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ABSTRACT

This handbook is a compilation of the engineeriug
properties and handling characteristics of propellant-
grade hydrogen peroxide. The handboux includes data
and information on hydrogen peroxide physicochemical
properties, production, storability, waterials com-
patibility, waterials treatment and passivation,
facilities and equipient, disposol, &rnusportntion,

safety, and decomposition.
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S8ECTIOGN 1: INTRODUCTION

- GENERAL

" The discovery of hydrogen peroxide was reported to the Paris

" Academy of Sciences in July 1818 by Louis—Jacques Thenard and

" was initially described as oxidized water. The discovery was a
‘result of government-subsidited vesearch on the preparation of

voltaic cells. Thenard, in working with alkaline earth oxides,
discovered that the reaction of barium peroxide with cold nitric

, acid resulted in the formation of "oxygenated water." Thenard
 then conducted a fairly extensive study of hydrogen peroxide,

which included catalytic deccmposition studies, density determi-

nations, measurements of the volume of oxygen released, etc.

H2 noted extensive supercooling and the inability to achieve

appreciable concentration increases with crystallization tech-

‘niques, Thenard also reported that vacuum distillation could

continue to complete dryness in the reservoir without appreciable .
decoaposition, although the determination of normal boiling points
was impossible because of decemposition of the hydrogen peroxide,
His work led to the publication of several papers, which are

extensively summarized in Ref, 1.1,

In his work, Thenard ciies reaciions wiih some 130 clements,

oxides, salts, acide, and bases with frequent notations of
decomposition of the hydrogen peroxide. These decomposition
reactions vere sometimes accompanied with the note that "in these
decompositiona, chemical action is evidently missing; it is neces-
sary then, to attribute these actions to a physical cause; but the
actions are dependent on neither heat nor light, whence it follows
that they are probably due to electricity” (Ref. 1.1). These
“unexplained" reactions were later recognized by Berzelius (Ref.
1.2) in 1836 in the first notation of catalysts ond catalytic
activity.




Although Thenard's only noted uses for hydrogen peroxide were in
removing sulfide deposits on oil paintings and as a skio irritant
for medicinal purpeses, hydrogen peroxide and its aqueous solu-

~ tions bave found a nuzber of commercial applications since its
discovery. The primary bulk of this commercial use is limited to

- hydregen percxide grades of less than 52 percent H202 by weight;
these “"industrisl grades™ hav: been used for many years in tex-
tile and pulp bleaching, synthesis of chemical derivatives, the
‘menufacture ¢f foam rubber, the oxidation of dyes, the purifica-
tion of metal salt solutions, the treatmeni of meial surfaccs, etc.
The requirement for higher concenixrations and their subsequent
commercial development was based primarily on the establishment

of hydrogen peroxide as a acurce of energy.

_Hydrogen peroxide (in a 60 w/0 aqueous solution) was first uti-
lized as an encrgy source for underwater propulsion in Germsny in
'1934; this work led to its subsequent application (in higher con-

Jipentrntions) during World War II for auxiliary propulsion and gas
generetion concepts in aircraft and rockets., Its use in these
areas repculted from its thermally or catalytically initiated exo-

 thernic decomposition (with substantial heat release) to yield
a goseous mixture of oxygen and superheated steam. Although its
advanteges &s a monopropellant include a 47 w/¢ available oxygen

- eontent, Ligh density, high heiling pe
and nontoxic exhaust gases, the initial areas of application for
hydrogen peroxide were limited because of its questionable stoi-

- age stability.

The use of hydrogen peroxide has been expanded with improvements
in its stadbility, through stabilization additives and increased
purification. Currently, hydrogen peroxide is the primary mono-
propellant used for underwater propulsion, aerospace propulsion,
and auxiliary power concepts. HNydrogen peroxide/ﬁater solutions
can now be stored for extended periods without significant

decomposition (i.e,, decomposition rates of < 0.1 percent/year



ere readily attainable). Reaction control systems using hydro-
gen peroxide have already demonstrated space storability in excess
of 2 years (vith an estimated storabilitly of 5 years).

The use of hydrogen peroxide as a monopropellant in the aerospace
industry has beon widespread in the areas of atation maintenance,
space maneuvering, thrust vector control, power generation, etc,
Some examples of systems which have used or are presently utiliz-
ing bhydrogen peroxide include the V-2 (gas generator), Redstone
(gas gencrator), Mercury Spacecraft (reaction control system),
Scout (reaction control system-—2nd and 3rd stages), Little Joe II
(reaction control system), Burner II (reaction control system),
SATAR (reaction contirol sysiem), ASSET (reaction control system),
122Y (attitude control system), Lunar Landing Simulator (main
propulsion and attitude control systems), Astronaut Maneuvering
Unit \main propulsion), SYNCOM (reaction control system), COMSAT
(reaction control system), HS-303A "Blue Bird" (reaction control
syctem), ATS (reaction contirol system), Personnel Rocket Belt,
and X-15 (gas generator, reaction control, and auxiliary power
systems). Although the use of hydrogen peroxide in operational
bipropellant systems has been limited thus far to extremely high-
performance aircraft rockets, hydrogen peroxide is potentially
applicable to a variety of liquid bipropellant and hybrid propel-~

lant systeus.

This wideapread application potential of hydrogen peroxide has

led to the requirement for a comprehensive and definitive compil-
ation of physical, chemical, and handling properties of this
important oxidizer. As & vesult of thie interest, this handbook
represents a currsot summsry of the engineering properties of
propellant-grade hydroges peroxide. Propellant-grade hydrogen
peroxide is defined in this report as high-purity hydrogen
peroxide/smter iolutiana in which the hydrogesn poroxide coacen-
traticn is 2 70 percent by wpight. Withia thie consswtration
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range of futercst, solutions containing 70, 75, 90, 95, 98, and 100
percent by weight hydrogen peroxide have Lecn designated as con-

contrations of special interest.

1.2 BANDBOOK FORMAT

The material contained in this handbook has becen organized inte

sections, These are:

Sectiou 1: IXntroduction

Section 2: Physico-Chemical Properxties

Scction 3: Production

Scction 4: Storage and Handling

Section 5: Transportation

Section 0: Safety

Scection 7: Decomposition, Stabilization, and Catalysts

Section &: Bibliography

Each section is subdivided further to permit the user of this
handbook to obtain specific information expeditiously. The

material is arranged in such a manner as to permit convenient
‘updating of various seciions as data are gensrated from addi-

- . tional studies i1n these areas.

+n: ifhe interest of each individuul user may be limited to specific

?“*45“* “aspects of the subject material; howvever, it is reccamended that

"% ¢ persounel invelved in H,0, handling be thoroughly familiar with

smidoall of the engineering properties contained in this report,

ﬁwﬂﬁif&&Although every effort has been made to provide presently avail-

“akhle informatior on Hé02 in sufficient detail for most of the
w1 potential users of the handbook, sive limitations of the hand-

book obviously preclude inclusion of every conceivable detail,




Thus, for those usera who desire additioual details oun specific
ftems, cousultation of the many referenced publicatious is
recomucuded,

Wherever o serica of reports or papers huos been utilized to report
., the progress in a particular study, the data aud inforamation ref-
erenced are from final reports, whenever applicable. This was
done to eliminate coufusion in efforts wicre progress reports
included incomplete experimeutation and/or analysis of the data.
In those efforts where a final repoirt has not beeu issued or

doece not contain sufficient detosil of the itewm, tlie dala wire
taken from the latest progress report sontainiug the pertinent

results.

The tables figures, and refercuces noted in esach sectivn are con-
tained in that section for convenience. Each table, figurc, and
reference number is preceded by the section number (i.e,, Tuble 1.3
is the third table in Section 1, etc.).

Becauss the major portion of this haudbook is related to arcas
of «ngineering intcrest, all of the data ar presented ixn sagi-
meering terminology (i.e., English units). However, as a con-
venience to all of the users, data in certain sections (notably,
the physical properties section) of ihe handbook are¢ preseoted

’ tric and Buglish units., Where data are presentel in
beth units, tho attendant discussion indicales the units of the
referenced work,
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As a further convenience to the user, pbysical constants and
-conversion factors are presented in Tables 1.1 through 1.3 to
enable the user to convert the values to his particular needs,
Also, because these constants are presenied to the known dagree

of significance, they can be rounded tv fit particulsar needs.
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TABLE 1.1

PHYSICAL CONSTANTS

Remarks
Standard grevitutiounal
acceleration
Standard atwmosphere
Standard millimceter Hg

Thermochemical calorie

International Stiream
Tables calorie

Ice Point

Prer nre-Volume product
for idewna sro at 0 C

=

Molar 5 rn;.bnut

United States unit
United States unit
Avoirdupois

Uuitcd Btates uuit

Vaiue

32.1740 ft/accy
980.605 cm/sec
1,013,250 dyues,/sq cu
1333.2237 dxaes/sq cn

&.184C abs joulen
41.2929 20.0020 cu
¢ CR-a

1.000654 thermochem-
fical coaiories

§91.6880 10.0l8 R

273.160 20.010 K

22,414.6 20.4 cu cm-
ta,/g wole
2271.16 30.04 abe
Joules/g mole

8.31439 $0.00034 abe
Jjoules/K—g mole

1.98719 $0.00013 cal/

" K-g mole

82. g:zz 10,0034 cu cn-

-8 mole

59.47 cu ft-atm/BR-1b

mole

T
10.73% cu fi-paia,/R-1b
mole

1055.0k0 abs joulcs
252.161 thermochemical
calories

251.996 1. Y. calories
2.5:000508 ca
30.4800010 cm
453.592%277 g

0.133680%555 cu £t
3785.43449 cu o

Compilad by Bossini, F. D, ¢t a), American Petrolenm Institute

Rerczarch Project &4, U.S. Department of Comaerce, Natl.

Stendards, Circular 461, U.S, Governncnt Printing Offica,
Washington, D, C., 1947.



. -square
. square
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CONVERSION FACTORS

Temperature

¢ + 273.16 = K

F + 459.69 = R
(Cx1.8) + 32 =F
(F - 32)/1.8 = ¢
K(1.8) =R

Pressure

i%:atm x 14.69618 = psi

nmm Bg x 0.00131579 = atm

© mm HBg x 0.019337 = psi
g/8q cm x 0.00096784 = atw
g/sq cm x 0.0142234 = psi
bars x 0.98692 = atm
bars x 14,504 = psi
megabaryes x 1 = bars

.Masg

(mass) x 0.0062204622 = pounds (mass)

Length

centimeters x 0.393700 = inches
‘centimeters x 0.032808 = feet

Area
ceptimetuors x 0,15500 = square inches

centimeters x 0.001076% = square feet

feet x 144 = square inches

S
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T T T AT A T o | S, Tt oo

Y YR L



- TABLE 1.2
‘(Concluded)

Viscosity

_centipoises x 0.672 x 107> = 1b,/ft-sec
- centistokes x 1.076 x 107 = eq £t/sec
{kinematic viscosity) x (density) = (absolute) viscosity

Thermal Conductivity

(cal/cm-sec-C) x 241.8588 = Btu/ft-hr-F

VYelocity of Sound

(m/sec) x 3.28083 = ft/sec

Compressibility

1

“(aq cw/dyne) x 1.01325 x 10° = atu”
- (ag em/dyme) x 6,847 x 10" = pai”

-




TABLE 1.2
(Coutinued)

Yolyse
cabic centimeters x 0.061023 = cubic inches
‘cubic centimeters x 3.531445 x 10”2 = cubic feet
cubic inches (U.S.) x 5.7870k x 10™! = cubic feet

Time

seconde/60 = winutes
seconds; 3600 = hours
saconds/86,400 = days

Force

dynes x 0.00101972 = grams (force)
grams (force) x 0.00220462 = pounds (force)

Density and Specific Volume

(&/cu cm) x 62.43 = 1b/cu ft
(cu cw/z) x 0.016018 = cu ft/1b

Surface Tension

(dynes/cm) x 6.8523 x 107 . lbf/ft

Thermodynamic Properties

(cal/g mole) x 1.8 = Btu/1b mole
(cal/g mole- K x I = Btu/1b mole - R
(Btu/1b mole)/mol. wt = Btu/1b
(Btu/1b mole- R)/mol. wt = Btu/1h - R

(Cal/g) x 1.8 = Btu/1b
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TABLE 1.3

TFMPERATURE CONVERSION

X tars
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2.1

SECTION 2: PHYSICO-CHEMICAL PROPERTIES

GENERAL DESCRIPTICN

drogen peroxidc is a chemical compound with the empirical formula
P
23"02. Because of the compound's complete miscibility with water

above 32 F, hydrogen peroxide is commercially available in aqueous

| g-olutions at concentrations to ~98 percent by weight Hﬁ02.
Propellant-grade hydrogen peroxide has generally been limited to

. aqueous solutions 2 70 w/o HéOz with regulation of the concentra-

tions and impurity levels of the more frequently applied propcllant

grades by government procurement specifications.

Bydrogen peroxide and its aqucous solutions are water-like in
appearance in both the liquid and solid states. Although hydrogen
peroxide is generally considered odorless, the odor of high vapor
concentrations has been described as sweet and comparable to the
odor of weak concentrations of ozonc and the halogens, Aqueous
hydrogen peroxide solutions are more dense, slightly more viscous,

and have higher boiling and lower freezing points than water,

Although hydrogen peroxide solutions arec normally insensitive to

shock and impact and are nonflammeble, they are active oxidizing

materials and can decompose exothermally to yield water and oxygen.
Because of their strong oxidizing nature and the liberation of
oxygen and heat during their decomposition, propellant-grade
solutions can initiate the vigorous combustion of many common
organic materials such as clothing, wood, wastes, etc. In the
absence of contamination, propellani-grade hydrogen peroxide
solutions are relatively stable (nominal decomposition rates are
0.1 percent per year) over ambient temperature ranges. However,

in the presence of higher temperatures and/or various contaminants

‘(including many inorganic materials), the decomposition rate is

13
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drastically increased. Rapid decomposition ceun occur in situaticns
where cxtrcme temperature levels and/or mass contamination are
present. As the decomposition rate increascs, the atiendant heat
relcase causcs additional decomposition; this bootstrap effect

can lead to a runaway reaction.

‘Bydrogen peroxide is normanlly stored, shipped, and handled as a

liquid under its own vapor pressure with provisions for relief of
pressure buildup. When stored and/or transferred in clean, pass-
ivated, compatible systems by properly educated and trained person-
nel, hydrogen peroxide does not present a scrious storage or

handling problea.
PHYSICAL MROPERTIES

A majority of the physical propertics of propellant-grade solutions
of hydrogen peroxide have been experimentally characterized (or ana-
lytically extrapolated) with a reasonable degree of accuracy over
ambient tcmperature ranges. However, because of the irncreasing
decomposition rates of these propellant solutions with increase

‘in temperature, very few measurements have been conducted above

200 F. 1In addition, the accuracy of data is questionable in
temperature ranges wvhere decomposition rates are relatively high.

This is evident in the discontinuity of some of the data at the

higher temperature ranges.

It should also be noted that the data reported for "pure" (or

100 w,/o) H202 is questionable since there is some doubt as to the
existence of H202 concentrations ahove 99.7 to 99.8 w/o. Some of
the data reported for 100 w/o H202 were obtained by extrapolation
of property data of H202 solutions of lower concentration, while
?ther experimental ameasurements reported on "100 w/o“ H202 ind)-
cated propellanti assays of "99+ percent," "99 0.5 percent,” etc.

Even for most of those siudies which report the H, 0, concentrations,

14



. ..the methods of determining these concentrations are not reported

or are based on an aseumption ¢l purity related to the purifica-
tion technique,

&

E

~Although it is suspected (because of discontinuities in the data)

- ~that many of the measurements on the "100 w/o" H200 represent, in

reality, measurcments on H,0, of lower concentrations, p opecrties
are reperted for 100 w/o H;O; wherever an extrapolation (from
lower concentrations) acem; ;ensonahle. This characterization is
of academic intereat only because ~ 98 w/o H202 is the highest
concentration presently available commercially. Future aerospace
indusiry utilization of higher concentrations appears unlikely

because of practical and economical considerations.

Nominal values for physical property data that are recommended as

the most representative of the existing data are summarized for
the "100", 98, 95, 90, 75, and 70 w/o hydrogen peroxide grades

in Table 2.1. All of the data presented are direct experimental
determinations or are derived from curve-fits of the experimental
data, except for those data referenced with an asterisk; the data

referenced with an asterisk were a result of calculations made

during the refcrenced work and based on standard analytical cor-

relations and physical relationships. The absencec of data on a
particular property is denoted by blank spaces in the tables,

Properiies tor which property-temperature relationﬁhips have
been established are noted in Table 2.1 with a figure or another
toble pumber; the corresponding property-temperature relationships
are shown in Fig. 2.1 through 2.23nand Tables 2.2 through 2.17.

- The graphical illustrations represent either curve-fite of the best
~available experimental data or analytical estimations of the

property; curve-fits of experimental data are noted witk a solid
line, while a dashed line designates calculated data.. Byuations
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2.2.1

2!2. l! l

2.2,1.2

resulting from computer curve-fits of some of the data are

prescented in attendant discussions,
The origin of the selected data is refercnced in each table

and figure. A brief discussion &f the avnilable data for

each property is presented in the following paragraphs.

General Jdentification
The physical classifications under general identification

are thosc properties that are used to identify hydrogen

peroxide and its physical state.

Molecular Weight. The molecular weight of hydrogen peroxide

was experimentally determined by freezing point depression

(Ref. 2.1 and 2.2) and vapor density (Ref. 2.3) measurements.
The rcsulis of these studies arc compurable to the value of
34,016 calculated from the Iniernmational Atomic Weights,

The mole percent and apparcnt molecular weight as a function

of weight peicent “206 for various aquecous sclutions of H:O&_ as

-

shown in Fig. 2.1, were calculated from the molecular weights

of H20 and B202 based on the International Atowic Weights.

Freezing Point. The deteimination of freezing and melting

points of H202-H20 sclutions is relatively difficult because
of the largc degree of supercooling possible with these solu-
tions. In addition, phase equilibrium mecasurements (Ref. 2.2)
have indicated that solid solutions arc not fermed in the
solidification of concentrated (greater than 65 w/o H,0,)

aqucous solutions of H202; instead, the solid consistis of

" crystale of H202 with occluded mother liquid. Thus, the

range of temperaturcs over which the material melts or freezes

is a function of the crystallization pattern of the Hﬁ02.

16



2,2.1.3

2.2,1.4

The frecerxing poxnt of 100 percent® ﬂ202 has been reported as

<0.61 € (31.17 ¥}, -0.43 € (31.23 F),and -0.41 C (31.26 F)

in Ref. 2.2, 2.4, and 2.5, respectively. Based on a repoirted
sanple purity of 99.97 m/o H502, the freezing point deter-

mination of Ref. 2.4 was sclected as represcntative of 100

.ycrccnt H202. Meusurcmcents of the freezing points of agueousn
molutions of 10, (Ref. 2.2) indicate eutectics at 45.2 w/o
o B0, and -52.4 € (-62.3 F), and at 61.2 w/o 1,0, and -56.5 C

( 09 7 F). The results of these measurements, which are
graphically illustrated in Fig. 2.2 and 2.2a, represent the
temperatures at which 20 to 30 percent of the¢ liquid had
solidified. Experimental melting point studies (Ref. 2.6),

based on observation of the temperature at which melting was

_ complete, resulted in slightly higher melting temperatures for

concentrations above 60 w/o B0,

A vuriety of experimental studies have produced no signifi-
cantly eflective frcezing point depreasants for propellant-
grade HRO2 solutions, Thease studies, described in detail in
Ref. 2.3 and 2.6 through 2.9, have shown that many additives
will form unstable or shock-scmsitive mixtures with H,0,.

Triple Point. The triple point of 99.97 m/o }1'202 wvas estimaied
as 272,74 K {-0.42 C or 31.24 F) from experimental heat of
fusion studies (Ref. 2.5). Although mo vapor pressure

measuremente have been made on solid E20 the vapor pres-
sure at the triple point has heen calculated (Ref. 2.10) as

0.25 mm Hg (0.005 psia).

Norvml Boiling Foint, The normal boiling points of propellant-

grade R202 solutions have not been experimentally determined
by conventional means since these points are in a temperature
region where thermal decomposition of the 8202_15 significant.

‘The normal boiling points listed in Table 2,1 and Fig. 2.3
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for projellant-grade H202-n20 solutions represent cxtrapola-
tious of the vapor presaure data of Section 2.2,2,4 to 1
atmospacre of pressure. Other references {i.e., Ref. 2.11
and 2.12) give very similar beiling points even though thesc
temperatures were calculated from extrapolations of different
individual scts of vapor pressurc data. The correlation of
these individual scts of data, which resulis in the newly
calculatcd normal boiling points, is discussed in Section
2.2.2.%,

2.2.L.5 Critical Propertiea, There has been no experimental deter-

- wminations of criticel propertlies of l!202 wince the compound

e

“ undergocs extensive dezcomposition before the critical tempera-

turc is achieved. However, because this properly iz of academic
intercst, the critical temperuture has been cstimated by

“* assuming that the critical temperature/boiling point ratio

S

of n202 is equal to that of water. Based on this technique,
a critical tempersture (Tc) of 458.8 C (857.8 F) has been
I reported for 100 w/o 1,0, (Ref. 2.11); another T, value of
" %57 € (855 1) for 100 w/o 1,0, which was alluded to in |
Nef. 2.12, was reported in Ref. 2,10, Using a vapor pres-
sure equation established in Ref, 2,12, the critical pressure,
‘ P_, vas calculated (Ref. 2.10) as 214 atmospheres (3140 psia)
at the latter Tc'

Using the estimated beiling point given in Table 2.1 and
correlation technique described above, a T_ of 733 K (460 ¢,
860 F) is recommended for 100 vw/o H,0,. An estimation
technique suggested in Ref, 2.12 (PE/Tc is equivalent for
both K0, and u20) rcsulted in a calculated and recommended
P of 247 atmospheres (3630 psia) for 106 w/o 1,0, using the
Tc value of 733 K. Peewdocritical constants were calculated
for the propeilanti-grade H202-H20 solutions through the use

of Kny's method (Ref. 2.13); the resulta of thease calcula-
tions are shown in Tadle 2,1 and in Fig. 2.3.
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2,2.2 Fhase Propertiice

Those properties of hydrogen pernxide,which arc associated with
one particular phase (cither solid, liquid, ox gas) have been
- grouped as phase properties.

2.2.2.1 Density. A deusity of 1.70 gm/cc (100.76 lb/cu It) was
‘vyouputed for solid 100-percent H202 from X-ray diffraction
weasurcments (Ref. 2.14) at -20 C (-4 F). Deusity measure-
L gentl on 5202-H20 solutions during cooling and freezing
(Ref. 2.15) indicated that true solid solutions of 1,0,,and
;B&O were not formed; this was later verified in Ref. 2.2,
Since the occlusion of the mother liquor occurred in freczing,
the measured densities were a function of the freezing
technique. KLowever, it was noted (Ref. 2.15) that solutions
. . containing < 45 %/o 8202 expand during freering and solutions
> 65 w/o B0, comwuct during freczing.

Experimental determinations of the liquid densities of wurious
\ﬂﬂé02—ﬂ20 solutions werc reported as a function of composition
in Ref. 2.6 (at 0 and iB C), Rei. 2.i5 (st 0 Cj, Ref. 2.16 (at
20 C), aud Ref. 2.17 (at 0, 10, 25, 50, and 96 C). In addition,
exporimc;tal studies have determined the density of 90 w/o H202
from 76 to 193 € (Ref. 2.18), and the demsity of 98 w/o K0,
from 27 to 105 C (Ref. 2.19). The data from these six studies
were simultancously curve fitted by a least-squares computer pro-
'gram, erd the following equation was found Lo adequately (actual
deviation for each experimental point was < 0.002 gn/cc) describe
the data from 0 to 193 C (32 to 379 F) over a concentration range
of 60 to 100 w/o 1,0, .
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2.2,2.2

W

 P(gnfec) "I ¢ 2455 x107W « 1.781 x10°W%6.76 x

- /) o =7 2-. -~

where W ie weight percent ll,,,()2 .
Converting to English units, this equation becomes:
P(1b/cu £1) = 66:166 +1.577 x 107w ¢ 1112 x 1070 -

-2 -6 2 -
2.31 x 1070 -4.7 x 10707, % -1.38 x 10 "ux:‘-F)

The curves described by these equations are graphically illus-
trated for propellani-grade ll202 solutions in Fig. 2.4 and

2.ka, respectively. .

Experimental vapor density measurcments (Ref. 2.%) at 92
C (165.6 F) show that H,0, is not associated in the vapor
state, If it is assumed that uo decomposition occurs, the
vapor Jensity may be calculated through use of ihe perfect

gas lav.

Coefficient of Thermal Fxpansion. Using the curve fits of the

_ density data, the cocfficients (culical) of theimal expansion

were calculated for propellant-grade 2&02-—%0 solutions from
0 to 100 C (32 to 212 F) through the following relationship:

1 a\)
A v =
Al (SEP




. . Curve fits of these calculations are presented in Fig. 2.5

x 2,2,2,3 Compressibility. The adiabatic compressibilities of H202

o

solutions were calculated (Ref. 2.16) from experimental density
‘ and sonic velocity data covering a temperature range of 3.5
ijfﬁfﬁﬁLto 33.5 C (38.3 to 92.3 F) and a concentration range of 0 to
| xi4f593.h m/o (0 to 96.5 w/o). These data were used to plot the
" adiabatic compressidilities of propellant-grade HQOQ solutione

.. shown in Fig. 2.6 ard 2.6a.

Although no experimental data have been reported on the isother-
mal comprgsaibility of HQGQ, the adiabatic compressibility,
density, and heat capacity data were used to calculate (Ref.2.16)
an isothermal compressibility of 26.51% x 10 -2 cm2/dyne

(26.865 x 1670 atm“l, 18.281 x 1077 psia‘l) for 100 w/o .0,

at 20 ¢ (68 F). -

2,2.2,%  Vapor Preasure. The vapor pressure data resulting from four

"Jdifferent experimental measurements (Ref. 2,11, 2,12, 2,20,
and 2,21) on various aqueoﬁsisplutions of H202 over temperature
ranges of ¢ to 90 C {32 to 194 F) have becn correlated. Using
" 'a least squares curve-fit computer program, these data were
" curve-fitted with the following equations (in the metric

system):

100 w/o 10, log Py o= 8.92536-2522,§g -246
&) T(x)

98 w/o .0, log Py, .y = 7-89728-1797.84 -134089
T . 2
() “{K)
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Wy ﬁf | - 1647.17 154665
o 72§ w/o H202 log P(mm Hg) = 7.68235 - T(K) - T( )2
M (K

vf&' § i?52Q w/e H,0, log P y u 7.67297 - 160647 - 157563
Rk e 2 (mm Hg) T(K) rr(K)2

TR 95 w/e H0, log P - 7.39108 - 122L:86 _ 187863
- 4 2 (mm Hg) T 2
®  Tw

: ’ 1354.10 181798
1_(_) w/o H202 10g P(m “g) = 7.!;2560 - T - >

- Converting these equations to English units resulted in the

. following:

100 w/o HQQQ log P

- 7.21175 - 4EB.68 _ 79947

(psia) T(R) T(

R)

3236.11 434448

98 w/o B0, log P, . | = 6.18367 -
— 2—2 (psia) T 2
R T
Y i _2964.91 501115
| w/o Hy0, log P(psia) 5.96874 T 5
¥ S (R) T(r)

2891.65 _ 510504

T 2
(R)  T(p)

v = B On
99 w/o H202 log P(psia) 5.95936

2433.35 _ 602196

T 2
® e

75 w/o H,0, log P(psi&) - 5.67747

i
E
B
®
1
D
l“é
(=)

10 w'o H202 log P(psia) 5.71199



2.2.2.5

2.2.2.6

The equations are illustrated graphically in Fig. 2.7 and 2.7a,
where the data are extrapolated to tempecratures above 90 C

(194 F) by assuming a linear relationship between the tewpera—
tures for which H202 solutions and water have the same vapor
pressures. These extrapolations were used to determine the
pseudo-boiling points (the temperatures where the pressures are

equivalent to 760 mm Hg) of the propellant-grade H 0, mixtures.

2

Vapor-Liquid Equilibrium. Vapor-liquid equilibrium compositions

-of K,0 —H20 solutions were detcrmined experimentally in two dif-

272
ferent studies (Ref. 2.12 and 2.21). Although comparable, there

are slight differences in the data at some of the temperatures.
The data of Ref. 2.12 were used in Ref, 2,22 to plot vapor com-
position and vapor-liquid equilibrium, and to calculate and
plot activity coefficients for the system. These plots arc

shown in Fig. 2.8 through 2.10.

Calculations (Ref. 2.23) of saturation pressure, activity coef-

ficients, and.vapor compositions have been made for three dif-

" ferent H202-H20 solutions (90, 81.5, and 65.4 w/o) at high

temperatures and pressures. The computation of these data,
which are shown in Table 2.2, are described in detail in Ref.
2.23. Although these computations were bused on assumptions

of H202 critical constants that are difterent (eritical tempera-

- e e

Surfece Teneion. The surface tensions of H.0 -H_ 0 solutions

2272
have been experimentally determined (Ref. 2.24) as a function

 of composition at 0 C (32 F) and 20 C (68 F). Graphical repre-

sentations of the data are shown in Fig. 2.11 and 2.1ls.
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2.2.3.2

2.2.3.3

%Phermodynamip Properties

" The H,0, properties which define energy changes in the physical

trangitions through the various solid, liquid, and gas states,
as well as in chemical changes, have been listed under thermo-

dynamic properties.

Heat of Formation. The heats of formation (A }{F) of propellant-
grade H202 solutions were calculated in this study from hcat of

dissociation data given in Ref. 2.25. Heat of fusion, heat of
vaporization, heat of mixing, and hcat capacity data used to
cheracterize the heat of formation over & range of temperatures,
phases, and concentrations are given in subsequent sections.

Data for the agueous solutions are presented as heats of forma-

““tion of tF: solution (which includes the heat of formation con-

tributions of both H,0 and H,0,, and the heat of mixing).

The AH‘F data for the liquid and solid phases of propellant-

22
Fig. 2.12 and 2.124, Figures 2.13 and 2.13a illustrate the

ISH% of the liquid at 25 C (77 F) as a function of composition.
02—H20#

"grade H,_O_ solutions are given in Tablecs 2.3 through 2.8 and  _

The heats of formation of the vapor of prdpellant—grgde H2

solutions are given in Tables 2.9 through 2.14.

Heat of Fusion. The heats of fusion of propellant-grade H002 '

solutione were taken from the experimental studies of Ref. 2.2;

these data are shown in Tables 2.3 througﬁ 2.8 as the chanée‘in
enthalpy at the freezing point.

Heat of Vanorization. The experimental datggdf‘nef. 2.26 were

used to plot the heats of vaporization of H202;H20 solutionas

as a function of temperature; curve-fits of fhe~data at 0, 25,
4%5, ard 60 C (32, 77, 11%, and 140 F) are shoﬁh‘ip.Fig. 2.14

R
T ve b

.."
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2.2.3.4.

2.2.3.5

2.2.3.6 .
' . represented in Fig. 2.16 and 2. 16a were converted from smoothed

2.2.3.7

and 2.14a. Heats of vaporization of propellant-grade H2 0
solutions at other temperatures can be obtained by computing
the difference in the heets of formation of the liquid (Tables
2.3 through 2.8) and vapor (Tables 2.9 through 2.1h4) phases of
the H20 —H20 solutiona at the corresponding temperatures and

H20 conceptratxons

Heat of Sublimation. The heat of "sublimation of 100 w/o H 02
hos been calculated (Ref. 2.10) from the heats of fusion and

".vaporization as 457.8 cnl/gm (824 Btu/1b).

Heat of Mixing. Graphical representations of the heats of mix-

ing .of propellant-grade H 0 -H20 solutions, shown in Fig. 2.15

and 2.151, were plotted from smoothed data given in Ref. 2.26.

‘These data represent experimentél data of the referenced work,

previous experimental studies (Ref. 2.25), and their extrapola-
tion to higher #emperaturea for comparison with the experiméntal
ddta of . Réf 2. 12 ‘ Excellent agreement is noted between the
data of Ref 2.26 and Ref. 2.12 except in the 20 to 30 w/o

H20 concentratxon range

l

Heat of Decomposition The heats of decomposition, graphically

‘data from the expexluental studles of Ref 2.25. The figurds

-~ H,0,_ H ¢ aolutiqnl“

or water vapor

1lluntrate the heats of ds coupouition of propellont-grade

222

Heat Capacity. Thq héut capaeitiea of aolid and liquid propellant-

grade H,0,-H,0 solutiunl pre ahovn in Tablea 2.8 through 2 13
and in Fig. 2.17 and 2 1‘7& rro- 0 to !.00 ; (o to 720 a)

'-’, ’ 'f

.
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heat cepucities of solid ll202 were taken from the data of

Ref. 2.5. Since solid solutions of H,0, and H,0 ure not formed
in the concentration region of interest, the heat capacities of
fhe‘jolxd phases of propellant-grade H202—H20 solutions were
assumed to be the sum of the individual heat capacitly contri-

butions of solid H20 and solid H202.

The liquid heat capacitiea were curve-fitted from the experi-
mental data of Ref. 2.25 and 2.26; these studies indicated that
the change in heat capacity of an H20 H 0 solutlon of constant
composition over the indicated tempenature range was of the order
\of the accurucyidf the éxpérimental data. ‘Experimental measure-
‘ments of liquid heat capacity were not conducted below 0 C

(32 F); therefore, the heat capacity was estimated in this re-
~gion using the heat capacity of supercooled H‘O and the extra-

2
«+» polated heat capacity contribution of the H202.

T \"\

£

During experimental heat transfcr studies at relatively high

, temperatures (Ref. 2.18), the heat capacities of 90 w/o H2 0
were indirectly determined from heat transfer data over z tem-
perature range of 240 to 380 F. An gqqation‘wés developed for
the data vhich indicated an increasing deviation of the experi-
mental data from the curve fit of the data with increasing
temperature. The differences in these data from extrapoiations
of the data presented in Fig. 2.17 and 2.17a, which are 0. 61

‘IBtu/lb-F (cal/gm—C), ere assumed to be the result of H, 0 de-

composition in the experimental study. . A

‘: The héat capacities of the vapor phase of propellant-grade H202
‘ solut1ons are glven in Tables 2.9 through 2 14. The origin of
-;"theee data 'is discussed in Section 2.2.3.9.

: .
. \
o \ . R . .
A . g

2.2.3.8 Enthropy‘and Enthalpy. The entropy and enthalpy of the solid

N

.'fﬁ ;J. . 'aﬁd liquid phaaes of propellant-grade H202 solutions were cal-
; \':*fg fi culated from the other thermodynanlc functions gtven 1n Tables 2.3
: 4, 'L.‘_‘ . . 'l‘ PR .
‘ . . ;. gq ,



2.2.4

through 2.8. The besis for the vapor-phace entropy and enthalpy

. data on propelleant-grade E202 solutions, given in Tables 2.9

through 2.1k is discussed in Bection 2.2.3.9.

Vapor-Phase Thermodynamic Properties. The thermodynamic proper-

ties of hydroger peroxide vapor were calculated (Ref. 2.27) from
structural data. These data, which replaced ecarlier reported
data (Ref. 2.28), were based on new spectroscopic measurements

“(Ref. 2.29) and new calorimetric data (Ref. 2.5 and 2.25). The
" primary difference in the presently accepted values and those

reported earlier are in the internal rotation values.

The structural values used by Ref. 2.27 in the computation of

the vapor-phase thermodynamic properties, givea in Tables 2.9

‘through 2.14, are:

r 0-H = 0.965 A v, = 3610 ca
r0-0 = 1.49 A U, = 1350 cu”!
" & QOH =~ 100 degrees v, = 880 !
© = 95 degrees v, = 520 e}
1, = 2.785x 10 %m v, = 3610 e}
Ig = 34.0 x 10740 gm-cm2 Vg = 1266 cm_l
Iﬂ - 33.8 x iG—ho g.-z-e.e2 g =2
I, = 0-696 x 10" 0 cm?

Transport Properties

A\

All properties of propellant-grade solutions of 8202 that in-
volve the transfer of mass or energy at “he molecular level
are presented in the following paragrap@g,\y%

o
-
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2.2.4.1 Viscosity. Experimental detcrminations of the viscosity of
’ liquid H202—H20 solutions ranging in composition from 0 to

100 w/o H,0,, have been reported in Ref. 2.6 (0 and 18 C),
Ref. 2.24 (0 and 20 C), and Ref. 2.22 (0, 25, and 5 C). Curve-
fits of these data at 0, 20, 25, and 50 C (32, G8, 77, and 122 F)
are graphically illustrated as a function of w/o H202 (from 50
to 100 w/0) in Fig. 2.18 and 2.18a. In addition, viscosity
measurcments have been conducted on 98 w/o 1,0, (Ref. 2.19) from
20 to 85 C (68 to 185 F) and on 90 w/o H,0,, (Ref. 2.18) from
77 to 325 F (25 to 162.8 C). The data for 98 and 70 w/o 1,0,
from the various sources has becn plotted as a function of tem-
perature and compared to the viscosity of water in Fig. 2.19
and 2.19%.

The viscosity of the vapor phase of H20 —H20 solutions at 1

2
atmosphere has been calculated (from experimentally determined

data) as reported in Ref. 2.30. An equation (Ref. 2.30) repre-
senting these data from 100 to 300 C (212 to 540 F) with an

estimated precision of %2 percent is given as:

p (micropoises) = 134 + 0.35 [T(C) - 100] -14 Y
where
Y = moie fraction ﬁ202 in vapor

This equaticn, comparing the vapor viscosity of water witl 100

w/o H202, is graphically represented in Fig. 2.20.

2.2.4.2 Thermal Conductivity. Experimental measurements of the thermal

conductivity of H202-H20 solutions have been limited to deter-
minations (Ref. 2.22) on 98.2 w/o H)0, at 0 C (32 F) and 25 C
(77 F) and on 50 w/o H202 at 25 C; resulting thermal conductiv-

ities were 0.321. 0.339, and 0.347 Btu/hr-ft-F, respectively.



2.2.4.3

2.2.4.4

2.2.5

Using the two experimentsal data points, the thermul conductivity
of 98.2 w/o H202 was extrapolated to the critical point (Ref.
2.31). This extrapolation, shown in Fig. 2.21, uned H20 as a
refercence substance and assumed no deromposition and a therwmal
conductivity of 0.100 Btu/hr-ft-F at the critical point.

Experimental hecat transfer studies (Ref. 2.19) indicated that
the estimated thermal conductivitices reported in Ref. 2.31 agree
reasonably well with those calculated from the experimental heat

trangfer data.

Coefficient of Diffusion. The experimental determination of the

diffusion coefficient of liquid H202 into water has been reportéd
(Ref. 2.32) for 0.17 w/o H,0, from 0 to 40 C (32 to 104 F) und
for 0.019, 1.44, and 7.92 ;/; n,0, at 20 C (6B F). At 20 C

(68 F), the diffusion coefficients were <1.2 cm2/day for the

concentrations studied.

The diffupion coefficient of H202 vapor into air was cxperi-
mwentally determined (Ref. 2.33) in a vertical tube as 0.188
cn2/sec at 60 C (140 F) and l-atmosphere pressurc. This can

be compared to a diffusion coefficient of 0.320 cm>/sec reported

(Ref. 2.34) for water vapor under identical conditions.

Sonic Velocity. The velocity of sound was experimentally
meacured (hef. 2.16) in H,0,-H,0 solutions from 3.5 to
3%.5 C (38.3 to 92.3 F). These data are plotted for
propellant-grade 8202 solutions in Fig. 2.22 and 2,22a.

Electromagnetic Properties

The electrical, magnetic, and electromagnetic (optical) proper-

ties of H, 0, have been grouped as electromagnetic properties.
2 3
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2.2.5.3

These properties gencrally arc related to the electronic

" structure of the antoms in contrest to the transport properties

which involve only molecular movement.

Index of Refraction. The refractive indexes of H202~H20 solu-
tions werc experimentally determined (Ref. 2.15) using the sodiuw
D line. The data for propellant-grade H202-H20 aolutions are
presented in Table 2.15 at 25 € (77 F) with a tempcrature cor-

rection guide,

Dipole Moment. Calculated dipole moments of H202 were reported
as 2.22 Debye (or 2.22 x 10" Bcsu-cm) and 2.05 Debye in Ref.
2.35 and 2.36, respectively. In addition, a valuec of 2.20 Decbye
was estimnted (Ref. 2.37) from the Stark cffect, and a velue
of 2.13 Debye was determined (Ref. 2.38) for H,0, in dioxane.

The latter value wus selected as the representative dipole

moment for H202.

Dielectric Constant. Figures 2.23 and 2.2% shew the dielectric

constants of propellant-grade H202—H20 solutions as a function
of temperature. Theae data were interpolated from the experi-
mental studies reported in Ref. 2.39, in which the dielectric
constauis were determined as a function of composiiion at con-
stant temperaturcs frow -40 to 30 C (<40 to 86 F). Because

of the supercooling of the u202-n20 golutions, measurecments
were obtained on the liquid below the freezing point. The data
from the measurements on 100 w/o 3202 were curve-fitted from

~00 to 30 C (~76 to 86 F) to the following equation (Ref. 2.40):

€ = 84.2 - 0.02 T(C) + O.OOBQT(C)2
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2.2.5.4

2.2.5.5

Electrical Conductivity. The conductivity of "pure" H202 has
been reported by aseveral investigators with valucs ranging froa
2 to 0.%9 micromhos (microohma~l). Experimental studiecs (Ref.
2.41) of the ¢onductivity of unatabilized H202 wcfe coi.ducted as
a possible mcans of determining its purity. The results of this

study are sumnarized as follows:

1. Fractional crystallization reduced the conductivity of
commercial 90 w/o M0, (11.5 microohms ™) at 25 C) to
approximately one-h;l; (5.0 microohms ! at 25 C) of
its initial value, while increasing its conccntration
to 98+ w/o H202.

=]

Distillation of the crystallized N0, reduced its
specific conductance to ~2 microwhos. This valuc com-

parcd with that reported in carlier studies (Hef. 2.42).

3. A second distillation of the crystallized and once-
digtilled H202 reduced its specific conductance to
1.2 micromhos; this valuc was still greater than that
reported in Ref. 2.43 and 2.44.

4. The specific conductance of both 98 w/o H202 and de-
ionized water increased on storage in contact with
Pyrex glass. A conclusion of these studie; indicated
that only a rough correlation between low electriczl
conductivity and high stability was found {or that
electrical conductivity per se is not a reliable in-
dicator of stability).

The electrical conductivity of both water and hydrogen peroxide
is increased by the addition of one to the other.

Magnetic-Optic Rotation (Verdet Constant). Although not op-

_ tically active, H202, when placed in a magnetic field, will
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haﬂxﬁi‘ﬁ,;ﬂg$ﬁ£l~gggwtng glqne ol pol;r&:ed light This is expreascd as:

iAo

¢ = kiR
. ' \%
vhere

& = degiree of rotation
{ = path length
H = ficld strength

kv = Verdet constant

The Verdet constant, k,, as reported in Ref. 2.45 at 10 C (50 F),
is shown for various HOOO—HQO solutions in Table 2.16,

Magnetic Susceptibility. Hydrogen peroxide is diamagnetic.

The magnetic suaceptibility of liguid H202 has been summarized
in Ref. 2.10.

Values of -9.73 x 10—6 cgs~emu/cc at 10 €, -0.50 x 10_6 cgs—emu/g,
-17 x 10—6 cgs—ewu/g wol, and 0.9999902 are reported for the
volume susceptibility (K), mass susceptibility (X ), molar sus-
ceplibility (Xm), and permeability (P), respectlvelg In addi-
tion, an eguaiiovn expre he

8ing Wass

o
&
o
a

!

solutions at 10 ¢ (50 F; is given as:
X x 100 = -0.720 + 0.218 w
where
w = weight fraction H202
The susceptibility of the solid becomes more poxitive ﬁpon~

freczing, while the susceptibility of the vapor is agsumed to

be the sume as the liquid,
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2.2.5.7

Other Molecular and Electromagnetic Properties. A number of

miscellaneous molecular and electromegnetic properties heve
been summarized for H202 in Table 2.17. The origin of these
data is referenced in the table,.

Structure and Spectra

The equilibrium geometry of hydrogen peroxide was established

by an electron diffraction study (Ref. 2.48). This was sup-

ported by an X-ray study (Ref. 2.14) with limited least-squares
data reduction, an infrared study (Ref. 2.49 and 2.50), and &
microwave study (Ref, 2.37 and 2.51). The results of these

studies are summarized in TalLle 2.18. The infrared study may

be regarded as definitive, although the structure of the solid,

as determined by X-ray, may be appreciably different from the

gas phase. The X-ray study may be queationed, however, because .
the data analysis used visual intensity estimation and primitivé
nurerical machines. The rotational constants measured in the infra-

red are A’ = 10.356 cm‘l, B' = 0.8656 cm‘l, C' = 0.8270 cm“l,

DJ—T 4.5 x 107° cm_l, Dy = 7.5 x 107" cm"l, and Do = -2 x 1072
cm . Dipole moments of 3.15 £0.05 D and 3.24 10.05 D were
measured (Ref. 2.51) for each of the two potential minima, A
far infrared study (Ref. 2.50) showed the angle T has two
equilibrium values (with the iowest ai 111.5 degrees 10.5) and
determined an accurate hindered-rotation potential function.

The best geometric parameters are those underlined in fable 2.18.

Hydrogen peroxide forms tetragonal crystals, space group

BZ - P&lﬁl, upon freezing (Ref. 2.14). There are four molecules
in the unit cell of dimensions a = b.OGK and ¢ = 8.002, The
crystal structure has been completely determined, and the vol-
ume of the unit cell is 1319A3(Ref. 2.14). This gives a crystal
density of 1.70 ga/cc.
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Hydrogen peroxide is the simplest wolecule having an internal

- retation motion, and, therefore, has had fairly extensive study

" 'with respect to absorption spectra. Hindered internal rota-

tion effects are observed in all regiuns of the spectrum.
Exfenaive studies have been conducted on the vapor, the crystal-
line solid, and dilute solutions. Less work has been spent

on the concentrated liquid solutions, because of decomposition
effects and the difficulty in finding suitable window materials.
Since the gpectrum as a whole is very complicated, it is con-
sidered beyond the scope of this handbook; thus, references to
spectrum characterizaiion are provided as a guide for

2
interested ind:vidualg.

. The infrared absorption by H,0, is not very useful for chemical

272
enalysis because the spectrum is quite similar to that of water

and since suitable window materials are not widely available.
Ultraviolet absorption by 3202 ig quite strong, and (although
Beer's law does not hold strictly) if the solution is clear and

, transparent to ultravielet, direct spectrophotometry measure-

ments are suitable for analysis of dilute solutions. The
ultraviolet spectrum ef concentrated hydrogen percxide has
been reported for 50 and 90 w/o solutions in Ref. 2.39, and
for 55 and 99 w/o hydrogen peroxide solutions in Ref. 2.24.

The infrared absorption spectrum ¢f H,0, has been reported in

2
Rei. 2.50, 2.52, and 2.53. The Raman spectrum of concentrated
hydrogen peroxide {99+ percent) is probably covered best in

ng. 2.39.

CHUYMICAL PROPERTIES

Hydrogen peroxide is a strong oxidizing agent in either acid
or alkaline sclutionas; howvever, with a very strong oxidizing

an

agent sugh as MnOh, it will also behave as a reducing agent.
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Hydrogen ion concentration (pH), tie presence and nature of
catalysts, and temperature are important controlling parameters
in hydrogen peroxide reactions. By proper choice of reaction
conditions, it is possible to modify the oxidizing action of
concentrated hydrogen peroxide solutions. Ae an oxidizing agent,
hydrogen peroxide Les the distinct advantnge‘of producing only
water as & by-product. Hydrogen peroxide also forus simple
addition complexes, forming compounds similar to hydrates. These
compounds are normally called hydroperoxidates, These are gen-
erally accepted as hydrogen-bonded compounds, which are analogous
to anion water compounds. Hydroperoxidates are readily formed
with highly electronegative atoms such as nitrogeh, oxygen, and
fluorine. Amino groups form stronger bonds with peroxide than

carboxyl or hydroxyl groups.

Cempilations of typical hydrogen per«xide reactions have been
reported in Ref. 2.10 and 2.55. These compilations were com-
bined and are presented in Table 2.19 along with references

to the original work.

SOLUBILITY AND MISCIBILITY

Because of hydrogen peroxide's chemical and thermodynamic
activity (as noted in Section 2.3), precautions should be ob-
served when considering solutions of H202 with various organic
and inorganic compounds. Although violeni reactions upon mix-
ing are the exception, such reactiors have beeu observed. Maay
H202 solutions may be fairly stable wher undisturbed but are
subject to violent detonation under certain conditions. The
addition of any material which may be oxidized or reduced should
be suspect, particularly as the relative concentrations approach
stoichiometric proportions. For theae reasons, it is suggested

that appropriate referenc:s be consulted in detail to define the
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chemical nature of the proposed solution as well as the solu-
bility of the solute before soclutions of H

‘ials are attempted.

202 with other mater-

The solubility and miscibility of hydrogen peroxide and its
aqueous solutions with a number of organic and inorganic com-
pounds are referenced in detail in Ref. 2.10. In general, con-
centirated H202 solutions ae completely miscible with most or-
genic liquids (including ethanol, isopropanol, acetone, ethyl
cellosolve, pyridine, etc.) that are wiscible with water in
all proportions. In addition, hydrogen peroxide is more mis-
cible than water in 8 number of organic materials, such as
~methyl methacrylate, dimethyl and diethyl phthalate, ethyl
acetate, and aniline. Compounds with which hydrogen peroxide
is nearly immiscible include petroleum ether, toluene, styrene,
carbon tetrachloride, chloroform, kerosene, fuel oil, and

gasoline.

Hydrogen peroxide and its aqueous solutions also vossess, in
general, solvent or soiute relationships thet are similar to
water. The results of several experiments show that sodium
fluoride, potassium nitrate, various potassium eor sodium phas-
phates, potassium chloride, and scdium or potassium sulfate are
more soluble in H202 than in water. Sodium nitrate, sodium
chloride, silver nitrate, lead nitrate, and lithium nitrate

and sulfate are less soluble in H_ O, then in water. Chlorine
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and iodine are only slightly soluble in anhydrous H209.

i3 L0

In congideration of the materials compaiibilities of various
lubricants with H202, the solubilities of several organic com-
pounds in propellant-grade H202 are discussed in Table 4.lha,

Section 4.
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2.3

2.6

GELATION

Reaults of gel studies on hydrogen peroxide are given in detail
in Ref. 2.99 and 2.100.

HEAT TRANSFER PROFERTIES

Since heat transfer involves a combination of phase, thermo-
dynamic, and transport properties, as well as some consideration
of chemical kiaetics, this section on heat transfer properties
has been included as part of the physico-chemical properties.
This section is designed as a reference guide and summary of

the various experimental heat transfer studies that have been

conducted on propellant-grade hydrogen perorxide solutions.

Experimental heat transfer studies on 90 w/o H202 solutions
(reported in Ref. 2.101) indicated that a high flux heat transfer,
usually associated with boiling,.was obtained from a 347 stainless-
ateel surface to liquid 90 w/o H,0, ac @ result of the Hy0, de-
composition mechaniem. This decomposition, which simulates
boiling by the liberation of gas bubbles at the heat transfer
surface, is accelerated with temperature increase of the sur-
face. Figure 2.24 illustrates the magnitude of this effect, as
well as the lesser effect of pressure and liquid temperature,

in terms of heat flux. Because of these effects, the study
showed that the temperature difference between the surface and

liquid was nnt significant.

An extension of these studies %Yo high fluid velocities and
moderately high temperature differences was reported in Ref.
2.102. At high flowrates and high Reynolds numbers (where
decomposition is limited by the short liquid residence time),

the resuliant heat transfer data agreed with that expected for
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forced convective heat tranefer. It was found that heat fluxes
as high es 11.75 Btu/aq in.-sec (at liquid velocities of ~ 80
'ft/lec) could be obtained with 90 w/o K2O2 without complication
by decomposition of the hydrogen peroxide. A lcast-squares fit
of the heat transfer data obtained on 90 w/o H202 resulted in

the following expression:

0.8 1/3
(Nﬁu)f = 0.0287 (NRe)f (NPr)f

The standurd deviation of the experimental data from this equa-.

tion was 10.2 percent.

Heat transfer studies in the forced couvective region of both
90 w/o and 98 w/o H202 were reported in Ref. 2.103. Peak heat
fiures of 7.80 Btu,/'sq in.-sec were measured for 90 w/e H202
at fluid velocities of %1.3 ft/sec. The results ottained for
peak heat flux of 98 w/o H202 at the conditions investigated
are shown in Fig. 2.25. The correlation of the data ¢n 98 w/e
H202 with the Dittus-Boelter, Colturn, and Sieder-Tate equa-
tions (Fig. 2.26 through 2.28, respectively) indicated better

- agreement of the data with the Dittus-Bcelter relationship.

It has been suggested, however, that some of the apparently

low heat transfer coefficients, indicated by the correlations
‘of Fig. 2.26 through 2.28, may be due to slight scaling (oxida-

tion) of heat transfer surfacea.

A current study on the use of 98 w/ﬂ hydrogen peroxide for re-

. AY
generalively coeled rocket engi es has reported (Ref. 2 i04)

25 to 198 ft/sec, pressurcs from 2000 to 4700 psia, and feed
* temperatures from 60 to 240 F), heat fluxes up to 4&.2 Btu/sg
in.-sec were achieved. It was found thst the heat flux at

burnout (under the conditions tested) was directly proportional
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2.7

to the fluid velocity by the relationship: heat fluxno -

0.21 x velocity. These results indicated good correlation cf
heat ilux and fluid velocity with the studies of Ref. 2.102 and
2.103. During these tests, no appreciable difference in heat
transf{er could be associated with feed temperature, and no
detectable decomposition was evident. Four similar tests with
90 w/o hydrogen peroxide indiceted no discernible differcnces
from the results of the 98 w/o hydrogen peroxide tests. As in
the studies of Ref. 2,103, the Dittus-Boelter correlation was
found to represent the data more closely than either the Colburn

or Sieder-Tate relationships.

The results of all of these studies have shown that hydrogen
peroxide has coolaut properties comparable to those of water.

0f course, the difficulty in its use 83 a regenerative coolant
lies in the limited stability of the H,0, at higher temperatures.
As a result, various bulk liquid tempe;a;ure limits have been
suggested and established in the use of H202 as & regenerative
coolant, These limits range from established (Ref. 2.105) maxi-
mum allowable temperatures of 225 F (with a 105 F rise over
inlet temperature) to suggested operating limits (Ref. 2.106)

of 250 F (with red line conditions at 275 F). More detailed
analysis of minimum safe design criteria of H202 regenerative-
cooling systems, based on the available data from various sources,
is presented in terms of ultimate heat flux and fluid velocity
in Ref. 2.107. Additional analysis of transient heat transfer
for an H202 regeneratively cooled engine modzl are given in

Ref. 2.108,

~ IGNITION CHARACTERISTICS

Although ignition characteristics are system-related parameters,

_they are also a direct indication of chemical reactivity and/or

stebility. As such, these characteristics have been included
as a part of the Physico~Chemical Propertica Section of. this
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handbook. However, because a detailed characterizatior of
these parameters would involve a diecussion of system design
variablcs (such as configuration, intended use environment,
operating sequence, etc.) that are beyond the intended scope
of this handbook, this review of hydrogen peroxide ignition
characteristics is limited to & general and brief summary and
reference guide to various ignitioh studies previously con-
ducted. In addition, this sumsary is limited furthcr by the
sccurity classification of many of these studics as opposcd
to the unclassified nature of this handbook. For thc purpose
of clarity, the characterization of hydrogen pcroxide ignition
is ‘presented in terms of its two primary application arcas:

wonopropellant systecms and bipropellant systcme.

2.7.1 Monopropellant Systems

Studies of the controlled decomposition process, that characterize
hydrogen peroxide's use as a monopropcllant, are given i

Scction 7.2. As a result of these studies, which are detailcad

and referenced in Section 7.2, thie initiation period for liydrogen
peroxide decomposition in a monopropellant chaber are fairly
well-defined for all propellant-grade concentrations. As ex-
pected, all the etudics demonstrate the cffect of wany variables,
such a8 the initiating source and type (catalyst or thermal bed),
injection technique, chamber configuration, hydrogen peroxide
concentration, hydrogen peroxide inlet temperature, initial

chamber temperature, exit pressuie, ©
(The start transicnt is defined in these efforts as the time
peried from injection of Lydrogen peroxide into the decomposition
chamber to the achicvement of 90-percent of the operating

chamber pressure.)

In general, the start transicnt for & hydrogen peroxide cetalytic
monopropellant decomposition chamber normally ranges from 50
to 15C ms. This etart transient is typical of all of the
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catalysts uscd in the decomposition of hydrogen peroxide
concentrations ranging from 76 w/o (Ref. 2.109) to 98 w/o
(Ref. 2.18, 2.110 and 2.111).

The greatest cffect om this typical wtart transient is caused

by variation in the hydrogen peruside and/or catalyst bed
temperaturc. Leboratory studics (Ref. 2.41) have demonstrated

the lack of rcaction between solid or super—cooled hydrogen
peroxide and a typical catalytic material, while studies with act-
ual engine catalyst beds (Kef. 2.110) have shown limited initia-
tion of decomposition and excessive start transicnt periods

when the temperature approachics the propellant's freczing peint.
However, the low tcmperature start characteristice of various
catalyst beds have been improved through special design of the
catalyst chtauber and special trea*ment of the catalyst bed

(Ref. 2.18, 2,110, and 2.111). Conversely, an increase in propel-
lant or caialyst bed temperature (such as experienced in pulsing
or other heat feedback operations) haus resulted in start transients
as lov as 10 ms (Ref. 2.18, 2.104, 2.109, 2.110, and 2.111).

Although exit pressure has a slight effect on the start tracsient,
this cffect is usuelly within the ranges noted above and con-
trolled by the temperature effects. Of course the start tran—
sients are affected by the catalyst life and gcnerally are the

best indication of the decline in catalytic effectiveness.

The start transients in a hydrogen peroxide thermal docomposi—

tion chamber are entirely reiated to the itechuique and con-

figuration cmployed. Since this concept depends on the initial
heating of a thermal pack (sce Section 7.2:2) prior to injection
of the hydrogen peroxide, the start transient of the main hydrogen
peroxide stream should approach the hot bed start transients

(~ 10 ms) noted above. However, studies with botl. 90 w/o

(Ref. 2.18) and 98 w/o (Ref. 2.113) have indicated that ade~

quate heating of the thermal pack may require periods ranging
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7.2

500 ms to scveral minutce depending on the technique cmployed.
Hypergolic slugs of hydrazine containing mixed cyanide sults
(Ref. 2.18) lave produced initial start transicnts (i.e., the
period measured from injection of the hypergol) of 10 to 20 us,
but this technique required 300 ms hydrogen peroxide leads and
500 ms hypergol injection periods.

Bipropellant Systems

Although some studica have indicated that 90 v/o and 98 w/o
hydrogen peroxide solutions are hypergolic (i.e., ignitcs
without producing damaging overpressures to the system) with

the hydrazine and 50 w/o Ny, 50 w/o (cn3)2n2n2 fucls (Ref. 2.111),
other studics (Ref. 2.18) have indicated thet the hypergolicity
of 90 w/o hydrogen perioxide with both hydrazinc and (CH3)2N2H2
is questionable. Ignition delays (c.g., the time period from
injection of the sccond propellant into the combustion chamber

to 90 percent of the designed chamber pressure) of ~ 5 to 25 ms
vere reported for HQOQ/NQHM systems in Ref. 2.111; however,

large overpressures (c.g., the peak pressure te chamber pressure
ratio) and crratic chamber pressurc fluctuations were demon-
stratced in thesc systems. In the studies reported in Ref. 2.18,
which demonstrated ignition declays for this system of 10 to

109 ms (with average delays of 35 to 52 ws recorded for various
mixture ratios), it was concluded that hypergolicity was marpinal

and unrcliable,

As a result of these and similar studies of other hydrogen

peroxide bipropellant systems, including the H202/C113N2H3

(Ref. 2.111) and H202/B5H9 (Ref. 2.113) systems, it is con-

cluded that the hypergolicity of hydrogen peroxide with various ' )
fuels is, at best, marginal. For this rcason many hydrogen

peroxide bipropellant systems utilize hydrogen peroxide de-

composition gascs (resulting from injection of the hydrogen

W2
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peroxide in a catalyst chember upsircam of the main combuation
chamber) ae the ignition source. Through the use of thie con-
cept, succesaful system ignition haas been demonstrated with
various liquid (including those notcd above, as well as with
JP-5 in the AR-2 system), solid (Ref. 2,114) and heterogencous
(Ref. 2.10%) fucls. Ignition delays between the hot decomposi-
tion gascs and the fucls are minimal (5 to 10 ms), althcugh the
system deaign controls the overall start trausicnt period (i.e.,
from injection of the hydrogen peroxide into the catalyst chamber
to the achievement of main chamber combu tion). yany systcm
designs employ only a small "pilot light" cutulysf chamber with
" subsequent main stream liquid injection (which bypasses the
catalyst chamber), while other systems utilize prior dccomposi-
tion of all of the hydrogen pcroxide throughout the operation

of the bipropellant system.

The use of hypergols in the ignition of hydrougen peroxide-~
oxidized bipropcllant systems has been studied (Rcf. 2.18)

with the hydrazine, (0113)2»121;52 (upMH), and JP-5 fucls. In

these studies, which were designed to demonstrate the feasibility
of dircct liquid injection of 90-percent hydrogen peroxide into
bipropcllant chambers, rclatively smooth and rapid ignivion was
achieved with all threce fucls using nitrogen tetroxide as the
hypergol for the first two tuels and aluminum triethyl with

the latter fucl. In addition, the use of mixed cyanidc salts

as an ignition aid to the 11202/}42111l system is noted in Ref. 2.18.
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: TADLE 2.1

PHYS1CAL PKOFERTIES OF HYDRUGEN FEROXIDE AT

e vy e —— e —r—

: Vaite 10U Peroant ll‘un % Vereant ll.u' 93 Peraeat "I“n -|
; Propaciy ™ T Natric [T mgliak " Metric Ragitsh Netric "Ruglies ] Kebr [ 7 Ragilabh
X R B e Rt CETR R SU™ [N NI - T SR o B TEEE S Bl S - s =
Genoral ldentifioation
3 ldeutification Hydrogen Feroatde Hydrogeu Verexide Rydrogen Feraaide
Molecular Fersuls tghy (g0} v.goae ¢ (Hgu) 0.0 (o)) oupup {n,0' 0.0nn
MHeleaular Weight a-mule 1b-aule .01 34,010 33.ARA 93.484 M. u.a
Freaaing Veint ¢ ¥ .9 31.1 -~&,1 8.8 ~5.1 .8
Sciple Foint [§ ¥ - AR Y.k
Nermml Moiling Pesnt | ¥ 30,0 Ju.0 0.7 "Wy.0 LLUNY 894, y
Critionl Preperties i
Toaperature C 3 (Y] Bou A%06.5 (1] A3 [ 1) 4
Fresawe atn paia 2y pIB NN RA0 015 2049 pRT) |
Denaity & ot
Phase Properties '
Dema ity
Bolid 8 v 1h/ou £t 1.71 at B0 C LUL.70 at =4 ?
] Liquid & e 1, en £t 1,484 W.e 1.3 9.4 1AL )
. Gas & oc 1L, cu £t Gev Beotion U.2.u.1 Nee Sfetion ¥.7.0.1 See I«NT L. ‘
Thorml Kapansion ot r! 7,302 2 07 Aavsa et Tses x 207 [aL105 2 207 {70908 & 07 [ aiiee s 207 )%
Cownamatbhtties (oonio ) i
: Coamprassibility (cabic)
-1 A K ) ] -3 ] - - - N
Adiabatic ata pais R.411 2 10 l.6Av x 10 R.00) 2 W0 1,005 a 1V R.4% 2 10 1.099 a 10 L B
1 laothermml aw”! pasa™ 8617 2 1077 at @0 6f 3,840 2 107 at o0t
Vapor Preasure - lig reis ®.08 0.uA8 [ 1 0,041 2.4) 4,133 3
Surface Tensien dyne/om 11t 80,17 at R0 C J.A9 at wi } 79.95 at 80 C[5.477 at Lo } [79.6h at BU C | 5.430 at o8 ¥ j
— e k. -
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TABLE

(Continued)

2.1

100 Percent B, 0

98 Percent 8202

93 Percent 8202 _]

Units 22
Property " Metric English Ketric ~ English —Watric "EngTish “Metric Mfrﬂ:‘
Thermodynamic Properties
Heats of
Formation cal/g Btu/lb -1320 ~2370 -1369 ~2464 “1845% ~2601
Fusion cal/g Btu/1b 8b 155 87 157 85 153
Vaporisation cal/g Dtu/1b 364 654.5 368 661.% 3706 677
Bublimmtion cal/g Btu/1b 457.8 824
Mixing cal/g (solution) |Btu/1b (solution) |0 0 1.¢ 1.8 2.4 4.2
Decomposition ' cal/g Btu/1b Bee Fig. 2.16 opd |
Heat Capacity !
Solid cal/g=C Btu/1b-¥ 0.461 at 0.401 at C.461 at 0.401 at 0.414 at 0.414 at
melting point melting point melting point | melting point| melting peint| melting pol
Liquid cal/gC Btu/1b.¥ 0.624 0.626 0.633 0,633 0.64% 0,005
Gas |
<y ¢al/g-C Btu/1b-¥ 0.30% 0.30% 0.306 0.300 0.310 0.310 4
c, cal/g-C Btu/1b-F
tropy cal/g< Biu/io-F Bee Section 2.9
Eothelpy cul/; B"“/“ Bee Bection 2.2
Transport Properiies
Viscosity l‘
Liguid Contipoises 1b/ft-sec 1133 0.770 x W7 1.158 0.772 2 1077 [ 1.160 0.975 1 10"
Gas Centipoises 1b/tt-aec 1.91 x 1072 1.283 x 1070
Therma) Conductivity
Liquid cal/cmsec—C Btu/ft-br-F 140 x 1077 | 0.3
Gas cal/cm-eec-C Btu/tt-hrF
Coefticient of c.ﬂ/"c in.n/nc
Diffusion
Bonic Velocity
Liquid n/sec ft/sec 1761.0 5843 1774.6 821 1767.0 5794
Gas n/oec ft/s0c




TABLE 2.1
(Cont;nued)

95 Percent u‘oz

90 Percent H,0,

75 Percent ueog

70 Perceat BROI

Figure and Reference
H —Walrlc Thgilek Meiric English Metric Eoglish Metric English Table Number Nuaber
-14A5 2601 -1571 2838 -1946 ~3503 -2070 -372u T1.3- 2,18, 2.8, 2.54
F2.12-2.1%
33 153 62 148 77 138 73 129 12.35~2.8 2.2
376 677 389 700 27 768 A38 789 12.3-2.14 2.26
r2.1%, F2,14a
2.10
2.4 4.2 [} 7.6 8.13 14,05 9.0 16.0% ¥2.1%, r2.1% |2.26
fe0 Fig. 2.10 and 2.16a F2.16, 72.16a | 2,25
at 0.414 at 0.514 at 0.417 at 0.417 at 0,377 at 0.377 at 0.415 at 0.415 at 72.3-2.8 2.5
ing point} melting point)| welting point | melting point welting point | melting poict aslting point | melting point | meltiog point F2.17, r2.i7a
N 0.643 0,645 0.663 0.663 0,720 0.720 0.738 0.738 12.3-3.8 2.18, 2.25, 2.26
2,17, ¥2.17a
0.310 0.310 0.317 0.317 0.338 0,338 0.340 0.%6 T2.9-12.14 2.27
See Geciiom 2.2.5.6 T2.3 -T2.14 2.34
Ges Bection 2.2.3.8 2.3 -12.14 2.5
b x 107 [1.160 0.775 x 1070 {1.1%0 0.777 x 107 [1.13% 6.709 x 1077 | 112y 0.758 x 1070 | rz.18, ¥2.18 |2.5, 2.22, 2.24
F2.19, 72.1%
r2.20 2.%
F2.321 2.31
1767.0 5794 1793.5 5745 1706.9 5598 1690.3 3343 F4.22, 2.23a |2.16
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TABLE 2,1
(Corcluded)

Property

Units

100 Percest I'Os

98 Percont uzoz

95 Porsest l'o’

Metri

Suglish

" Metric

Eaglish

Metrie

English Metric

English

Elostromgnetie hmrthT

Index of Retraction
Selid
Liquié
Goo
Dipele Nement
Dislestries Comstant
Liguid
Gas
Flostrieal Cinduetivity

Veriot Lommiani

Magnatis Buseeptibility

| cgnms

(Sedinm D-Line)

Dedye Units

misre-ohms™}

1.4067

2.13
70.3

10c(3r)

-0.50 x 107 a¢

1.0049

71.6

1.408)

=




“onc luded)
9 Percont N0 90 Perceat H_0, 75 Percent H,0, 70 Percent N0,
N0, ] 22 e 2% %% Yigure and Reforonce
Metric Eaglish Netric English Metric English Hetric Eaglioh| Table Number Nomber

1.0083 1.5880 1.585% 1.3816 12.15 2.1%
s.%

73.0 75.0 78.8 79.% ¥2.33 2.9

See Bocticn 2.2.9.4 2.41, 2.42, 2,03

.44

Boe Tadie 2.10 T2.3% 2,45

| | | | | | |




TABLE 2.2

CALCULATED SATURATION PRESSURE, ACTIVITY COFFFICIENTS,

AND VAPOR COMPOSITIONS FOR HYDROGEN PEROXIDE-WATER
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SOLUTIONS AT HIGIl TFMPERATURES AND PRESSURFS
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*Satursted vaper presoure at the temperature and liquid componitiom indicated.

*43leck's imperfection tsra (AICWE J
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TABIE 2.9

VAPOR-PHASE THEBRMODYWNAMIC PROPERTLIES OF

100 w/o u202«

Euthalpy

Yemperature H“::{;ﬁ: ‘_::‘ty ' f:;;::{ l'( (HT ) u298) l"g:::t(;fm
K R (Btu/1b-R) (Btu/1b-R) | cal/gm | Btu/1b |cal/gm | Btu/1b
0 0 0 0 -76.26 | -137.27 |-912.08 | -1641.74
100 | 180 0.235 1.310 ~52.86 | -95.15 }-931.45 | -1676.61
200 | 360 0.259 1.479 ~25.78 | -46.40 | -942.56 | -1696.61
298 | 536.4 0.303 1.636 0.0 0 -956.38 | -1721.48
300 | %40 0.304 1.638 0.56 1.0} |-956.86 | -1722.35
400 | 720 0.340 1.743 32.81 59.00 |-965.61 | -1735.10
500 | 900 0.369 1.810 68.35 | 123.03 {-972.11 | -1749.80
600 | 1080 0.391 1.879 106.46 | 191.63 |-976.81 | 1758.206
700 | 1260 0.407 1.941 146,41 | 263.5& |-980.34 | -1764.61
800 | 1440 0.420 1.996 187.83 | 338.09 |-983.13 | -1769.63
960 | 1620 0.432 2.046 230.47 | &14.85 |-985.37 | -1773.67
1000 | 1800 0.441 2.092 270.15 | 486.27 [-987.13 | -1776.83
1100 | 1980 0.451 2.135 318.78 | 573.80 |-9688.48 | ~-1779.26
1200 | 2160 0.459 2.175% 364.27 | 655.69 |-989.54 | -i781.17
1300 | 2340 0.4606 2.211 410.42 | 738.76 |-990.31 | -1782.56
1400 | 2520 0.474 2.246 457.55 | 823.59 |-990.87 | -1783.57
1500 | 2700 0.480 2.279 505.18 | 909.32 |-991.31 | -1784.36

#Befer to Bection 2.2.3%
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TABLE 2.10

VAPOR-PHASE THERMODYNAMIC PROPERTIES OF
98 w/o 1,0, SOLUTIONS *

. Enthalpy

Temperatuie Heai..(ihg.;lty E::;ufi (HT " “298) Heat of Formation
K R (Btu/1b-R) (Btu/&bjgl cal/gu| Buu/1b| cal/ge Btu/1b
o] o 0 0 -77.30 |-139.25| -957.2 | -1723.0
100 | 180 0.23Y 1.32 -53.55| =90.39| -970.0 | -1757.9
200 | 300 0.202 1.49 -26.13| -47.03| -987.6 | -1777.7
298 | 530.4 0.300 1.65 0.0 0 -1001.4 | -1802.5
300 | 540 0.307 1.65 0.5% | 1.01] -2001.9| -1803.4
460 | 720 0.342 1.74 33.07 | 99.53| -1010.7 | -1819.3
500 | 900 0.370 1.83 68.82 | 123.88| -1017.3 | -1831.1
600 | 1080 0.393 1.90 107.11] 192.80 | -1022.2 | -1840.0
700 | 1260 0.409 1.96 147.25 | 265.05] -1025.9 | ~1846.6
800 | 1440 0.422 2.01 188.84 | 339.91| -1028.8 | -1851.8
900 | 1620 0.434 2.06 231.67 | 417.01] -1031.2 | -1850.2
1000 | 1800 0.443 2.11 271.64 | 488.95] -1033.2 | -1859.8
1100 | 1980 0.453 2.15 320.41 | 576.74 | -1034.6 | -18062.3
1200 | 2160 0.461 2.19 366.13 | 659.03 | -1035.8 | -1864.%
1300 | 2340 0.469 2.23 §12.53 | 742.55 -1036.7 | -1860.1
1400 | 2520 0.477 2.25 449.55 | 80%.19 | -1037.4 | -1867.3

*Hefer to Section 2.2.3




TABLE 2.11

VAPOR PHASE THENMODYNAMIC PROPERTIES OF
95 w/o H,0, BOLUTIONE™

Enthalpy

Temperatiure Heaz.(f;?l.;ity f:;;:fi (H’l' - u‘298) Heat of Formation
K R (Btu/1bR) | (Btu/1b-B) | cal/gm | Btu/1b | cal/gm Btu/1b
o| o 0 0 -79.0 |142.2 | -1024.9 -1aa§.e
100 { 180 |  0.245 1.345 | -55.1 | -99.2 | ~lows.2 | -1879.6
200 | 360 0.268 1.52 -26.7 | -k8.1 | -1055.2 | -1899.4
298 | 536. 0.310 1.68 0.0 0 -1068.9 | -1924.0
300 | 54O 0.311 1.68 0.6 1.1 | -1009.4 | -1924.9
400 | 720 0.346 1.75 33.5 | 60.3 | -1078.4 | -1941.1
500 | 900 0.374 1.80 69.5 |125.1 | -1085.2 | -1953.4
600 | 1080 0.39% 1.806 108.1 |194.6 | -1090.3 | -1902.5
700 | 1250 0.411 1.92 148. 207.3 | -1"9%.2 | -1909.6
800 | 1440 0.425 2.05 190.4 | 342.7 | -1097.& | -1975.3
900 | 1620 0.437 2.09 233.5 |420.3 | -1100.0 | -1980.0
1500 | 1800 0.446 2.1y 273.9 |493.0 | -1102.2 | -i964.0
1100 {1980 0.457 2.18 322.8 [581.0 | -1103.9 | -1987.0
1200 | 2160 0.465 2.22 368.9 [664.0 | -1105.2 | -1989.4
1300 | 2340 0.472 2.26 415.6 | 748.1 | -1106.3 | -1991.3
1400 2520 0.481 2.32 463.5 |834.3 | -1107.0 | -1992.6

*Refer to Bection 2.2.%




TARIE 2.22

VAPOQR-FIASE THEBMUDYNAMIC PROFERTIES QF

9 w/o Hy0, BOLUTLUNS*

Heat Capucity,| Eutvopy (Enthulp Hoat of
Temperature c::lnl /:iu_i" ¥ ml}‘fn i'l& By thgy Formatiz:
K R (Biu/1b-R) (Btu/lb&) | cal/gm |Blu/lb | cal/gm | Btu/1b
of o 0 6.0 ~81.70 (-147.17 | -1137.8 | -2048.0
100 | 180 0.250 1.38 =50.34 | ~l01. 41 | -1157.0 | -2082.0
200 | 360 0.277 1.56 -27.55 | ~ 49.59 | -1107.9 | -2102.2
298 | 530. 0.317 1.72 0.0 0 -1181.5 | -2120.7
300 | 540 0.318 1.72 0.58 1.04 | -1182.0 | -2127.0
Lo | 720 0.351 1.81 34,11 | €l.40 | =1191.2 | -2144.2
500 | 900 0.379 1.90 70.09 | 127.24 [ -1198.3 { -2150.9
600 | 1080 0.400 1.96 109.73 | 197.51 | -1203.8 | -21006.8
700 {1260 0.416 2.03 151.53 | 272.75 | -1208.1 | -2174.6
800 | 1440 0.429 2.09 192.91 | 347.24 | -1211.7 | -2181.1
900 | 1620 0.442 2.15 236.50 | 425.70 | -1214.7 | -2186.5
1000 | 1800 0.452 2.19 277-59 | 499.60 | ~1217.2 | <2191.0
1100 | 1980 0.4062 2.2 326.92 | S588.40 | -1219.2 | -2194.06
1200 | 2160 0.471 2.¢ 373.57 | 072.43 | -1220.9 | -2197.0
1300 J 2340 0.47% 2.31 420.97 | 797.75 | -i222.2 | -2200.0
1400 | 2520 0.488 2.39 L09.42 | BLL.90 | ~1223.3 | -2201.9

“Hefer to Bection 2.2.%
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VAPOR-PHASE THERMODYNAKIC FROPERTIES OF

TARLE 2.13

75 w/o H,0, BOLUTLONS*

Enthalp 1
Tomperature | M08t apucity, | Butropy, (g2, ) Farmation
K R (Btu/1b1t) (BLu/1b<it) | cal/gm | Blu/lb | cal/gm | Btu/lb -
ol o 0 0 ~90.02 | -162.04 | =1476.4 | -2057.5
100 | 180 0.287 0.98 ~01.57 | -110.83 | -1495.5 | -2091.9
200 | 360 0.3095 1.64 -30.21 | =54.38 | -=1505.8 | -2710.4
298 | 530.4 0.338 1.80 0.0 0 -1519.2 | ~2734.6
300 | 540 0.339 1.80 0.62 1.12 | =1519.6 | -2735.3
4o | 720 0.368 1.90 36.00 |  04.91 | -1529.5 | -2753.1
500 [ 900 0.393 1.99 74.21 ] 133.38 | ~1537.7 | -27067.9
600 | 1080 0.413 2.06 114k.04 | 206.35 | -1544.2 | =2779.6
700 | 1260 0.429 2.13 156.83 | 2682.29 | -1549.8 | -2789.6
800 | 1440 0.443 2.19 200.52 | 360.9% | =1554.0 | -2798.3
900 | 1620 0.450 2.24 245,55 | 441.99 | -1558.8 | -2805.8
1000 | 1800 0.4067 2.29 288.76 | 519.77 | -1562.4 | -2812.3
| 1100 | 1980 0.479 2.33 339.13 | 610.43 | -1505.4 | -2817.7
| 1200 | 2160 0.489 2.37 387.53 | 697.55 | -1568.0 | -2822.4
sfijoo 2340 0.498 2.41 430.81 | 780.20 | -1570.2 | -2826.4
| 1400 | 2520 0. 508 2.58 u87.24 | 877.03 | -1572.0 | -2829.6
1500 | 2700

Mefer to Bectiow 2.2.3
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VAPOR-PHASE THERMODYNAMIC PROPERTIES OF
70 w/o H,0, SOLUTIONS*

TABLE 2.14

Euthalp
Temper Heat Cupacity,| Eutropy, (HT—H Fe“t 9‘
perature cal/gm-K cal/gmK 298 Formation
K R (Btu/1b-R) (Btu/1b-R) | cal/gm | Btu/1b | cal/gm |Btu/lb
0 0 0 0 -92.8 | -167.0 | -1589.2 | -2860.6
100 | 180 0.297 1.52 -63.3 | ~113.9 | -1608.3 | -2894.9
200 | 360 0.314 1.75 -31.1 ~56.0 | -1618.5 | -2913.3
298 | 536. 0.346 1.89 0.0 0 -1631.8 | -2937.2
300 | 40 0.346 1.90 0.63 1.13 | -1632.2 | -2938.0
400 | 720 0.374 1.99 36.7 66.1 | -1642.3 | -2956.1
50C | 900 G.398 2.09 75.4 135.7 | -1650.8 | -2971.4
600 | 1080 0.418 2.16 116.2 209.2 | -1657.8 | -2984.0
700 | 1260 0.4%4 2.23 158.9 286.0 | -1663.8 | -2994.8
800 | 1440 0.448 2.28 203.1 365.6 | -1668.9 | -3004.0
900 | 1620 0.461 2.34 248.6 447.5 | -1673.4 | -3012.1
1000 | 1800 0.473 2.39 292.5 526.5 | -1677.4 | -3019.3
1100 | 1980 0.485 2.40 343.2 617.8 | -1680.8 | -3025.4
1200 | 2160 0.495 2.50 392.2 706.0 | -1683.7 | -3030.7
1300 | 2340 0.505 2.52 L42.1 795.8 | -1686.1 | -3035.0
1400 | 2520 0.515 2.71 493.2 887.6 | -16838.2 | -3038.8

*Refer to Section 2.2.3
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TABLE 2.15

REFRACTIVE INDEX (SODIUM D-LINE) OF PROPELLANT-GRADE H,0,-K_0

SOLUTIONS AT 25 C*

B0y 0.3, 0.2, 0.4, 0.6, 0.8,
v/o percent percent percent percent percent
66 1.3782 1.3/84 1.3785 1.3787 1.3788
€7 790 752 793 796 796
68 798 800 801 803 804
60 806 808 809 811 812
76 1.3814 1.3816 1.3817 1.3819 1.3820
71 822 824 825 827 828
72 830 832 833 835 836
73 838 840 841 843 8hf
74 846 848 849 851 852
75 854 856 857 859 860
76 862 864 865 867 868
77 870. 872 873 877 876
78 878 880 881 883 884
79 886 888 889 891 892
80 1.3894 1.3896 1.3897 1.3899 1.3901
81 903 904 906 908 909
82 911 913 915 916 918
83 920 921 923 925 927
84 928 930 932 933 935
85 937 939 940 942 9L4
86 945 947 949 950 952 .
87 954 956 957 259 061
88 962 964 966 968 969
89 971 973 974 976 978

“Refer to Section 2,2.5.1

NOTE: Temperature correction is -0.34 » 10‘?/0 from 15 to 25 C.




TABLE 2.15

{Concluded)
10, 0.3, 0.2, 0.4, 0.6, 0.8,

w/o percent percent percent perceugnn percent

90 1.3880 1.3981 1.3983 1.3985 1.3986

91 988 990 992 993 995
: 92 Y97 999 1. 4000 1.4002 1.4004
; 93 1.4006 1.4097 009 011 13
j 94 014 016 018 020 02t
? 95 023 025 027 028 030

96 032 034 035 037 039

97 041 042 Ok 046 048

98 049 051 053 055 056
‘ 99 058 060 062 083 065
i 100 1.4067

XS
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TABLE 2.16

VREDET CONSTANT OF HYDROGEN PEROXIDE-WATER
"SOLUTIONS AT 10 C*

g0, . ., Iin{gnull-c- x :o’ '
w/o 5893 A 5760 A 5461 A 4358 A

100 11.48 11.90 13.52 22.65
9 11.60 12.03 13.64 22.70

78.5 11.98 12.45 14.07 23.45

62.0 12.30 12.80 14.43 24.11
50.9 12.53 12.98 14.60 24.22
38.1 12.69 13.15 14.86 24 .47
18.1 12.91 13.38 15.13 25.00
0 13.09 13.64 15.40 25.21

"Mefer tc Section 2.2.5.5
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TABLE 2.17

MISCELIANEQUS MOLECULAR AND ELECTROMAGNETIC PROPERTIES
OF HYDROGEN PEROXIDE

Property Value Temperature | Reference
Specific Refraction 0.1705 cm’/gm 25 ¢ 2.15
Molar Refraction 5.801 cm’/mole 25 C 2.15

~24 3
Polarizability 2.3 x 10 cm Aiolﬁ 25 C 2.4%
Molar Dispersion 1.3576 cl’/iole - 2.45
30 -2
Dispersion Constant 8.479 x 107 sec - 2.45
. . 15 -1
Characteristic Frequency | 2.979 x 107 sec - 2.45
Molecular Radius 1.32 A - 2.45
Molecular Susceptibility | -21.0 4 25 C 2.46
Molecular Diamagnetism 16.73 £0.20 25 C 2.47
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STEUCTURR AND STRUCTUBRAL PARAMETERS

Structure

TARLIE 2.

18

OF HYDROGEN PERQGXIDE

/ H

IS

N\

N,

<
<<

Structural Parameters

Tt———r—

Blectron Diffraction
Crystal DIiffraction
Far Infrared

Microwave

B(o-@, A R(0-H), A
1.47
1.49

1.475 $0.004  0.950 $0.005

6(oo8), r (HoOH),
degrees degrees

97 O

94.3 2 (119.8 23)

81

111.5



TABLE 2.19

REACTIONS OF EYDROGEN PERUXIDE

INORGANIC COMPOUNDS

Ag + 5202 —i'—d—d—bdiuolvel (Aa*)

Al + HO, ---——wu(m)3
As + B0, ————HAs0,

-3 -3
+ 11202 ——eee—e——= A2

AsQ A

3
An(ﬂ")3 + B0, ————HAs0,

Au + B0, —HCl o jissclves

0xid- .1 gold + HYO, allmline

reduction

B (colloidal) + 8202 -———-D-IljBO:,

Ba(0H), + H,0, Ba0, + H,0
Bi 0, + nncn —'——"".Bino;
< ) = & & %

alkaline
m(wo})3 + B0, -————Mu(on)3

-1
3

BrO + 8202 ———--——O-Br-1 + Br2

-1 -2 1

CN ~ + [1202 ---——-"'--—’(303

1 f2%

+ CNO~

ONS™ + H,0, --————-»un3 ——— e eNO_ "~

3

1

Reference

2.56
2.10

2.10

2.57

2.10

2.58

2.58
2.59
2.10

2.60

2.61

2.10

2.63



TABIE 2.19

(Continued)
INORGANIC COMPOUNDS (cont.)
-1
Clg + 8202 —— 1
c10.-1 '0 alkaline or
e ———— n
,10’ + 32 2 “meatral” ° reaction
-1 acid
————
ClO3 + 8202 012 + ClO2

HCIO,‘ + H202 —geno reaction

HOC1 + H,0, —  e1!

Co + H202 ———eeeerdigs0lves

Co + H,0, —“—129-1-’5-‘3-9»Co(uo)3

Cr + 5202 —eee g Low s0lution

l}
-.—_—’
Cr03 + H202 Cr

. Cu + HO, —ocld o jissolves
Cu0 + H,0, ———Cu0, + H,0
—
cu02 + 5202 Cul + l!20 + 02
R0

Fe + KO, —————Fet? —22 )

FQ(CN)GJ' + B0, -—a—cﬂ—-bFe(CNk—}

83

\.\.

2.64
2.65

2.65

2.10

2.64

2.66

2.10

2.10
2.67

2.68
2.69
2.69

2.10

2.70



TABLIE 2.19

(Coutinued)
Reference
INORGANIC COMPOUNDS (cont.)
-3 alksline -4
Fe(CN)6 + B0, ————» 1-*c(cn)6 2.70
Hg + H20 -——-m—c-‘g—-bdiuolveu 2,10
2
Hg + li20 -—'—Mo-oxide- of mercury 2.10
2
-1 ﬂﬂ -1
12 + H202 | 103 2.71
———e .
HI + H202 12 4 1120 2.10
+1 .
—————
Li "+ 11202 L1202 2.10
Mg + HyU, Mg(on), 2.10
-1 acid +2
MnO,l + u202 ————Mn “ + ﬂ20 + O2 2.10
-1 alkaline
HnO,‘ + 1-1202 Muo, 2.10
MoS, + H0 s0, 2 2.10
2 22 4 )
Ni + H 0, —HCLor o 4issolves 2.10
22 H250k
ut
. I . -
NLSO,‘ + u202 no reaction 2.72

Nzﬂ,. + n202 various products depending upoa conditions 2.73

S |
HONH2 + H202 —-—-——-o»ho3 2.74



TABLE 2.19

(Continued)
Belerence
INORGANIC CUMPOUNDS (cont.)
N02‘1 + 1,0, "_—'—"'NOS-I 2.75
N03-l + 8202 no reaction 2.10
0’ + %02 -—-———-—-—0-820 + 02 2.70
P+ 8202 —-—-———*Pﬂ’ + H,PO" 2.77
P205 + H202 + li20 ll.,PO5 2.78
POA-'3 + H202 - no reaction 2.10
Po;’ + B0, ————-vpo,‘" 2.79
i
Pb + 5202 —_——p= dissolves 2.80
alkaline
P+ H202 PbO2 2.80
“Po + 8202 ——p-dissolves 2.81
Pt + 5202 no reaction 2.82
8 + ll202 ——ee—m——=nn0 reaction 2.10
id °
B,S (sq.) + HO, —2 L »s 2.83
alkaline ~2
; ———
HyS (aq.) + H,0, 80, 2.84

2 plus various products depending upon 2.84

metal

NS + B,0, — 50"

8)



TABLE 2.19
{Contipued

INGRGANIC COMDEMNUS (cont.)

-2 n =2 -2
'503 4 u2n2 —-—-*&»0,‘ + 8206

Sb « 8202 -~ no reaclion

szs3 + H202 —-—}f‘—l—v autimoniate

Sel
sc + Hzon / 2
< \uu,zsw,‘

1128e + }{202

rapidly attacked

-2 )
_——-———'
'Seo3 4 8202 seoh

+2 L

Sn  + H202 -——-—-—-—"F’Sn+

SnO2 + 11202 no rcecaction

Te + 11202 , “6“06

L+ R
Ti + ll202 —-———---—-0-‘1‘103

. 12
‘.1'102 + 8202

Tl + 11202

——
1'102 + ll202 T120)

—_—Ti (02),.

T10H

r—
W o+ 02 Hz\iﬂk

Reference

2.85

2.10

]
o)
[

2.10

2.10



TABIE 2.19
(Continucd)

INGRGANIC COMPOUNDS (cout.)

tn-oa202

Zn0

alkaline .
—————— v
In « 8202 alcobolin disscolves

Ir + ﬂ202 - no reaclion

lr(SO‘ )2 + 8202 -————————=®-no reaction

ORGANIC COMPOUNDS

Alkanes:

Satureted paraffins + 8202 “t:‘::‘;y::‘:'h%o reaction

Cyclic alkanes + 11202 wlt:.:::y::‘:houttuo reaction

Grignard reagent (BMgX) + B0, ————e-alcohol

Alkones:

CH - CHR' +n902%.u\:fn' —-*mi!_r.
glycol

87

Reference

2.10

2.93
2.9%

2.9

2.55

2.55

2.9



TABLE 2.19
(Continued)

ORGANIC COMPOUNDS (cont.)
Alcohols:

- cold .
s vir—— . T
ROH + H202 o catalyss ino reaction

Fetd
RCH,OF + H 0, — = RC00H —————#-C0

2 272 2

Carbuxylic Acida:

1% HQSOA
RCGOH + H O  —~——=——p RCCOOH + H,O
272 Ly 2
peroxy acid
Aldehydes:
R-CHO + H.0, —22£ eRcooH
2°2 +
H
Aromatics:

Benzene or toluene + H202 22_22221&22,_n0 reaction

++ .
Fe catalyat’phenol

Benzene + H202 AT strips

B-naphthol + H202 ——ngggg-ibo-carboxycinnamic acid

(in acetic
acid)

Hydrazobenzene + H202 -22:219-*>azobenzene
1% HQSOQ

Azobenzene + 3202 ——ﬁﬁaaaﬁ—ivazoxybenzene
(in acetic
acid)

Rgfepence

2.55

2.55

2.10

2.55

2.55



TABLE 2.19

(Concluded)
' BRefcrence
ORGANIC COMPOUNDS (cont.)
Aromatics:
Aniline + H202 22-23C aniline black products . 2.5
Aniline + H202 22-23C;: oxidant nitrobenzene + 2.96
added to water slurry azoxybenzene

(in acetic

. nf aniline containing
acid)

Na bicarbonate

: 22-23C .
Benzaldehyde + H202 i H2SOQ benzoic acid | 2.97

(lzcgg‘)’t“ RCOOCH

Anthracene + 11202 M"’anthraqu1none 2.96
(in acetic

acid)

Primary Amines:

RNH2 + H20 ———————®vigorous decomposition of pe
recction difficult to contr

roxide; 2.55
1.

-~ ~
CLCTAoN QAT 1CULAY V6 Tonurs , no

products isolated

Secondary Amines:

(R), NH + Hy0) —————p= (R),NOH ~ 2.55
hydroxylemine

Tertiary Aminesf

(R)3N + K0, —----———-i-'R}NO 2.55

amineoxide

89
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WEIGHT PERCENT H,0,
Concentration and Apparent Molecular Weight

of Aqueous Hydrogen Pcroxide Sclutions

Figure 2,1,
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Figure 2.3.
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