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Exhaust Nozzle Contour for Optimum Thrust

G. V. R. RAO!

Marquardt Aireraft Co., Yan Nays, Calif.

A method for designing the wall contour of an exhaust
nozzle 1o yield optimum thrust is establi

d. The nozzle

length, ambient pressure and flow conditions in the im-

mediate vicinity of the throat appear as governing condi-
tions under which the thrust on the nozzle is maximized.
Isentropic flow is assumed and the variational integral of

this maximizing problem is fo

salated by considering a

suitably chosen control surface The solution of the

varintional problem yields certain flow properties on the

control surface, and the nozzle contour is constructed by

the method of characteristics to give this flow.  An exam-

ple is carried out and typical nozzle contours are given.

Nomenclature

A = cross-scetional area of nozzle

Iy [, (7; = various functions defined in the text, with 7 = 1, 2,3
h = Lagrangian multiplicr, which is a function ol y
L = length of the nozzle

A = Nach numher

P = local pressure

P = ambicnt pressure

W = [(low velocity (scalar)

x = coordinate in the axial divection

I =" coordinate in the radial direction

« = Mach angle

¥ = ratio of specific heats

5 = varialion

0 = angle hetween low dircetion and nozzle axis
As, Ay = Lagrangian multiplicr constants

P = densily

& = angle hetween control surface and nozzle axis
Subseripts

¢ = chamber conditions

(", 1 o= values taken at respective pointls

A, 0 = denote partial differeniiation

{ = conditions at throat

(
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Introduction

r I YV diverging portion of an exhaust nozzle is an important

A feature for all engines which depend upon the thrust
produced by the exhaust gases.  Maximum possible thrust
on a nozzle can he obtained by complete expansion of the
exhaust, gases Lo the ambient pressure through a nozzle
designed to give a parallel uniform jet at the exit.  One may
apply the method suggested by Foelseh (1)2 Tor the design of
snch nozzles. Tor jet engines operating at high altitudes and
especially for rocket motors, one is required to design nozzles
for very low awmbient pressures.  ven the shortest nozzle de-
signed by the aforementioned method would be excessively
long and heavy. TLogically, one would seek a nozzle of limited
length, sinee length is o fair indication of nozzle weight. The
problem then is the choice of anozzle having aspecified length
and yielding maximum thrust.  Semi-empirical investigations
of this problem were carried out by Dillway (2) and Fraser
and Rowe (3). A mathematically rigorous formulation and
some numerieal exiples are due to Guderley and Tantsch
(1), "T'heir principal ideais the introduction of a characteris-
tic surface as control surface for the momentum, the mass
flow and the length of the nozzle. By this choice, the partial
differentinl equations governing the gas flow reduce to one
ordinary differentinl equation, and a one-dimensional varia-
tional problem is obtained.

The present paper proceeds in a similar fashion hut does not
specily in ndvanee that the control surface is a characteristic
surfuee. The Torm of the conbrol surface and the velocity dis-
tribution along it are determined in such o manner that the
thrust assumes o maximum, while the mass flow has a con-
stant value.  Obviously, this formulation fails to include an
expression for the flow differential equations, and thus one
might be in doubt if the velocity distribution along the control
surface thus obtained ean oceur within an actual flow.  How-
ever, one finds that the control suirface becomes automatically
a characteristic suvface.  Tor this teason, the characteristic,
conditions need not be included in the present formulation.

* Numbers in parentheses indieate References aloend of paper.
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iis results in o great reduction of the computational work.
Moreover, the approach shown here may possess a mathe-
matical interest of its own.

| Initial Expansion in the Nozzle

v Let ATBE, as shown in Fig. 1(a), represent the interseetion
of the nozzle contour with the meridional plane, Contour A7
is the conbrncétion upstream of the throat and 7'BI s Lhe
diverging portion of the nozzle. The initial expansion oceurs
along 7'B and the wall contour B to E turns tise flow back to a
direction nearer the axial. Guderley and [Tantsch considered
this initial expansion to occur through o sharp corner. Sinee
it is advisable to avoid sharp corners in exhaust nozzle con-
tours, one can prescribe a suitable contour TBB’ in the throat
region. However, the location of point B along this pre-
scribed curve is left open in considering various nozzle shapes.
The location of point B, in fact, is a part of the solution of the
problem. After the point B is determined the contour B3’
does not effect the construction of the optimum nozzle con-
tour.

Sauer (5) gives a method of analyzing transonic flow in the
throat region in terms of the radius of curvature of the nozzle
wall at the throat. Using this method, a line 7’7" (Fig. 1(a))
can be defined along which the Mach number is constant.
The flow directions at various locations along the line ean he
computed.  In the few examples earried out by the author, the
Mach number along 7'7’ was larger than unity and no
difficulty was encountered in applying the method of charac-
teristics to determine the flow downstrecam of the line 7'7".

T c i *

Fig. 1(a) Characteristics net and control surface

LINE CDE

dS
0-€)

r—-————dx————

Fig. 1(b) Flow across an element of control surface
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The origin of the coordinate system lies at the throat see-
tion, the a-axis coincides with the nozzle axis, and y represents
the radial distance from the nozzle axis. To construcet the
flow ficld a number of points between 7" and B are chosen
and the values of 2, y and 6 for the given contour are deter-
mined at these points. Using these initial conditions along
7T and TBB’, the method of eharacteristies (6) can be ap-
plied to construcet a characteristios net and evaluate flow prop-
ertick al the net points, Suceh aonet of chareteristies is sehe-
matically shown in ig. 1(a) and is denoted as the “kernel”
since the variations in the nozzle shape between B and I do
not, alter the fMlow properties in the region upstream of right
characteristic through B, Loealion of point B on the pre-
seribed contour is implied in the determination of the last
right characteristic up to which the “kernel” of Fig. 1(a) is to
he utilized in the construction of the nozzle shape.

Formulation of the 'roblem

TFor computing thrust on the nozzle and mass flow through
the nozzle, let us consider a control surface passing through
the exit of the nozzle. In Fig. 1(a), let CE deseribe the in-
tersection of the control surface with the meridional plane. Let
¢, a function of y, denote the inelination of line CE to the
nozzle axis. The location of the point € on the axis and the
function ¢(y) would then completely define the control sur-
faee.  Along CF consider an clemental length ds (Fig. 1(h))
ab a distance y from the nozzle axis. The elemental area
generabed by rotation about the axis is dA = 2wyds.  Also,
ds = dy/sin ¢. s

Let p, IV and 6 denote respectively the density, veloeity and
flow direction considered uniform over the element ds. The
mass flow erossing the clemental arca is given by
_sin (¢ — 0)
T b Dy

s ¢

fall

and the momentum flux in the 2 direction

o Sin (¢ — 0) cos 0

n
P sin ¢

2 ydy

By integrating along CE oue obtains the mass flow crossing
the control surface
;8in (& — 0)

E
ass flow == f ¥ ———2ydy........
mass flow c P J e mydy (1

Similarly, thrust on the nozzle ean he obtained by integrating
pressure dilferential and momentum flux across C'F

E 1 — Y0F
thrust = fc [(7’ = pa) -+ pIV? 'Q‘IL(Q““QLT‘Q"—G] 2mydy

sin ¢

(2]

In the present problem the conditions at the inlet to the nozzle
are assumed to be given and henee maximizing the above ex-
pression is sullicient.

The axial distance between C and F is given by

E
rp o= Xe = f(‘ col. ¢ dy

Henee the lengbh of the diverging portion of the nozzle is

. E
length = 2, + f( cotpdy......... ... 3]

Varving the nozzle contour would involve corresponding
varintions in the control surface.  One can leave point € fixed
and vary ¢ to obtain the variations in the control surface.
The location of the point € depends upon the length chosen
for the nozzle.  Point € ean be treated as fixed in the present
problem, since the variations of nozzle contour are subject
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to (onsm&t length. Hence the following condition must bhe
- satisfied ¢

E
fc cotpdy =const................ 4]

Continuity of mass flow requires that the mass flow as given
by Equation [1] must be equal to mass flow through the throat
section, which is invariant with changes in the nozzle con-
tour. Hence it is required to maximize thrust on the nozzle
subjected to the restrictions given by quations [1, 4], Using
the Lagrangian multiplice method this problem can be re-
duced to maximizing the integral

E y
[ i fc A Nefe + Nfdddye oo 15
where

-9 0

hi= [(p PR o ek o L
sin ¢

— sin (¢ — 0)
o= el sin ¢
Cfs = col ¢

and As, A\; are Lagrangian multiplier constants.

Solution of the Problem

The solution of the problem lies ir: setting the first variation
of I (Equation [5]) equal to zero and thereby obtaining
the required control surface and flow conditions along it. Tet
us first enumerate all the permissible variations of the quanti-

_ties appearing in the integral. In the following discussion, &
. denotes variation of a function, and partial defivatives arce in-
" dicated by the respective subseripts.

‘As cxplained in the introduction, the initial expansion im-
mediately behind the throat region is assumed to oceur along o
prescribed contour TBB’ (Fig. 1(a)). Let B indicate the
“ point up to which such an expansion takes place, and let the

o right characteristic from B interseet the control surface at D.

Any variation in nozzle contour downstream of point B would
not affect.the flow between ¢ and D.

For convenience the control surface between € and D is
assumed to coineide with a left characteristic in the “kernel’”’
of the characteristics nut,‘. This leads to 8C, 841 and 80 all
-zero it this region. = (a + 0) is a known quantity along

© - CD, yielding 6¢ = 0. TIlL loeation of point D, i.¢., the extent

: to whu.h the assumed initial expansion occurs, is not known.
‘Hence 6D i8 not zcro.

‘Between D and E, we have 8D, M, 88 and 8¢ all nonzero.
Since only the length of the nozzle is prescribed, dyg is non-
zero. . M and 8 are continuous in the interior of the flow, and
¢ is also required to be continuous along CDE.  Ilence the
integrand in Fquation [5] is continuous.  The variation of
point- D therefore does not enter into the first varintion of the
integral 7, and one obtains

£ ‘(fl.u + Nefoar + Nafaa)sd

+ (fio + Aafas + Asfs0)50 + (fig + Nafop + Nafsg)do ) dy
‘+ Sue(h + Nefe + Nafs)ue . . [6]

Since the variations in 41, 6; ¢ and g are arbitrary, the above
leads to

Sur + Nafore + Nafor = 0. (71

Jio+ Nafog + Nafao =0 ... ... 18]

Jig + Nofrg + Aafig = 0
Junwe 1958

be o maximum.
T lguation [10]; the following condition results

along DE, and
i+ NfatNfs=0 atB........ i {10}
Since faa and fy are zero, one obtains from Equations [7,8]
Ju S0 = fro fant

1t should be noted that y drops out of the above cquutlon,
leading to
¢=0+a uwlongDE.............. [11]
Phis uhove relation shows that the control surface coincides _
with the last left characteristic in the nozzle flow, and the

conditions along this line are obtained by introducing this
relation into Bquations |8, 9], Tence

W cos (0 —~_a)
cos a
and
yoW?sin?@tana = —Xg... ..ot [13]

along DE arc the necessary conditions for the integral [5] to
Substituting Fquations [11, 12, 13] into

gin20 = E—Peootar atB............ [14]

=~ oW
2P

This condition loluting M and 6 at the end point of the nozzle .
is the same as given in (4).

I'rom Fquations [12, 13] onc can obtain the following rela—
tion dAf/dy and d8/dy

a0 VM =1 aM sin a sin 0
dy ¥ —1 _(E/—+yﬂin(0—|-a)
S 4 (1 i Sres M') _

!

This relation ‘is. the compatibility condition between the
Mach number and the flow direction along a left characteris-
tic. It is crucial to this approach that such a condition is im-
plicit in the solution of Mquations [12, 13], since according
to Equation [11] the control surface has the direction of the
left characteristic.  If the condition of compatibility were not
fulfilled, the control surface would become a limiting line,
i.e., the flow pattern would be physically impossible.  Equa-
tions [12, 13], in connection with [11], give the form of the
control surface and the velocity distribution in a form which
does not require the solution of partial differential equations.
In this regard, the present paper goes beyond Guderley’s
solution. In retrospect, one recognizes from the present ap-
proach, that the additional Lagrangian multiplier A intro-
duced in Guderley’s paper will assume the value zero.

0..[15]

Mecthod of Constructing Optimum Nozzle
Contour

To illustrate the application of the solution given in the
previous seetion toward obtaining a nozzle contour, a numeri-
cal example is carried out in detail in this scetion. A constant
value of ¥ = 1.23 and zero ambicnt pressure are used in the
example. The method is simple cnough to muke the appro-
priate changes for other conditions.

The first stop is to choose a suitable curve for th(, nozzle
wall contour in the throat region. A circular arc of radiug
1.5y: (y. is the radius of throat scction) is cliosen for the
nozzle contour upstream of the throat scetion. The asssumed
nozzle wall contour in the throat region is shown in Fig. 2.
Caleulations nccording to (1) indiente o Mach number 1.103
on the wall at the throat section.  In Fig. (2), 7T represents
the line along which AL = 1.103. The initial expansion im-
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mediately behind the throat is assumed to oceur along a cireu-
/lar arc of 0.45 y, radius. Since flow across T'7" is sufliciently

* | supersonic, it is assumed unaffected by downstream condi-

lt,ionﬁ. A characteristic net is computed (see the seetion on

- initial ‘expansion in the nozzle) for these initial conditions, a

!
§)'p'ortion «of which is shown in Fig. 2. The five right charac-
! teristic lines shown in the figure start from initial points on
“the nozzle wall in the throat region, where the wall slopes are

* 28, 30, 32, 34 and 35 deg, respectively.

Instead of choosing a particular nozzle length, Ay, the

Mach number on the nozzle wall at the exit, will be preseribed.
'This Mach number forms a parameter which deseribes a pos-
teriori the length of the nozzle. By choosing different values
of Mg, optimum contours for different Jengths can he ob-
tained.  Optimum nozzle contour for any particular desired

- length can then be obtained by interpolation.  For zero ambi-

ent pressure, Bquation [14] reduces to

«

sin 20 = -

x/Y1
Fig. 2 Selection of the extent of initial expansion
o
36 g ,I
D
o, |/
M 35 e /
34
T
/
!
24 ; D
Dy
20 - 7
A
/
8° 16 |
//
| —1
12 -
8
1.0 0.8 0.6 0.4 0.2 o}
Y/Ye

‘ .‘F!g. 3 Mach number and flow angle along the control surface
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FFor the present namerical example Mz = 3.5 is chosen and
the above equation yields the neeessary wall slope 0. = 13.22
deg.  Tquations [12, 13] govern M and 0 along the control
surface, and the constants A and A3 can be evaluated by in-

serbing Mz = 3.5 and 0 = 13.22 deg at y = ye.  Fquations
112, 13] can be rewritten as
e @ = . cosO — ap) 17
Ccos a CO8 O'p
where
/2!
M* = '
2
¥ Al
and
; — 1 =v/(y—1
Y ae <I -l ¥ ill’) sin?® 0 lan o =
e 2

Y - 1 _‘Y/('?l‘l)
M| |+ 5 Mp? sin? @p tan ag. . [18]

The above two equations can casily be solved by first choosipg
pairs of A7, @ values satislying Toquation [17] and then ob-
taining corresponding values of y/yr from Equation [18).
IMigz. 3 shows the values of A7 and @ thus obtained as functions
of y/yr. These relations ean be computed even though one
does not yet know the position of the control surface DE (sce
Ifig. 1). -
The next step is to find the point in the characteristics net
(shown in Fig. 2) which would define the end point on the
control surface.  Consider the flow conditions along the right
characteristic from any point B, on the prescribed contour
TB’'. Pick a point D; on the right characteristic such that
the values of A and 0 at D, satisly Fquation [17]. The
dashed line shown in the figure is the locus of all such points.
TFrom the values of Af and 8 at D, the value of 4/yr at' D, can
be found from Fig. 3. Conservation of mass requires the mass
flow crossing the right characteristic By, to be equal to the
mass {low crossing the control surface from Dy to E, the end
point on the nozzle wall. That is

D W si
2mylp ) f 8 _______ﬂ_ﬂ‘j"____ LA ) =
B pWicos (0 — @) e "

D pW sin a Y Y ‘
2mye? pW f —————— e =1,
Lol gl F pWesin (0 4 ) yr ¢ (r/z 191

It should be remembered that the integration on the left-
hand side is earried out along B,D; in Iig. 2, whereas the inte-
gration on the right-hand side depends upon the control sur-
face, as deseribed in Fig. 3, and the point Dj. - Also the ratio
of yr/y. in the above depends upon the choice of the point D;.

The above equation can be satisfied by a few trials and by
noting the error for each choice of the point Dy. 'In the present
example the point D shown encircled in Figs. 2 and 3, satisfies
the above equation, [19]. By interpolating hetween known
right. characterigtics shown in g, 2, the right charncteristic
BD through the point D, with respective values of A and 6
on it is found. This characteristic line BD is shown in Fig. 4,
indieated as extent of “kernel” since the assumed initial ex-
pangion oceurs up to this right line. The location of the point
D as represented in Figs. 3 abd 4 yiclds the ratio y=/y:.
IBquation [11] indicates that the control surface DE is a left
characteristic and this property is used to find X/y, for respec-
tive valuecs of M, 6, and y/y. along DE. Thus the information
given in Iig. 3 can be translated to define the control surface
DE in terms of . as shown in Fig. 4. The length of the
nozzle is given by the z-coordinate of the point E and is found
to be 8.19 g, for this example.

Starting with the above derived flow conditions nlong lines
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Fig. 4 Construction of the nozzle contour

BD and DE, the characteristics net is completed in the region
between the two lines as shown in Figure 4. With the flow
“field in this region known, the streamline passing through
B and E is drawn. This streamline shown in Fig. 4 then
‘forms the required contour for nozzle length of 8.19 y,. As
mentioned before, optimum nozzlc contours for different
+lengths can be designed by choosing different values for wall
‘Mach number at the point E. :

Typical Nozzle Configurations

The nozzle configuration computed in the preceding scetion
is shown in TMig. 5 and represents the contour for optimum
thrust when zero ambient pressure and a length of 8.19 ¥, are
preseribed.  The coordinates of wall points, Mach number and
wall slopes at the points are listed in Table 1. By choosing
Mg = 2.6 and zero ambient pressure a shorter nozzle of length
2.94 y, is designed and is also shown in Fig. 5. The coordi-

“nates of wall points of this nozzle are listed in Table 2.

Table 1 Optimum thrust nozzle A
(Pg =0, v=123 L = 8.19Y))
Wall slope

X/Y, Y/Y, M 9, deg
0.25 1.08 2.11 34.4
0.33 1.13 2.19 32.8
0.94 1.52 2.42 32.0
1.03 1.58 2.45 31.7
1.17 1.66 2.48 31.2
1.47 1.84 2.57 30.4
1.88 2.07 2.67 29.0
2.31 2.30 %.77 27.5
3.37 2.82 2.906 24.0
4.20 3.16 3.08 21.6
5.43 3.32 3.24 18.5
6.50 3.905 3.3 16.2
7.98 4.34 3.48 13.5
8.19 4.40 3.50 13.1

. Table 2 Optimum thrust nozzle B
. (Pa=10, y =123, L =294Y)

" Wall slope.:

v XYY 102 CERNEEIR ¥ SOnr 6, deg
0.2 1.05 ¢ - |[.1.06 28.7
0.29) 1.10 2.01 27.8
-0.68" 1,277 2,12 26.9
0.91 1.41 2,20 1 26.1
1.52 1.70 12,34 23.7
2.30 2.01 2.49 20.4
2.94 2.23 2.60 17.9

June 1958
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Fig. 5 Optimum nozzle contours—P,; = 0; v = 1.23

The thrust coeflicients of these nozzle configurations, com-
puted from wall pressures, are shown in Table 3, and are com-
pared with conical nozzles having the same lengths and area
ratios. Thrust coefficient is defined as

thrust
puAl

7

and the maximum attainable value depends only upon the
ambicnt pressure and v, the ratio of specific heats. Tor zero
ambient pressure

YA\ fy 41
CTmnx - 7( 2 ) ) v - 1

and one should remember that this value can only be obtained
with a nozzle of infinite length and infinite exit area. The
thrust coefficients of the optimum nozzles are also shown in
Table 3 as percentages of the above maximumn attainable
value.

Table 3 Comparison of thrust coefficients
Contour A
shortened to
Nozzle A Nozzle B length of
of Fig. 5 of Fig. 5 nozzle B
Length-throat radius 8.19 2.04 ©12.204
lixit arca-throat area 19,36 4.973° 6.838
Thrust cocflicient 1.7676 1.5829 1.5688
Onc-dimensional
thrust for the area
ratio, % 08.58 06.93 03.5
Thrust of conical
nozzle of same
length and arca
ratio, %, 102.3 100.5 102.1
Maximuin available :
thrust, % 82.7 74.1 73.4

Results presented in Table 3 show that nozzle A yields 2.3
per cenb more thrust than a conical nokzle of the same length
and aren ratio. On the other hand, nozzle B, of much shorter
length and smaller exit area, yields only 0.5 per cent more
thrust than the equivalent conical nozzle. If nozzle contour
A were cut off at a length of 2.94 y, (i.e., the length of nozzle B)
one obtaing a thrust coefficient of 1.5688. As can be expected
thig valiie is lower than the thrust coellicient of the nozzle B

which was designed to yield maximum thrust for the length.
To cstimate the effect of v on the optimum hozzle shape, |
v = 1.4 is used, and for zero uml)ien&'prcssufd a nozzle is de- .

signed having a length of 9.19 y,. This nozzle contour is
shown in Fig. 6, and differs considerubly from the contour
computed for vy = 1.23. Increasing the value of vy reduces the
exit area of optimum thrust nozzle, .
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Fig. 6 Optimum nozzle contours-—-/°, = 0

It should be remembered that the nozzle contours shown in
Figs. 5 and 6 are computed for inviscid isentropie flow. Similar
to-the methods used in wind tunnel nozzle design, one may
compute the displacement thickness of the boundary layer
along the nozzle wall and apply the eorreetion to the contours
shown in TFigs. 5 and 6. Inecreasing the radial coordinates of
the wall contour by the amount of the houndary layer thick-
ness would yield the exit flow for which the nozzle is designed,

Conclusions

By applying the calenlut of variations o method s de-
veloped for designing the wall contour of an optinnum thrust
nozzle. The ambient pressure, length of the nozzle and wall
contour in the throat region appear as governing conditions in
the formulation and solution of the problem. Typical nozzle
contours arc presented in Iigs. 5 and 6.

A nozzle contour obtained for a given length and ambient,
pressurc will also be the contour yielding maximum thrust
when the length and the corresponding exit area are the pre-

seribed conditions. 1or example, nozzle A shown in Pig. 5 will
also be the optimum contour if, in addition to length of L/, =
8.10, an exit area of A/A, = 19.36 is the condition preseribed
in place of zero ambient pressure.

The nozzle contours presented in Fig. 5 show the difference
hetween the optimum nozzles computed for the two different
lengths.  On the contrary, Guderley and Hantseh (4) con-
cluded from their computations that for a given ambient pres-
sure all optimum nozzles of different lengths ean he repre-
cented by asingle contour. This may be a coincidenee due to
cither the sharp-corner expansion he considered, or the com-
plicated nature of his solution.

The ratio of specific heats, vy, of the exhaust gases has con-
siderable effect on the optimum nozzle contour as can be seen
from IMig. 6.

Comparison of thrust cocflicients shown in Table 3 indi-
eates that the advantage of contoured nozzles is greater al
larger area ratios.
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Prediction of the Explosive Behavior of
~ Mixtures Containing Hydrogen Peroxide

i. S. SHANLEY! and J. R. PERRIN?

Bececo Chemical Division, Food Machinery & Chemical Corporation, Buflalo, N. Y.

This paper concerns a relationship between thermal
properties and explosive properties for niixtures containing
hydrogen peroxide, water and soluble organic compounds.
It has been knoivn for some Lime that certain mixtures of
this kind are explosive. In the present study it has been
found that sensitivity to initiation is about the same for
all imixtures having the same heat of reaction.
tionship is demonsteated for five dill 1L organic con-
stituents and for three methods of initiation. The findings
provide an easy basis for predicting the likely range of ex-
plosive compositions of untested mixtures containing hy-
drogen peroxide.

is rela-

Introduction

ERNARY mixtures containing hydrogen peroxide, water
and soluble organic compounds are used in rocket propul-
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sion, in synthetic organic chemistry, and for other purposes
Mixtures of this kind are explosive within certain concentra-
tion limits., The range of explosive compositions has been
determined empirically in a few cases.? This is a laborious
undertaking, so that a way was sought to predict the proper-
tics of untested mixtures. The present communication shows
the correlation found between explosive hehavior and ATT, the
ealorimetric heat of reaction. 'This correlation ean be used to
prediet the range of explosive compositions for untested mix-
tures.

Experimental Part

Mixtures containing hydrogen peroxide, water and several
different. combustible malerinls were tested.  Only soluble
“fuels” were used, so as Lo avoid the complications of two-
phase systems.  Tests for sensitivity were earried out with
blasting caps, drop weights and static sparks, as described

3 Shanley, 15, S, and Greenspan, 1. P, “Highly Concentrated

Iydrogen Peroxide,” Ind. Eng. Chem., vol. 39, 1947, pp. 1536-
1513,
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