 2448 - o
= 5554 % 2290 x 1,085 = 2590 K
A+ 1
D = 9122 e N.T. + K
A 1Ty
\/ A1
= 9122 J%A%%%= \/ 126 + 1.976
= 4080 mt/sec
P, = .009869 52 ©u

Rl + 1

55
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_ 2009869

2
5. 224 (4080)° x .8 x ,5727

= 33,800 atmos,

For comparison, the exact method of Cook gives
T, = 2750 K°
D = 4100 mt/sec

P = 40 kilobars = 39,000 atmos,



57

T 937

'S4TINSHY

008€€ 00 ¥E 008LE 0090€ 00¥¥Z wge g
080% 0¥6¢€ 00T¥ 089¢ ovzE oes/ju
0652 09z¢€ 088E. 090¢€ ovve M L
LZLS® T979°0 L929°0 T%29°0 0S%9°0 W
820°T 020°T €8T0°T 68T0° T 0LTO T )
9L6°T 06L°T 8SL°T 6SL°T T€9°T i
vzz°T L86T°T Z6T°T P6T°T 2721 Ty
6°8 0T €°0T Sz°0T 56°8 sTom/Tes o
SZL°0 229°0 009°0 L09°0 8€5°0 8y /Tq
0622 6262 615€ €6LZ 865T M
0°9L z°86 P61 €L°88 GE° 86 wh 00T/TE> ¥ O
88°% ZIv° ¥ YEZ Y 0962° ¥ TL6°€ seTow Te303 [N
SZI°T SLT°T 8T°T SL8T°T 5zz°1 wb 0oT/ssTom N
0¥9°0 (%H) z
0TV’ 2 S18°¢2 GL9°2 gz9L°C 509°¢ wb- 001/seTouw O“H
€zZ¥°0 (0D) z
Z282°0 rdAA0) 6LE"O 9%€°0 I%1°0 wb QoT/seTow “0D
80°T - 6ET°0 - LO0°0 + 90T°0 + S6L°0 + \%
*0°d %0T *0°d %9 (*0°d %4v°S) *0°d %S °0°d %z



T 937

CONCLUSIONS

The most striking fact about AN-F,0, mixture is that
near the critical diameter there is a great difference be-
tween its measured and calculated detonation velocity. This
difference is so great that it may be thought to deflagrate
and does not detonate, Deflagration differs from detonation
in that the particle velocity is in the opposite direction
to that of the detonation velocity in case of deflagration,
whereas both are in the same direction in detonation,

Because the particle velocity is roughly one fourth of
the detonation velocity, the maximum speed of deflagration
under ideal conditions should not exceed one half of the
ideal detonation velocity. All the measured detonation
velocities in 5-inch diameter pipes (run by Cook) are
greater than one half of the ideal detonation velocity
(Brown, 1941, p., 632; 1942, p. 643).

The reason for such difference may be due to the

incomplete reaction of the AN within the detonation zone,

59
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According to the same experiments by Coo, the ratio D/D*
in an oxygen-balanced mixture is about 0,6; that is to say,
the fraction of reaction (N) that takes place within the
detonation zone which can produce heat of reaction in
supporting the detonation wave is very small and equals (D/D*)z
or only about 35 percent of the AN, The reaction may be completed
under the explosion state conditions within the reaction zone
which in this case is longer than the detonation zone,

If the ideal detonation is to be achieved, the total
heat of reaction must be liberated within the detonation
zone; in other words, both the detonation and the reaction
zones must coincide, a point that can be werified by shorten-
ing the reaction zone which means decreasing the reaction time,
if possible,

Eyring has shown the relationship between the reaction
zone length and the detonation velocity by:

(a/a*) = (D*/D) _(AH%/RT) (D*/D°-1)

where a* is the reaction zone length for ideal vel, D¥
and a " actual vel, D
T is the temperature of ideal detonation
AH* is the heat of activation
Then, in order to get a as small as possible, A H*
should be as small as possible, A;H* depends to some extent

upon the heat of formation of the fuel,
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Let us look to the reaction time relation, given by Cook

r
Ak,

t =
k_ = (kT/h). e(-A H*/RT) » e(/_\ S*/R)

where
t is the total reaction time at temperature T

r is the average grain size of AN
A is the AN molecule radius 7.10q8 cm
k is the Boltzmann®s constant
h is the Plank's constant
R, is the gas constant
AH, is the enthalpy

AS is the entropy

It is clear that in order to decrease t, r must be
decreased, So if we can find the fuel that can give minimum
Zkgf and can dissolve the AN, in such an amount to give
oxygen balanced explosive and which could be used as a
liquid explosive, we could arrive at the ideal detonation
velocity, or at least very close to it,

AN is soluble in ethyl and methyl alcohols,



T 937

NOMENCLATURE

A Oxygen balance

Moles of carbon per 100 gm of explosive

H Moles of hydrogen per 100 gm of explosive

N, Moles of nitrogen per 100 gm of explosive
OO Moles of oxygen per 100 gm of explosive
D Detonation velocity (meters/sec)

D* Ideal detonation velocity (meters/sec)
W Average particle velocity (meters/sec)

ol Covolume of gas (cc/gm)

Ty Initial temperature of explosive, Taken as 0°c in all
calculations
T Explosion temperature (°K)

Ti Detonation temperature (°K)
Explosion pressure (atm)

Detonation pressure (atm)

62
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fl

=

Heat of formation at 0°C of 100 gm explosive (K cal)

Heat of formation at 0°C of 100 gm of products as
determined by conditions in detonation region
(K cal)

V., — V, = Energy released in explosion (K cal/100 gm)
V, = V., = Energy released in detonation (K cal/100 gm)

Specific heat at constant volume of products of detona-

tion (cal/mole)

Gas constant = 1,9871 (cal/mole °x)
Moles of gaseous detonation products (moles/gm)

Second virial coefficient for explosion products (cc/gm)

Second virial coefficient for detonation products (cc/gm)

% = Specific volume of explosion products (cc/gm)

Specific volume of detonation products (cc/gm)
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APPENDIX

The Hydrodynamic Theory of Detonation

As an idealization, let us suppose a plane-detonation
wave to have been established in any exploéive medium of
infinite extend (so perfectly confined that no lateral motion
can occur) .,

In front of the wave is the intact explosive (subscript
0); behind the wave are the products of the explosion
(subscript 1), separating these two regions is a reaction
zone, The explosive at the end of the reaction zone is
described by these properties: pressure P, specific volume
V, temperature T, particle velocity W, and the detonation
velocity D.

To solve for all these, I used the foliowing conditions:

1., Conservation of Mass

Considering discontinuity at the shock front, we can
say that, at the infinitismal time dt, the mass flowing into

the front must be equal to that flowing away from it.
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D-Wy  D-w
Vo Vi
W, =0
'.' %— = D = Wl
0 v,
p._ _Y
Wy Vo = V1

2, Conserwvation of Momentum

65

(1a)

(23)

Here the effects of viscosity and thermal conductivity

are neglected. , The mass leaving the front in time dT has

momentum D Wde, The difference or the change in momentum

Vo

must equal to the impulse of the net force per unit area daf

the limit 4T approaches O,

(wl - WO) =P, - P,

<qU

0

DW, = V (Pl-P

1 0 0)

From equations (2A) and (33)

D™ = v, (Pl - PO)
Vo = Vq
P, - P
_ 1 0
or D =V
0 Vo - V3

2 :
also Wy —‘(Vb - ‘Vl)(Pl - PO)

(32)

(4a)
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or W, = (5a)

(6A)

3. Conservation of Energy

The net work done by the pressures P1 and P0 must be
equal to the increase in the kinetic energy KE and the in-
crease in'poténtial energy PE when the time dT becomes in-
finitesimal, The work done by P, is P;W; dT for unit area

of the front, and by P, it is 0 since W, is O,

0

e 2 2
PiW, - 0 = 5= [ikEl - Bg) + 1/2 (W5 - W, {]

0
D 2 D _
P W, =~ 1/2 7, Wy mvo (E; - Eg)
From eq., n (3A) DWl == VO (P1 - PO)
© P.W, - 1/2 W, (P, = P.) = =2 (E, - E.)
e - F17M 1 Y1 0 Y 1 0
=D, 1 -
l/2(Pl+PO)—=Wl v (El EO)
0
\%
'« D 0
From eq, (lA) o— = —
W, Vg = V3

o By = Ej = 1/2 (Vg = Vq)(Py + Pyl (73)
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4, Specific Volume of Gaseous Products

To find the specific volume of the gaseous products
(Vl), let us consider, for simplicity the case of ideal gas,
then transfer it to the case of real gas, From equation n

(5)

c., (T

v - T

L o) =9 +1/2 (Py + PJ)V; - V)

and the gas law P,V, = N;RT,

C:P - CV = NlR

v
. N.R
e A= —& + 1
Cy
N.R ;
' Ay~ N.R -
1 N R
/
_ PV — PV

- /
PV, = P,V

0’0o _ - _
T, = 1 = Q, + 1/2 (P;V, + PyV, =~ PyV; = PyV;)
v Q. f ~ 1)
: _ . T v
putting 77 —-Pl/PO, Qf=. §€=, B = ——ngg——— +Vv-1
S

and &« =
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dividing by POVb

7SV TS
(8a)
g = Q%OK% - + -1 + 1 + Zl—l—-—;—}- T+ 1 -Tg-4F)
7T¢f=:B + 1 + T££;Q (r+ 1,éW75 - ¢{)
77¢~M77‘+m¢:-»a2 = (B + 1 +4) (1 ~4)
So (M +ae) (F=a) = (L =) (B + 1 +4) (9a)

(ram) + (F-n) GG o= 0

.
L

. Tt

ar _
dg

The slope of the RH curve

dpy B ar = - 21t Pos
av. Y ag V, = VA&
1| e 0 1~ Y
dpl 1 llpl _ PyP0 ¢
av, vy V) -V
-2y Py Ay * Py + Pody - P

-2 Vl Vl Al + Vl - VO 21 - VO
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v APy Py = Py A1 -1

TtV Vo - v, T g T TI-¢4
4

T = TR P (10a)

Substituting in equation (8A)

77‘¢"= 2B + 1 + -=-,1¢ +¢ AT —17l'¢»77’

o d—lf}tgé (F-2AF+ 1) =28+ 1+ (F+12g)
l(‘fi+l)¢2~2¢(/\B+B+A+A2) +A(A+1) +2B=0
¢'2.,=, —%ié-(B+1)+_1+ —2B_ = 0 (11n)

,¢=w+ (B +2 12 _ A+ 1+ 2B
A - 22 L+ 1
_ B+2A B®A + 8% + 228
AT /\2(7\+1)

B is’'about 1 or little greater than 1

...¢- ;]:__i_.a_._.l., BA + 1 x A-I-l
- A - AT+ 1) (A +1)

LA \/3,12‘+4}1+1

= +

1
A~ A+ 1)
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The value of the \/312 + 4_1 + 1 is approximately (2A + 1)

Sofe LAX 2241 o A
A ALA+ 1) A+ 1 (12n)
= Vi A3
‘VO Rl + 1
A1V
Vi=R T (138)
5. For Real Gas
P (V =0&) = NRT
where oL is a function of T and V
. ol
s » PV = NRT + TV P (141)
dp i . dp d ok dT & . AV
P+V g5 = % &y +P..[:BT‘ av. T av dV:,
2% _ MR
ST D (151n)
. dT .
Find av from the thermodynamic law
_ | dE
“C‘V d'I“s = [g——v + P av (leA)
° daT 1 rélE
v L
~ dp L) = MR /g 3ot
gy (V=) =P 1"'{.Pcv (dv +P>+ SV
- dp _ _P 1 + MR dE_ , NR_ _ Qo4&
v av V ot PC, AV C,, Q V
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. P
= T &
LKy B +1- 2
4 1 C.V v
In real gases
¢ = vl = ot - Kl
V., = ot Kl + 1
v K,V + oL

6. RH - Equation

- o v 7‘ - v
Cy (Tl TO) Q; + 1/2 (Pl + PO)(VO 1)
PO can be neglected comparable. to Pl
N, RT
171
e Py (Vg = V) = ———— (V. = V)
1 0 1 V. —ol 0 1
1
Vo = Vy KV + ol
KlVO + oL e 1
Ky + 1
N, RT
veo 1/2 P, (V v,) = 11
1 0 1 P
K
1
o0 Gy (Ty = Tg) =0y + 1/2 () + Pyl (Vy = V)
NlR’I“

(18a)

(19a)

(20n)

(21a)

(22n)
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7. CJ = Condition

The RH and adiabatic curves must have the same slopes

R.H, equation: E = E, = 1/2 (py + PO) (v0 - vl)

0
-dB _ - dp
dvl = = 1/2 (Pl + PO) + 1/2 (vo vl) -—--dvl
RH
Adiabatic condition: dE + Pldv = 0
« | dE -
.o [dv] =-P
-8
oo = Pyt 1/2 (Py + Pg) = 1/2 (v, = V;) aﬁz_
Pl - PO o dPl
dav.
V., = Vl 1
D = c_
Vi
= VO W
V. = Vl 1
"y _ _C Ly Zégﬁbﬁ
— = =5 i
v vy vl
vy (wl + ¢) = c'vo
V
0
W, + C=C
1 Vl
W, + C=0D
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