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8WTIk l 1: rINTRODUCTIIN

1.1 GOIGAL

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-subsidized research on the preparation of

woltaic 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 decomposition studies, density determi-

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

Ble 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 decomposition of the hydrogen peroxide.

His work led to the publication of several papers, which are

extensively summarized in Ref. 1.1.

A" uin work, Thenard ciie. reaction! with soe 1%1 elements,
oxides, salts, acids, and bases with frequent notations of

decomposition of the hydrogen peroxide. These decomposition

reactions were sometimes accompanied with the note that "in these

decompositions, 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 Berselius (Ref.

1.2) in 1336 in the first notation of catalysts and catalytic

activity.



Although Thenard's only noted uses for hydrogen peroxide were in

removing sulfide deposits on oil paintings and as a skin irritant

for medicinal purposes, hydrogen peroxide and its aqueous solu-

tions have found a nuber of commercial applications since its

discovery. The primary bulk of this commercial use is limited to

bydrcgen peroxide grades of less than 52 percent EO2 by weight;

these "industrial grades" havt been used for many years in tex-

tile and pulp bleaching, synthesis of chenical derivatives, the

aanufactuxe of foam rubber, the oxidation of dyes, the purifica-

tion of metal salt solutions, the treatment o! metal surfaces, etc.

The requirement for higher concentrations and their subsequent

commercial development was based primarily on the establishment

of hydrogen peroxide as a source of energy.

_Wdrogen peroxide (in a 60 w/o aqueous solution) was first uti-

lized as an energy source for underwater propulsion in Germany in

1934; this work led to its subsequent application (in higher con-

.,centrations) during World War II for auxiliary propulsion and gas

generation concepts in aircraft and rockets. Its use in these

areas reculted from its thermally or catal)tically initiated exo-

therniic decomposition (with substantial beat release) to yield

a gaseous mixture of oxygen and superheated steam. Although its

advantages as a monopropellant include a 4i7 w/o available oxygen

and nontoxic exhaust gases, the initial areas of application for

hydrogen pieroxide were limited because of its questionable sto'-

age stability.

The use of hydrogen peroxide has been expanded with ifprovements

in its stability, through stabilization additives and increased

purification. Currently, hydrogen peroxide is the primary mono-

propellant used for underwater propulsion, aerospace propulsion,

and auxiliary power concepts. ydrogen peroxide/water solutions

can now be stored for extended periods without significant

decw~ooition (i.e., decamosition rates of < 0.1 percent/year

2



are readily attainable). Reaction control systems using hydro-

gen peroxide have already demonstrated space storability in excess

of 2 years (with an estimated storability of 5 years).

The use of hydrogen peroxide as a monopropellant in the aerospace

industry has been widespread in the areas of station maintenance,

space maneuvering, thrust vector control, power generation, etc.

So.me examples of systems which have used or are presently utiliz-

ing hydrogen peroxide include the V-2 (gas generator), Redstone

(gas generator), 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 control system), ASSL (reaction control system),

122Y (attitude control system), Lunar Landing Simulator (main

propulsion and attitude control systems), Astronaut Maneuvering

Unit (main propulsion), SYNCOG (reaction control system), COKSAT

(reaction control system), HS-303A "Blue Bird" (reaction control

syetem), ATS (reaction control 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 systeLs.

This widespread 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 a result of this interest, this handbook

represents a curreat summary of the engineering properties of

propellant-grade hydro#o* paroxide. Propela!&t-grade hydrogen

peroxide is dofiaea in this report as high-purity Wy~rogen

peroxide/vater soluti~no in which the hydrogta peroxide conen-

tratica is 70 perceat by .Tight. Wi'hi this copc.i tration



range of interest, solutions containing 70, 75, 90, 95, 98, and 100

percent by weight hydrogen peroxide have been designated as con-

centrations of special interest.

1.2 EIANPOOK IMKAT

The material contained in this handbook has been organized into

sections. These are:

Section 1: Introduction

Section 2: Physico-Chemical Properties

Section 3: Production

Section 4: Storagc and landling

Section 5: Transportation

Section 6: Safety

Section 7: Decomposition, Stabilization, and Catalysts

Section e: Bibliography

Each section is subdiviPd further to permit the user of this

handbook to obtain specific information expeditiously. The

materiil is arranged in ouch a manner as to permit convenient

updtz.. or various secLionsi as dala are geuzrated from addi-

.. tional studies in these areas.

-- T he interest of each individtuwl user may be limited to specific

A - aspects of the subject material; hov,'cver, it is recanmended that

persounel involved in 1102 handling be thoroughly fiuuiliar with

S... of' the engineering propertieH contained in this report.

° t Although everv effort has been made to provide presently avail-

" ble inforciatign on 1L20 2 in wifficient detail for most of the

So., tejitial sers of the haidbookh size limitations of the hand-

book obviously preclude inclusion of every conceivable detail,

C'



Thus, for those users who desire additional details on specific

Items, 'Pousultatiou of the many referenced publications is

: re comk~uude' ,

Wherever a serien of rcports or ipers has betin utilized to report

the progress in a particular study, the data and inforation ref-

erenced are from final repor ts, whenever applicable. This was

done to eliminate confusion in efforts whcre progress reports

included incoq)lete experimentation and/or analysis of the data.

In those efforts where a final report has not been issued or

does not contain sufficient detail of the itesm, the e.a* were

taken from the latest progress report giotainiug the pertinent

results.

The tables figures, and references noted in each section are con-

tained in that section for convenience. Each table, figure, and

reference Pumber is preceded by the section number (i.e., Table 1.3

to the third table in Section 1, etc.).

Because the major portion of this handbook is related to areas

of #4ngineering interest, all of the data ar presented iii eagi-

nering terminology (i.e., English units). However, as a con-

wenience to al, of1 the users, data in certain sections (notably,

the physical properties section) of the handbook are presented

In both motric a-U4 L4iish units. Where data are presentel iu

both units, tho attndant discussion indicates the units of the

referenced work.

.AA a further convenience to the user, physical constants and

conversion factors are presented in Tables 1.1 througI' 1.3 to

enable the user to convert the values to his particular needs.

Also, because these constants are presputed to the known dsgree

of significance, they can bo roauded to fit particular needs.



1.3 W =Nz

1.1 8diumbp 'W. C., C. N. Satterfi~eld* and II. L. eutwara,
Wbdrolnra Pecroxide, A.C.S. Hoaiograpbl 128, Hviubold PuiWishing
Curporaioll, New York, New York, 1955.

1.2 berzeliuaJ4, Jahreabe-. Chew._. j., 237 (1836i), s

A.



TABLE I.I

IiXICAt C QdSW4TS

Vail Remarks Va lue

Standard gravitatioual 32.1740 ft/oec2
accelcration 900.665 co/sec

I ato Standard atmosphere l,013#250 d-nes/sq cm

I M lA 6taudard mi,llimcter 1 I'333.2237 d,,nea/eq c%

I cal Thcraochenical caloric 4.184C abs joules
41.2929 10.0020 cu

I cal (I T.) International Stream 1.O00Ci54 thermoches-
Tables calorie ical c€Aories

T0 C Ice Point, 491.6880 10.018 R
273.160 ±0.010 1

)P-O (iT) 0  Prer :,tr.-Volume product 22,414.6 10.4 cu co-
o CC for .ide..- &no at 0 C ata/g mole

2271.16 iO.04 abe
joules/g mole

f tMlar.,;i ru..aut p.31439 0.0003 abs
joules/K-g mole

1.96719 ±0.00013 calf
K-g mole

82.0567 ±0.004 cu cs-
-ast -g mole

59.4'7 cU ft-ata 1 -lb
- -mole I0.7, cu.'€- Alal-ib

' " sole

1 Btu 1055.040 abs joulce
252.161 thermocheical
calories

251.996 I. T. calories

I in. United states unit 2.54000.50 cm

I ft United States unit 30.800610 ca

I lb Avoirdupois 453.5924277 a

I Sol United States unit 0.133680555 cu ft
3785.4349 cu c..

)et*: Compilad by Rossini, F. D. St J., A, ican Petroleum Institute
_geirarch Proect 44, U.S. Department o Coerce, atl. Dii.

Standards, Circular 461, U.S. Government Printing Of ice,
Washiogtou, D. C., 1947.
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CONVERSION F'ACTORS

Temperature

C + 273.16-K

F + 459.69 -R

(C x 1.8) + 32 - F

(F - 32)/1.8 - C

K(1.8) - R

Pressure

atm x 14.69618 - psi

119g x 0.00131579 = ats

naw Hg x 0.019337 - psi

g/sq cm x 0.00096784 w at.

g/sq cm x 0.0142234 =Psi

bars x 0.98692 =atmn

bare x 14.504 =psi

megabaryes x 1 -bars

Was5

grams (mass) x 0.002204622 -pounds (mass)

Length

centimeters x 0.393700 -inches

centimeters x 0.032808 -feet

Area

*square ceaitimetors x 0.1551)0 -square inches

square centimeters x 0.0010764 - square feet

- qquare feet x 14 - square inches



TAJBIZ 1.2

(Concluded)

Viscosity

centipoises x 0.672 x 10O3 . lb./ft-sec

centistokes x 1.076 x 10-5 sq ft/eec

(kinematic viscosity) x(density) -(absolute) viscosity

Thermal Conductivi&

(cal/cu-sec-Gc) x 241.8588 -Btu/ft-.hr-F'

Velocity of Sound

(un/eec) x 3.28083 -ft/sec

Compressibility

(sq cm/dyne) x 1.01325 x 106 - at.1

(sq cmdyie) x 6,8947 z~, =1Pal

k9



TA.BZ -1.2

(Coutinued)

Volume

cubic centimeters x 0.061023 cubic inches

cubic centimeters x 3.531445 •10-5 -mcubic feet

cubic Inches (U.S.) x 5.78704 x 10 -  cubic feet

Time

seconds/60 -' linutes

seconds/3600 - hours

seconds/86,O0 - days

Force

dynes x 0.00101972 - grams (force)

grams (force) x 0.0022046 2 - pound. (force)

Density and Specific Volume

(g/cu cm) x 62.43 - lb/cu ft

(cu cm/g) x 0.016018 - cu ft/lb

Surface Tension

(dynes/cm) x 6.8523 x 10-5 . lbf/ft

Thermodynamic Proper ties

(cal/g mole) x 1.8 - Btu/lb sole

(Cal/g mole- 4 x 1 - Btu/lb mole - R
(Btu/lb mole)/mol. wt - Btu/lb

(Btu/lb mole- Rl/mI -a = - ,/lb-R

(Cal/g) x 1.8- Btu/lb

10



TABLE 1 .3

TIf AUk1 tE CONVIMION

-49t. 0 0 1.0 50 t. 305 300 t. .90 w0 oco I00 300 1. t19 1) . woo)4

C V C t C 9 -VC- T C V V

,- --A" -17.3 oj 32.0 10.0 322.0 100*12 260 50 9356 IOUQ 0 043 316 1900 2712

-466 -4) .47.2 1 353.5 10.6 it 123.5 43 110 2)0 S"6 330 930 -A) 3010 1250 4) ,1,0 27W0
411W *4449 -16.7 2] 35 6 11.3 12 13.6 %9 12" 2458 271 320 960 'A9 10231 351. W7 1120 276
4157 -4)0 -31.13 371.4 11.7 9) 127.1. %4 130 26k 17,7 530 9% 56 1 03(2 ~f 9 6539 1140 2751.
-51 -420 -15.6 4 391 12.1 329.2 10 1%0 251 252 %4 3001 "o4) 19" 11) 1.0 goo.

.4. .410 -33.0 5 41..0 12.4551 131.0 ".' 130 102 98 5 023 456 t(0150 192 1.) 0 3 10 2W2
4140 -400 -14.. 1. 42.8 13. 93o IN.@ 71 3.O4320 29) 51.0 040 13 106W 191.0 5491%06 2540

-23. -19W -0-9 7 4%.b 1).9 37 134.b 77 370 330 299 570 10)58 377 33rG17 39) 014 5370 2"")
-229 -140 -13.3 5 Io.k 4 9 1. 14,1 O5 16.1 35b ) 1% 0404 1076 W02 IooUj ,7 5N64) 3)500 2576
-23 -170 -12.4 4.6.2 13.0 "9 3,2 50 13 7A 110 30 109 30 !Io 99 1390 2094

-30 -yo -12.2 30 51.0 15. 60 140.0 93 204)592 336 600 1112 4,) 3300 0012 :471 33o 2912

412 -350 -33/ 33 51.5 361 11.8 9 210 10 21 10 33,0 W9 3330 2010 57 10 2910
-801 -o40 -11.1 30 3.6 1.7 b2 31%3.6 120 2k2 1.k 317 624 331% 604 112o 20)40 31l0 u 29

-401 -330 .10.6 13 53.4 17.2 1.) 1 0 220 %2 132 630 311 630 3310 2064, OFF l30 29t,(2.ta~opelst t ..
-19 "320 -10.0 14 37.2 17.5 64 Ik..2 130 230 116 3)0 61.0 1154 61%0 MW 11w
-190 -,10 -9.% 15 59.0 18.3 65 34.50 116 210 161 11. 6)0 1202 1 30 21 59 30 3002

3.13 2 31. -154 -300 - 3.59 1.6 .5 13.9 16 10.5 3250 1.52 11.9 660 1220 627 3360 920O 941 360 1020

3.67i3i 5.41 -179 294) -5.3) 37 b2,. 3 9.1 67 32.6 27 Sri 60 500 154 670 12384 6)w 3370 21)8 9310 1.70 303N
2.22 1. 7. :,, -17, 4-7.75 IF 6%,1. 20.0 61.5 34.1. 3) 210 51635 60 60 125b 635 3350 231.-, 931. 31,0 30565.7 3 9.
1.)3 6 10., -1 -173 -439 - 7.2 19 1..2 20.b b9 3b.I 115 220 536 690 .274 1.3 3390 2371 921 3690 07
3.14 7 3 269
4..41 ,4:1 -31. -270 -454 -6.67 20 W0 23.3 70 35.0 M 90 54 1 70 1292 69 3200 2192 9 09
5.001 9 I 3. .31 - 41 -41 - 6.11 1 .. 23.7 71 159.8 1.9 )01 572 377 730 1)10 b54 3230 2230 9)2 1710 3110

3Z 0 1 .0 1 -17 -450 -418 - 5.-3b 2 71. 22.2 71 361.6 154 330 94 3342 720 132 660 3290 2U8 91s 1720 3120

151 An43 -400 - 5.00 2) 73.1. 92.5 7) 16,.360 13201 600 303 730 1316 6(4. 13)0 2246 91.)3710 31.%b
-1.6 -430 -34U - 4,44 24 71.2 23.3 71363.2 36 330 62b 19) 7%0 1)6. 673 3210 26 9 1740 311A

-140 -220 -164 - -0 15 77.0 23.9 75 367.0 171 340 64. 39 750 IM 67 1250 122 94 3710 312
-134 -210 -46 - 3.33 26 7".5 24.4 76 360. I 3 50 662 404 7M 3400 6W 1260 5300 9-0 1760 3200

-129 -400 -25 - 2.75 27 5u.6 25.0 77 17ft 3. 36f) 600 1.10 770 3435 650 1270 2318 966 1770 3218

-123 -10 -310 - 2.21 24 5,. 4 33.. 78 172-4 18 370 60 13 750 131. 493 32310 336 971 37380 3234.

-18 -100 -92 - 1.67 29 5.2 6,1. 79 374.2 13) W 736b1.23 7) 1.54 69 3294 23)% 9,7 3790 1254

-112 -170 -274 - 1.11 0 5.0 06 b 0 17"39907341.2P 5 1.72 70 3 0172 923 0) 1272
-107 -360 -M 0.56 131 7. 7.2 1 377.8 O0 400 752 1.5 110 39 730 310 2190 95 0 3290
-101 -1"o -" a0 32 59.1. 27.0 2 179.6 RIOf430 770 453 520 3505 7(6 3 21O 991" 320 33)0

- 95.6 -1.5 A0 0.51 33 91.4 U.3 33 35.1.4l 816 4" 75S 41. 030 136 721 330 042 99 1030 33A1

- 90.0 -130 -200 1.11 34 93.3 53.9 84 13.8 523 40 0 19 54 1341 727 310 541 4 40 314
- "4. -330 -154 3.67 " 9 19.4 5" 355.0 327 41.0 524 1. M 35 L1M 7W2 13,0 *1.62 3430I 350 1)62

- 79?-310 -366 2.32 36 96.5 0.0 36 3346.5 212 4" S4240 660 OW 350 7V15 360 OW1.5 016 3540 )300
- 73. -51 -146 8.7 37 95.6 W.6 a7 3.6 217 4 560 466 570 15" 71370 249 3023 17) 3395
- 67.0 - "0 -130 3.33 2 160.4 - 3.3 1 . 54 1.70 07" 471 NO 1616 749 30 2516 1 Or IOU 40 16

-62.v - -112 1.5 19 3nl.5 31.79 1".2. 949 We 006 1.77 "a 314 7.0 390 8534 303s 3o034
- 6.7 - 70 - 94 4.44 1.0 304.6 U.2 90 19.0 254" 91, 42 900 1.32 764 3400 2)52 1035 39oo 3452

- 51.1 - 60 - 76 5.00 41 13.5 32.3 91 1".0 W 90 3470 76 3.10 "70 104) 1910 3470
- 45.6 - - It 5.36 1 17.6 33.3 " 1397.6 49) 90 163 771 3420 2553 1%9 1920 545
- 40.0 - 40 - 40 6.11 43 109.4 31.9 93 399.1. 1.930 370 7 13)0 2606 01 19") !306
- 3%A - 0 - 32 6.6744 111.C 34.4 94 203.2 50 "03173475234403 M 1001%0 3524
- .9- 0 - 4 7.11 45 111.6 3.4 95 0 803.0 310 9503762 730 964 3066 10 5542

-2.5-10 14 7.75 46 114.$ 3.6 96 3o.3 56 960 1760 7934 610 073 3960 5560
17.6 0 32 0.33 47 316.6 76.1 97 *.6 522 970 1778 " 1.70 3673 307 1970 35

I.3 48 110.4 56.7 " W.4. 2 "0 796 5N 340 6 1062 11 3396
9.1.4 49 320.3 57.5 99 30.2 933 99 1034 53O 14"95 731. 105 10 361.

10.00 0 It.o 37.5 3o0 132.0 5v IG503" 093 3m5"
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SECTION 2: MN[SICO-JIkICAL POPLU1TI

2.1 GD4E AL DElCRIPIION

Hydrogen peroxide is a chemical compound with the empirical formula

20V Because of the compound's complete miscibility with water

above 32 Fs hydrogen peroxide is commercially available in aqueous

solutions at concentrations to -98 percent by weight 1202.

Propellant-grade hydrogen peroxide has generally been limited to

aqueous solutions 2 70 w/o B202 with regulation of the concentra-

tions and impurity levels of the more frequently applied propellant

grades by government procurement specifications.

Rydrogen peroxide and its aqueous 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 ozone 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 are normally insensitive to

shock and impact and are nonflammable, 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, propellant-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



drastically increased. Rapid decomposition ctu occur in situations

where extreme temperature levels and/or mass contamination are

present. As the decomposition rate increases, the attendant heat

release causes additional decomposition; this bootstrap effect

can lead to a runaway reaction.

Hydrogen peroxide is normally 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 serious storage or

handling problem.

2.2 HMYSICAL P0PRTIES

A majority of the physical properties of propellant-grade solutions

of hydrogen peroxide have been experimentally characterized (or ana-

lytically extrapolated) with a reasonable degree of accuracy over

ambient temperature ranges. However, because of the i..creasing

decomposition rates of these propellant solutions with increase

in temperature, very few measurements have been conducted above

200 F. In addition, the accuracy of data is questionable in

temperature ranges where 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) 11202 is questionable since there is some doubt as to the

existence of 11.0. concentrations above 99.7 to 99.8 v/o. Some of

the data reported for 100 w/o 1t0 were obtained by extrapolation

22of property data of IL20 2 solutions of low er concentration, wbile

other experimental Aneasurements reported on "100 w/o" It 02 ind.-

cated propellant assays of "99+ percent," "99 ±0.5 percent," etc.

Even for most of those studies which report the HL,)0 concentrations,
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the methods of determining these concentrations are not reported

or are based on an assumption e: purity related to the purifica-

tion technique.

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

.-,that many of the measurements on the "100 w/o" 112 represent, in

reality, measurements on 20 2 of lower concentrations, p operties

are reported for 100 w/o ll.00 wherever an extrapolation (from

lower concentrations) seems reasonable. This characterizaLion is

of academic interest only because - 98 w/o H202 is the highest

concentration presently available commercially. Future aerospace

industry 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 diiect expcr;me-.tal

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 referenced work and based on standard analytical cor-

relations and physical relationships. The absence of data on a

particular property is denoted by blank spaces in the tables.

Properties sor which property-temperature relationships have

been eatablished are noted in Table 2.1 with a figure or another

table number; the corresponding property-temperature relationships

are shown in Fig. 2.1 through 2.23aand Tables 2.2 through 2.17.

The graphical illustrations represent either curve-fits of the best

available experimental data or analytical estimations of the

property; curve-fits of experimental data are noted with a solid

line, while a dashed line designates calculated data*. Equations
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resulting from computer curve-fits of some of the data are

presented in attendant discussions.

The origin of the selected data is referenced in each table

and figure. A brief discussio. ;! the available data for

each property is presented in the following paragraphs.

2.2.1 General Identificatio

The physical classification3 under general identification

are those prolprties that are used to identify hydrogen

peroxide and its physical state.

2.2.1.1 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 results of these studies are comparable to the value of

34.016 calculated from the International Atomic Weights.

The mole percent and apliarent molecular weight as a function

of weight pericent 11-0- for various aqueoun solutions of H0.v aS

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

of 120 and 1202 based on the International Atomic Weights.

2.2.1.2 Freezing Point. The determination of freezing and melting

points of H20 2 -1 2 0 solutions is relatively difficult because

of the large degree of supercooling possible with these solu-

tiona. In addition, phase equilibrium measurements (Ref. 2.2)

have indicated that solid solutions are not formed in the

solidification of concentrated (greater than 65 w/o 202)

aqueous solutions of 1102; instead, the solid consists of

crystals of 1202 with occluded mother liquid. Thus, the

range of temperatures over which the material melts or freezes

is a function of the crystallization pattern of the P-202.
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The freezing poirt of "100 percent" 1t202 hau been reported as

-0..61 c (31.17 F), -0.43 C (31.23 ),and -0.41 C (31.26 F)

in Ref. 2.2, 2.4, and 2.5, respectively. Based on a reported

sample purity of 99.97 w/o Y202, the freezing point deter-

tination of Ref. 2.4 was selected as representative of 100

percent I22 . Meusurements of the freezing points of aqueous

solutions of ,1120 (Ref. 2.2) indicate eutectics at 45.2 w/o

11,02 and -52.4 C (-62.3 F), and at 6.2 w/o 11202 and -56.5 C

(-69.7 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 th liquid had

solidified. Experimental melting point otudies (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 ' 2 02 .

A variety of experimental studies have produced no signifi-

cantly effective freezing point depreasants for propellant-

grade L202 solutions. These studies, described in detail in

Ref. 2.3 and 2.6 through 2.9, have shown that many additives

will form, unstable or shock-sensitive mixtures with 1.02.

2.2.1.3 Triple Point. The triple point of 99.97 m/o H202 was estimated

am 272.74 K (-0.42 C or 31.24 F) from experimental heat of

fusion studies (Ref. 2.5). Although no vapor pressure

measurements have been made on solid H202, the vapor pres-

sure at the triple point has been calculated (Ref. 2.10) as

0.26 ma 1g (0.005 psia).

2.2.I.~ ~Normal Boiling Point. The normal boiling points of propellant-

grade 202 solutions have not been experimentally determined

by conventional means since these points are in a tewperature

region where thermal decomposition of the 2 02 .is significant.

The normal boiling pints listed in Table 2.1 and Fig. 2.3
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for prolellant-grade I202-1 LO solutions represent extrapola-

tions of the vopor presoure data of Section 2.2.2.4 to 1

atmosphere of pressure. Other references (i.e., Ref. 2.11

and 2.12) give very similar boiling polats even though these

toeperatures were calculated from extrapolations of different

individual sets of vapor pressure data. The correlation of

these individual sets of data, which rebults in the newly

calculatLd normal boiling points, is discussed in Section

2..2..4.

2.2.1.5 Critical Properties. There has been no experimental deter-

miuations of critical properties of H202 mince the compound

undergoes extensive decomposition before the critical tempera-

ture is achieved. However, because thim prorerty ia of academic

interest, the critical teanpcruture has been estimuted by
"assuming that the critical temperatur-o/boiling point ratio

of U202 is equal to that of water. Based on this technique,

a critical temperature (To) of 458.8 C (857.8 F) has been

reported for 100 w/o 11202 (Ref. 2.11); another Tc value of

457 C (855 I') for 100 w/o IH_0. which was alluded to in

Itef. 2.12, was reported in Ref. 2.10. Using a vapor pres-

sure equation established in Ref. 2.12, the critical pressure,

Pc was calculated (Ref. 2.10) as 214 atmospheres (3140 psia)

at the latter Tc

Using the estimated boiling point given in Table 2.1 and

correlation technique described above, a T. of 733 1K (460 C,
860 F) is recommended for 100 w/o K1202. An estimation

technique suggested in Ref. 2.12 (Pc/Tc is equivalent for

both "202 and IV12) resulted in a calculated and recommended

P of 247 atmospheres (3630 pain) for 100 w/o 202 using the

Te value of 733 K. Pseudocritical constants were calculated

for the propellant-gradc H202-IO solutions through the use

of Kay's method (Ref. 2.13); the results of these calcula-
tions are shown in Table 2.1 and in Fig. 2.3.
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2.2.2 Ihase Properties

Those properties of hydrogen peroxide,whlch are associated with

one particular phase (either solid, liquid, or gas) have been

grouped as phase properties.

2.2.2.1 Densit. A density of 1.70 ga/cc (106.76 lb/cu ft) was

computed for solid 100-percent H202 from X-ray diffruction

measureents (Ref. 2.14) at -20 C (_4 F). Density measure-

wents on 1V02120 solutions during cooling and freezing

(Ref. 2.15) indicated that true solid solutions of H20Oand

120 were not formed; this was later verified in Ref. 2.2.

Since the occlusion of the mother liquor occurred in freezing,

the measured densities were a function of the freezing

technique. however, it was noted (Ref. 2.15) that solutions

containing < 45 If/o 1202 expand during freezirg and solutions

> 65 w/o IV22 conraUct during freezing.

Expcrimental determinations of the liquid densities of various

'..202-120 solutions were reported as a function of composition

in Ref. 2.6 (at 0 and 18 C), Ref. 2.15 (at 0 C), Ref. 2.16 (at

20 c), ad Ref. 2.17 (at 0, 10, 25, 50, and 96 C). In addition,

experimental studies have determined the density of 90 w/o 1102

from 76 to 193 C (Ref. 2.18), and the density of 98 w/o 1,202

from 27 to 105 C (Ref. 2.19). The data frtm these six studies

were simultaneously curve fitted by a least-squares computer pro-

gram, ad the following equation was found to adequately (actual

deviation for each experimental point was < 0.002 gi/cc) describe

the data from 0 to 193 C (32 to 379 F) over a concentration range

of 60 to 1O W/o 202 .
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10(~' c -100479 +. 2.455 x 10-31 + 1.7831 x lO-W-6.76 ~

10- T(C)-2.4 X 1o-7I 2(-3.9 x l0-6T(,)

where W is weight percent U1 0
2 .

Converting to English units, this equation becomes:

P(lb/cu ft) m 66.166 +1.577 X 10-w + 1.112 x 10 -

2.31 1- 2 T -4.7 10- -1.38 X aO-N F)

The curves described by these equations are graphically illus-

trated for propellant -grade lt202 solutions in Fig. 2.4 and

2.4a, respectively.

Experimental vapor density measurements (Ref. 2.3) at 92

C (165.6 F) showthat " 202 is not associated in the vapor

stat.c., If it is assumed that uo decomposition occurs, the

vupor ,ensity may be calculated through use of the perfect

gas law.

2.2.2.2 Coefficient of Thermal ltIansion. Using the curve fits of the

density data, the coefficients (cubical) of theiua! expansion

were calculated for propellant-grade I02-HO solutions from

0 to 100 C (32 to 212 F) through the following relationship.
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Curve fits of theme calculation~s are presented in Fig. 2.5

and 2.5a.

2.2.2.3 'Compressibility. The aidiabatic compressibilitiew of 11202
solutions were calculated (Ref. 2.16) from experim~ental density

and sonic velocity data covering a temperaiture range of 3.5
* -~to33.5 C (38.3 to 92.3 F) and a concentration range of 0 to

93A4 3/0 (9 to 96.5 w./o). These data were used to plot the

adiabatic compressibilities of propellant-grade 11202 solutione

shown in Fig. 2.6 and 2.6a.

Although no experimental data have been reported on the isother-

ma~l compressibility of 1122 the adiabatic compressibility,

density, and heait capacity data were used to calculate (fef.2.16)

an isothermal compressibility of 26-514 x 10-12 M2 /dyn

(26.865 x 10 4)atin 1 P18.281 x 10-5 psia-1) for 100 w/o R1.0

at 20 C (68 F).

2.2.2.!i Vapor Pressure. The vapor pressure data resulting from four

different experimental measurements (Ref. 2.11, 2.12, 2.20,

and 2.21) on various aqueousfo o~utions of "202 over temperature

ranges of 0 to 90 C (32 to 194 V) have been correlated. Using

a least squares curve-f it computer program, these data were

curve-fitted with the following equations (in the metric

Sys tem):

100 V/o Pl 2 log P( 8.92536-282.6-0 67

98 !:o H 0 log P(Mm HI) 7.89728-1-797.84 -134089
-2z2 T(K) 7(K) 2
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, 95 wto "" log P(m ,a) -7.68235- 1647.17 12S665
W J... .~ ("g) (K) T(K)

...."" 2 og '(n fi) 7 729 -1606.47 =

w/o (H 0 0 7.67297 - ~ 176
T(K) T(K)

75 w/o H ,) log P 7 3910886 _ 185863

T(K) T(K)2

2.o W/o 1202 Log P( 7.42560 - 135.O 18179

2(K) T (K)2

Converting these equations to English uniis resulted in the

following:

100 w/o 2% log 4468.68 79947

_______ 
7.21175-T2lg _ T(R) T(R )2

98 0/0 1120 log 6(p.ia) 6.18367 3236.11 - 434448

T()(R)

95 w/o 10 00l Pa 5.96874 2964.91 _ 501115

g ( : a T ) 29- o lo Pi-)T(R) T(R)

90 W/o H 0 log Pp - 5.95936 2891.65 510504

(R) T(R)

75 w/o 110 log P(psia) 5.67747 - 60() 2" (R) T(a1)

70 w o log P(psia) 5.71199 2 L7.38 589026
h0(R) TR)2



The equations are illustrated graphically ini Fig. 2.7 and 2.7a,

where the data are extrapolated to temperatures above 90 C

(194 F) by assuming a linear relationship between the tempera-

tures for which I1202 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 H202 mixtures.

22..2.5 Vapor-Liquid Equilibrium. Vapor-liquid equilibrium compositions

of H2 02-1120 solutions were determined experimentally in two dif-

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 prensure, activity coef-

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

ferent R202-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 based on assumptions

of H2 02 critical constants that are different (critical tempera-

ture = 457 C, ariti"1s Pree-0re 2 215 r atmsphere - +r I .the I,.

recommended in this handbook, corrections to Table 2.2 are slight.

2.2.2.6 Surface Tension. The surface tensions of H2 0 2-I 20 solutions

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

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

Fentations of the data are shown in Fig. 2.11 and 2.11a.
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2.2.3 T~hermodynamic Properties

The H202 properties which define energy changes in the physical

transitions through the various solid, liquid, and gas states,

as well as in chemical changes, hove been listed under thermo-

dynamic properties.

2.2.3.1 Heat of Fopmation. The heats of formation (AYF) of propellant-

grade 1202 solutions were calculated in this study from heat of

dissociation data given In Ref. 2.25. Heat of fusion, heat of

vaporization, heat of mixing, and heat capacity data used to

characterize the heat of formation over & range of temperatures,

phases, and concentrations are given in subsequent sections.

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

tion of t' solution (which includes the heat of formation con-

tributions of both H 0 and and the heat of mixing).
2 H 1202, n h et fmxn)

The AHF data for the liquid and solid phases of propellant-

gade H202 solutions are given in Tablcs 2.3 through 2.8 and

Fig. 2.12 and 2.12%. Figures 2.13 and 2.13a illustrate the

AHF of the liquid at 25 C (77 F as a function of composition.

The heats of formation of the vapor of propellant-grade H2 0 2-H2 0

solutions are given in Tables 2.9 through 2.14.

2.2.3.2 Heat of Fusion. The heats of fusion of propellant-grade H2 0 2

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

these data are shown in Tables 2.3 through 2,8 as the change in

enthalpy at the freezing point.

2.2.3.3 Heat of Vaporization. The experimental data, of Ref. 2.26 were

used to plot the heats of vaporization of H2 0 2-H 20 solutions

as a function of temperature; curve-fits of the data at 0, 25,

1,5, and 60 C (32, 77, 11, and 140 F) are shown in. Fig. 2.14

24



and 2.14a. Heats of vaporization of propellant-grade 1120 2
solution. at other temperatures can be obtained by computing

the difference in the heat. of formtion of the liquid (Tables

2.3 through 2.8) and vapor (Tables 2.9 through 2.14) phases of

the VH22-H20 solutions at the corresponding temperatures and

11200 concepitrations.

2.2-3.4. Heat of Sublimation. The heat of sublimation of 100 w/o H 02
has been calculated (Ref. 2.10) from the heats of fusion and

vaporization as 457.8 cal/gm (824 Btu/lb).

2.2-3.5 Heat of M4ixing. Graphical representations of the heats of mix-

ingof ropllnt-rad H2 021H20 solutions, shown in Fig. 2.15
and 2.15a, were plotted from smoothed data given in Ref. 2.26,.

.These data represent experimental data of the referenced work,

previous experimental studies (Ref. 2.25), and their extrapola-

tion to higher temperatures for comparison with the experimental

data of.Ref. 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

1102 concentratilon range.

2.2.).6 -Heat of Decomposition. The beats of decomposition, graphically

zepresented in Fig. 2.16 and 2.16a, weire converted from smoothed

data from the expetiental studies' of Rqf. 2.25. The figur&s

illustrate the heats of dtcompasition of propellant-grade

HO0-HO0 solutijns, w)xiliidecoapositijon to either'liquid water

or waer. vapor. ' K.::'

2.2.7 Heat Capacity. & i,-~~ capacii*se f, solid and liquid ptopellant-

gaeH2O2_li20 sol'utoas"re' ahowjijn 'To.les 21.8 -through 2.,3

and in Fig. 2-17 and' I.t7a: from 0 to WDO (o (to 720 R) Tb.1

p p. ..23



heat capacities of solid 11202 were taken from the data of
Ref. 2.5. Since solid solutions of 11202 and 110 are not formed

in the concentration region of interest, the heat capacities of

the'solid phases of propellant-grade H202-1120 solutions were

assumed to be the sum of the individual heat capacity contri-

butigns of solid 1120 and solid H202'

The liquid heat capacities 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 H202-H20 solution of constant

composition over the indicated temperature range was of the order

of the accuracy of the experimental 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 u3ing the heat capacity of supercooled H 0 and the extra-
2

,polated heat capacity contribution of the 02.

During experimental heat transfer studies at relatively high

temperatures (Ref. 2.18), the heat capacities of 90 w/o H2 02

were indirectly determined from heat transfer data over a tem-

perature range of 240 to 380 F. An equation was de'veloped for
the data which 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 extrapolations

of the data presented in Fig. 2.17 and 2.17a, which are '0.0l

Btu/lb-F (cal/gm-C), ere assumed to be theresult of H2 0 de-

composition in the experimental study.

The heat capacities of the vapor phase of propellant-grade H202

solutions are given in Tables 2.9 through 2.14. The origin of

these data is discussed in Section 2.2.3.9.

,0 2.2.3.8 Enthropy and Enthalpy. The entropy and enthalpy of the solid

and, liquid phases of propellant-grade H 0 solutions were cal-
22

".culated from the other thermodynamic functions given in Tables 2.3
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through 2.8. The basis for the vapor-phate entropy and entbalpy

data on propellant-grade H202 solutions, given in Tables 2.9

through 2,14 is discussed in 8ection 2.2.3.9.

2.2.3.9 Vapor-Phase Thermodjsnaic Properties. The thermodynamic proper-

ties of hydrogen peroxide vapor were calculated (Ref. 2.27) from

structural data. These data, which replaced earlier 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, given in Tables 2.9

through 2.14, are:

r O-H - 0.965A U1 -3610 cm-1

r 0-0 - 1.49A U2 u135 0 cm

f 0011 - 100 degrees 13 - 880 em- I

-l
V = 95 degrees 

u 4 - 520 cm

IA n 2.785 x 10-40gm-cm
2  U 5 m3610 ia-1

IB  a 34.0 x 10 - 0 gm-cm2  %6 -1266 cm- 1

T .-c -- A40 2Ac  - 33. AV gu m M! 2

IRed - 0.696 .x 10-
40 ao-cm2

2.2.. Transport.]Properties

All properties of propellant-grade solut-.ons of 202 that in-

volve the transfer of mass or energy at .he molecular level

aro presented in the following paragraphL

27



2.2.4.1 Viscosity. Experimental determinations of the viscosity of

liquid H202 -I0 solutions ranging in composition from 0 to

100 w/o !102, 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 50 C). Curve-

fits of these data at 0, 20, 25, and 50 C (32, 68, 77, and 122 F)

are graphically illustrated as a function of w/o 1YO2 (from 50

to 100 w/o) in Fig. 2.18 and 2.18a. In addition, viscosity

measurements have been conducted on 98 w/o lO 2 (Ref. 2.19) from

20 to 85 C (68 to 185 F) and on 90 w/o 11202 (Ref. 2.18) from

77 to 325 F (25 to 162.8 C). The data for 98 and 70 w/o 12

from the various sources has been plotted as a function of tem-

perature and compared to the viscosity of water in Fig. 2.19

and 2.19a.

The viscosity of the vapor phase of H202-I20 solutions at 

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:

$A (micropoises) - 134 + 0.35 [T W - 100] -14 Y

where

Y = mole fraction iiV 2 in vapor

This equation, comparing the vapor viscosity of water with 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 leter-

minations (Ref. 2.22) on 98.2 w/o H202 at 0 C (32 F) and 25 C

(77 F) and on 50 w/o 1Y02 at 25 C; resulting thermal conductiv-

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

'2



Using the two experimcntal data points, the thermal conductivity

of 98.2 w/o H202 was extrapolated to the critical point (Ref.

2.31). This extrapolation, shown in Fig. 2.21, used I,20 a

reference substance and assumed no deromposition and a thermal

conductivity of 0.100 Btu/hr-ft-F at the critical point.

Experimental heat transfer studies (Ref. 2.19) indicated that

the estimated thermal conductivities reported in Ref. 2.31 agree

reasonably well with those calculated from the experimental heat

transfer data.

2.2.4.3 Coefficient of Diffusion. The experimental determination of the

diffusion coefficient of liquid 1202 into water has beer reported

(Ref. 2.32) for 0.17 w/o H2102 from 0 to 40 C (32 to 104 F) and

for 0.019, 1.44, and 7.92 w/o 11202 at 20 C (68 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 experi-

mentally determined (Ref. 2.33) in a vertical tube as 0.188

cm2/sec at 60 C (140 F) and 1-atmosphere pressure. This can

be compared to a diffusion coefficient of 0.320 cm2/sec reported

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

2.2.4.4 Sonic Velocity. The velocity of sound was experimentally

mea.ured (Ref. 2.16) in H202-H20 solutions from 3.'r to

33.5 C (38.3 to 92.3 F). These data are plotted for

propellant-grade 11202 solutions in Fig. 2.22 and 2.22a.

2.2.5 Electromagnetic Properties

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

ties of H202 have been grouped as electromagnetic properties.
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These properties generally are related to the electronic

structure of the atoms ia contrast to the transport properties

which involve only molecular movement.

2.2.5.1 Index of Refraction. The refractive indexes of 12024120 solu-

tions were experimentally determined (lRcf. 2.15) using the sodiuw

D line. The data for propellant-grade IO2 -11,0 solutions are

presented in Table 2.15 at 25 C (77 F) with a temperature cor-

rection guide.

2.2.5.2 Dipole Moment. Calculated dipole moments of 11202 were reported
-18 .0

as 2.22 Debye (or 2.22 x 10- esu-cm) and 2.05 Debye in Ref.

2.35 and 2.36, respectively. In addition, a value of 2.26 Debye

was estimated (Ref. 2.37) from the Stark effect, and a value

of 2.13 Debye was determined (Ref. 2.38) for 1k202 in dioxane.

The latter value was selected as the representative dipole

moment for !t202.

2.2,5.3 Dielectric Constant. Figures 2.23 and 2.23a show the dielectric

constants of propellant-grade It202-1120 solutions as a function

of temperature. These data were interpolated from the experi-

mental studies reported in Ref. 2.39, in which the dielectric

constskzts were determined as a iunction of composition at con-

stant temperatures from -40 to 30 C (-40 to 86 F). because

of the supercooling of the !1202-4120 solutions, measurements

were obtained on the liquid below the freezing point. The data

from the measurements on 100 w/o It202 were curve-fitted from

-60 to 30 C (-76 to 86 F) to the following equation (Ref. 2.40):

C - 84.2 - o.b2 T(C) + o.0o32T (C) 2
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2.2,.5. Electrical Conductivity. The conductivity of "pure" 12% has

been reported by several investigators with values ranging from

2 to 0.39 micromhos (microolus-I ). Experimental studies (Ref.

2.41) of the (.nductivity of unstabilized i1,02 were coiducted as

a possible means of determining its purity. The results of this

study are summarized as follows:

1. Fractional crystallization reduced the conductivity of

commercial 90 W/o 1"02 (11.5 microolums - at 25 C) to

approximately one-half (5.0 microohms at 25 C) of

its initial value, while increasing its concentration

to 98.tw/o 1120

2. Distillation of the crystallized 11,0, reduced its

specific conductance to --Q microlhos. This value com-

pared with that reported in earlier studies (Ref. 2.42).

3. A second distillation of the crystallized and once-

distilled H202 reduced its specific conductance to

1.2 micromhos; this value was still greater than that

reported in Ref. 2.43 and 2.44.

4. The specific conductance of both 98 w/o 1202 and de-

ionized water increased on storage in contact with

Pyrex glass. A conclusion of these studies indicated

that only a rough correlation between low electrical

conductivity and high stabi ty wAs found (or th- t

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.

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

tically active, 1202, when placed in a magnetic field, will
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-L .polarized light. This is expressed as:

"k t'H

whlere

Ot - dege. of rotation

- path length

ii - field strength

k - Verdet constant
V

The Verdet constant, k, as reported in Ref. 2.15 at 10 C (50 F),

is shown for various "202-H,20 solutions in Table 2.16.

2.2,5.b Magnetic Susceptibility. Hydrogen peroixide is diamagnetic.

The magnetic suaceptibility of liquid 1202 has been summarized

in Ref. 2.10.

Values of -).73 X 10-6 cgs-emu/cc at 10 C, -0.50 x 10-6 cgs-emu/g,

-17 x 10-6 cgs-emu/g mol, and 0.9999909 are reported for the

volume susceptibility (K), mass susceptibility (x ), molar sus-

ceptibility (Xm), and permoability (P), respectively. In addi-

Lion, at, equuLionux, ~ ia "ri j aawo e. .aj 1 a-.

solutions at 10 C (50 F) is given as:

X 10 6 -0.720 * 0,218wg

wiscre

w- weight fraction H2 0 2

The susceptibility of the solid becomes more poiitive upon

freezing, while the susceptibility of the vapor is a#sumed to

be the same as the liquid.

sam as , qu, ...



2.2.5.7 Other Molecular and Electromagnetic Properties. A number of

miscellaneous molecular and electromagnetic properties have

been summarized for H202 in Table 2.17. The origin of these

data is referenced in the table.

2.2.6 Structure and Spectri

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 a

microwave study (Ref. 2.37 and 2.51). The results of these

studies are summarized in Table 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 questioned, however, because

the data analysis used visual intensity estimation and primitive

nuirerical machines. The rotational constants measured in the infra--1-l -l

red are A' - 10.356 cm,- B' = 0.8656 cm , C' - 0.8270 cm
_-Il- -l

D j 4.5 C 10 - 6 cm , DK K 7.5 x 10-4 cm , and DJK - -2 x 10 - 5

cm Dipole moments of 3.15 ±0.05 D and 3.24 ±0.05 D were

measured (Ref. 2.51) for each of the two potential minims. A

far infrared study (Ref. 2.50) showed the angle T has two

equilibrium values (with the lowest at 111.5 degrees ±0.5) and

determined an accurate hindered-rotation potential function.

The best geometric parameters are those underlined in Table 2.18.

Hydrogen peroxide forms tetragonal crystals, space group

D - P4121, upon freezing (Ref. 2.14). There are four molecules

in the unit cell of dimensions a - 4.061 and c = 8.001 The

crystal structure has been completely determined, and the vol-

ume of the unit cell is 131.9A 3 (Ref. 2,14). This gives a crystal

density of 1.70 &M/cc.
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Hydrogen peroxide is the simplest molecule having an internal

rotation motion, and, therefore, has hod fairly extens.ve study

'with respect to absorption spectra. Hindered internal rotb-

tion effects are observed in all regiuns of the spectrum.

Extensive studies have been conducted on the vapor, the crystal-

line solid, and dilute solutions. Less work has been spent

on the concentrated liquid 6olutions, because of decompooition

effects and t2 diffic"lty in fiuding suitable window materials.

Since the 6pectrum as a whole is very complicated, it is con-

sidered beyond the scope of this handbook; thus, references to

H202 spectrum characterization are provided as a guide for

interested ind-viduals.

The infrared absorption by 1202 is not very useful for chemical

analysis because the spectrum is quite similar to that of water

and since suitable window materials are not widely available.

Ultraviolet absorption by K202 is quite sti'ong, and (although

Beer's law does not hold strictly) if the solution is clear and

transparent to ultraviolet, direct spectrophotometry measure-

ments are suitable for analysis of dilute solutions. The

ultraviolet spectrum of concentrated hydrogen peroxide 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 of H102 has been reported in

Rei. 2.50, 2.52, and 2.53. The Raman spectrum of concentrated

hydrogen peroxide (99+ percent) is probably covered best in

Ref. 2.39.

2 3 C_ fMICAL PROPERTIES

Hydrogen peroxide is a strong oxidizing agent in either acid

or alkaline solutions; however, with a very strong oxidizing

agent such as MnO, it will also behave as a reducing agent.



Hydrogen ion concentration (pH), te 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. As an oxidizing agent,

hydrogen peroxide has the distinct advantage of producing only

water as a by-product. Hydrogen peroxide also forms 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 nitrogen, oxygen, and

fluorine. Amino groups form stronger bonds with peroxide than

carboxyl or hydroxyl groups.

Compilations 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.

2.4 SOLUBILITY AND MISCIBILIT11

Because of hydrigen 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 violent reactions upon mix-

ing are the exception, such reactiors have beei, observed. Ma.y

H202 solutions may be fairly stable whern undisturbed but are

subject to violent detonation under certain conditions. The

addition of any materzal 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 references 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 solutions of H202 with other mater-

ials are attempted.

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-

centrated H 202 solutions a 'e completely miscible with most or-

ganic liquids (including ethanol, isopropanol, acetone, ethyl

cellosolve, pyridine, etc.) that are miscible with water in

all proportions. In addition, hydrogen peroxide is more mis-

cible than water in a 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 possess, in

general, solvent or solute relAtionships thet are similar to

water. The results of several experiments show that sodium

fluoride, potassium nitrate, various potassium or sodium phus-

phates, potassium chloride, aad sodium 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 H202 than in water. Chlorine

and iodine are only slightly soluble in anhydrous H2 02

in consideration of the mate rai opAi. I t.es of various

lubricants with H202, the solubilities of several organic com-

pounds in propellant-grade H 202 are discussed in Table k.14a,

Section 4

36



2.5 GELATION

Results of gel studies on hydrogen peroxide are given in detail

in Ref. 2.99 and 2.100.

2.6 HEAT TRANSFER PROPERTIES

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 peroxide 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-

steel surface to liquid 90 w/o H202 as a result of the H202 de-

composition mechanism. This decomposition,' which simulates

boiling by the liberation of gas bubbles at the heat transfer

surface, is accelerated with temperature increate 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 not significant.

An extension of these studies to 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 resultant heat transfer data agreed with that expected for
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7 forced convective heat transfer. It was found that heat fluxes

its high as 11.75 Btu/sq in.-sec (at liquid velocities of - 80

ft/sec) could be obtained with 90 w/o 1202 without complication

by decomposition of the hydrogen peroxide. A least-squares fit

of the heat transfer data obtained on 90 w/o 11202 resulted in

the following expression:

(N )f - 0.0287 (N~ 0e'f0(Nr) 1/ 3

The standurd deviation of the experimental data from this equa-

tion was 10.2 percent.

Heat transfer studies in the forced convective region of both

90 w/o and 98 w/o H202 were reported in Ref. 2.103. Peak heat

fiutes of 7.80 Btu/sq in.-sec were measured for 90 w/o H202

at fluid velocities of 41.3 ft/sec. The results ottained for

peak heat flux of 98 w/o H202 at the conditions investigated

are sbown in Fig. 2.25. The correlation of the dat& cn 98 w/o

H202 with the Dittus-Boelter, Colburn, 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 somc: 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/- hydrogen peroxide for re-
venerativelv cooled rocket chgs '"a6 reported eeng ----- --

that during 18 experimental tests (with fluid velocities from

25 to 198 ft/sec, pressures from 2000 to 4700 paia, and feed

temperatures from 60 to 240 F), heat fluxes u , to 48.2 Btu/sq

in.-sec were achlieved. It was found that the heat flux at

burnout (under the conditions tested) was directly proportional
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to the fluid velocity by the relationship: heat flux -

0.21 x velocity. These results indicated good correlation Gf

heat ilux and fluid velocity with the studies of Ref. 2.102 and

2.103. During these tests, no appreciable difference in heat

transfer could be associated with feed temperature, and no

detectable decomposition was evident. Four similar tests with

90 w/o hydrogen peroxide indicated no discernible differences

from the results of the 98 w/'o hydrogen peroxide tests. As in

the studies of Ref. 2.103, the Dittus-Boelter correlation wab

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 eoolast properties comparable to those of water.

Of course, the difficulty in its use a3 a regenerative coolant

lies in the limited stability of the 11202 at higher temperatures.

As a result, various bulk liquid temperature limits have been

suggested and established in the use of H202 as a 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 assailable 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 H 202 regeneritively cooled engine modal are given in

Ref. 2.108.

2.7 IGNITION CKLRACTERISTICS

Although ignition characteristics are system-related parameters,

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

stability. As such, these characteristics have been included

as a part of the Physico-Chemical Properties Section of this

39



handbook. Howevcr, because a detailed characterizatior of

these parameters would involve a discussion of system design

variables (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 a general and brief summary and

reference guide to various ignition studies previously con-

ducted. In addition, this summary is limited further by the

security classification of many of these studies as opposed

to the unclassified nature of this handbook. For the purpose

of clarity, the characterization of hydrogen peroxide ignition

is 'presented in terms of its two primary application areas:

monopropellant systems and bipropellant systems.

2.7.1 Monopropellant Systems

Studies of the controlled decomposition process, that -,haraeterize

hydrogen peroxide's use as a monopropellant, are given ii

Section 7.2. As a result of these studies, which are detailed

and referenced in Section 7.2, the initiation period for hydrogen

peroxide decomposition in a monopropellant chaiber are fairly

well-defined for all propellant-grade concentrations. As ex-

pected, all the studies demonstrate the effect of wany variables,

such as the initiating source and type (catalyst or thermal bed),

injection -technique, chamber configuration, hydrogen peroxide

concentration, hydrogen peroxide inlet temperature, initial

chamber temperature, exit pressuje, etc., on the start tr .. -ier,

(The start transient is defined in these efforts as the time

period from injection of hydrogen peroxide into the decomposition

chamber to the achievement of 90-percent of the operating

chamber pressure.)

In general, the start transient for a hydrogen peroxide catalytic

monopropellant decomposition chamber normally ranges from 50

to 15C ms. This start transient is typical of all of the
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catalysts used 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 effect on this typical r-tkrt transient is caused

by variation in the hydrogen peruiide and/or catalyst bed

temperature. Laboratory studic6 (Ref. 2.41) have demonstrated

the lack of reaction between solid or super-cooled hydrogen

peroxide and a typical catalytic material, while studies with act-

ual engine catalyst beds (Itef. 2.110) have shown limited initia-

tion of decomposition and excessive start transient periods

when the temperature approaches the propellant's freezing point.

ilowever, the low temperature start characteristics of various

catalyst beds have been improved through special design of the

catalyst ctaber and special treatmont of the catalyst bed

(Ref. 2.18, 2.110, and 2.111). Conversely, an increase in propel-

lant or caitalyst bed temperawure (such as experienced in pulsing

or other heat feedback operations) has resulted in start transients

as low 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 tra.,sient,

this effect is usually 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 generally are the

best indication of the decline in catalytic effectiveness.

The start transients in a hydrogeit peroxide thermal docomposi-

tion ch-r ber are entirely related to the techuique wud con-

figuration employed. Since this concept depends on the initial

heating of a thermal pack (see 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 v./o

(F.ef. 2.18) and 98 w/o (Ref. 2.113) have indicate.d that ade-

qtate heating of the thermal pack may require periods ranging
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500 m to several minutes depending on the technique employed.

Ibpergolic slugs of Iydrazine containing mixed cyanide salts

(Ref. 2.18) have produced initial start transients (i.e., the

period measured from injection of the hypergol) of 10 to 20 me,

but this technique required 300 ms hydrogen peroxide leads and

500 ma hypergol injection periods.

2.7.2 biipropellant Syste e

Although some studies have indicated that 90 w/o and 98 w/o

hydrogen peroxide solutions are hypergolic (i.e., ignites

without producing damaging overpressures to the system) Ifihl

the hydrazine and 50 w/o N211 4 -50 w/o (CII 3)2 2 fuels (Ief. 2.111),

other studies (Ief. 2.18) have indicated that the hypergolicity

of' 90 w/o hydrogen perioxide with both hydrazine mid (CII 3)qN21I 0

is questionable. Ignition delays (e.g., the time period from

injection of the second propellant into the combustion chamber

to 90 percent of the designed chamber pressure) of - 5 to 25 ws

2ere reported for 2 N 4A systems in Ref. 2.111; however,

large overpressures (e.g., the peak pressure to chamber pressure

ratio) and erratic chamber pressure fluctuations were demon-

strated in these systems. In the studies reported in Ref. 2.18,

which d,monstrated ignition delays for this system of 10 to

109 mB (with average delays of 35 to 52 ms recorded for various

mixture ratios), it was concluded that hypergolicity was marginal

and unreliable.

As a result of these mid similar studies of other hydrogen

peroxide bipropellant systems, including the H202/C11 N2113

(Ref. 2.111) and U)02/BJ19 (Ref. 2.113) systems, it is con-

eluded that the hypergolicity of hydrogen peroxide with various

fuels is, at best, marginal. For this reason many hydrogen

peroxide bipropellant systems utilize hydrogen peroxide de-

composition gases (resulting from injection of the hydrogen
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peroxide in a catalyst chamber upstream of the main combustion

chamber) as the ignition source. Through the use of this con-

cept, successful system ignition haa been demonstrated with

various liquid (including those noted above, as well as with

JP-5 in the AR-2 system), solid (Ref. 2,114) and heterogeneous

(Rtef. 2.104) fuels. Ignition delays between the hot decomposi-

tion gases mid the fuels are minimal (5 to 10 ms), althiugh the

system design controls the overall start transient period (ie.,

from injection of the hydrogen peroxide into the catalyst chamber

to the achievement of main chamber combu tion). Many system

designs employ only a small "pilot light" catalyst chamber with

subsequent main stream liquid injection (which bypasses the

catalyst chamber), while other systems utilize prior decomposi-

tion of all of the hydrogen peroxide throughout the operation

of the bipropellant system.

The use of hypergols in the ignition of hydrogen peroxide-

oxidized bipropellant systems has been studied (Ref. 2.18)

with the hydrazine, (C113 )2N2112 (UDMI), and JP-5 fuels. In

these studies, which were designed to demonstrate the feasibility

of direct liquid inj2ction of 90-percent hydrogen peroxide into

bipropellant chambers relatively smooth and rapid igni- ion was

achieved with all three fuels using nitrogen tetroxide as the

hyjergol for the first two tuels and aluminum triethyl with

the J atter fuel. In addition, the use of mixed cyanide salts

as an ignition aid to the 1lV2/N 21A system is noted in Ref. 2.18.
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TABLE 2.1
(Continued)

Units 100 Perceut 0 Percent 8202 95 Percent 202

Property Metric Englieh Hetric TU1TnIiW Hetric-- --- T "-- weir[ C 4li

Thermodynamic Properties

Soats of

Formation cal/g Stu/ib -1320 -2376 -1369 -2464 -1'4-4 -601

Fusion cal/g Btu/lb 8b 115 87 157 85 153

Vaporisation cal/S Dtu/ib 364 651..5 368 661.5 376 677

Sublimation cal/& Btu/lb 457.8 824

mixing cal/g (solutiou) Dtu/lb (solution) 0 0 1.0 1.8 2.4 %.2

Decomposition cal/g Btu/lb See Fig. 2.16 andI

Heat Capacity

Solid cal/g-C Stu/lb-4' 0.461 at 0.461 at C.461 at 0.461 at 0..14 at 0.1 at
instini point meltng point melting point melting poiut melting peint melting pot

Liquid cal/g-C Btu/lb-4' 0.62 0.626 0.03 0.633 0.645 0.(A5

Gas

C cal/g-C Btu/lb-F 0.303 0.30 0.306 0.300 0.310 0.310

Entop cal/g- Iitu/lb-F

Enropy Cal/Ig- C Btu/b- see Section 2."

Enthalpy cal/s Btu/lb Be* Section 2.2

Transport Properties

Viscosity 
075a1

Liquid Contipoises lb/ft-sec 1.153 0.770 x 1u
-  

1.158 0.772 x 10 -  
1.160 0.775 a 10

Gas Centipoises lb/ft-eec 1.91 10- 1.283 x 10
- 5

Th rml Conductivity 3

Liquid cal/cm-eec-C Btu/ft-bhr4 1.40 10 0.4

Gas cal/ca-eec-C Btu/ft-hr-

Coefficient of cm /eec in.2/8ec
Diffusion

Sonic Velocity

Liquid %/soc ft/eec 1781.0 5843 1774.6 5821 1767.0 5791

Gas m/esec ft/sec



TABLE 2.1

(Continued)

95 rn %02 90 PeretU0 75 Percent V0t 70Pret 5.02 iue n.taeec
fiTeI5tv ~ iL Metric English Metric English Metric Enlish Table Number Number

-1445 ..a601 -1571 -2628 -19%6 -3503 -3070 -372to T2.3.. 2.14, 2.35, 2."4

12. 12 -2. l3e
85 153 18 148 77 138 72 129 T2.3- 2.0 2.2
376 677 369 700 427 768 438 789 T2.3 -2.1It 2.26

F2.14, 12.14* 
.1

2.4 14.2 14.3 7.6 8.15 14.65 9.0 16. 011 F2.15, 12.15. 2.2b
see Fit. 2.1o and 2.16& 

12.16, 12.16. 2.25

at 0.414 at 0.414 at 0.417 at 0.417 at 0.377 at 0.377 at 0.415 at 0.415 at T2.53-2.8 2.5jig point melting point walting point melting point melting point melting point melting point melting point e'elting point 12.17, 7'2.176
0.6'.5 0.645 0.663 0.663 0.720 0.720 0.738 0.738 T2.3 -2.6 2.16, 2.25, 2.26

72.17, r2.17&

0.310 0.310 0.317 0.317 0.338 0,338 0.346 0.346 T2.9 -T2. It 2.274

ove Section 2.2.3.6 T2.3 -T2.14 2.54
$ee Section 2.2.3.6 T2.3 -?3.l% 2.54

10 163 0.75a 1.150 0.777 x 10-3 1.136 .79a 0' 1.123 0.738 a 10 1.2.18, t2.18& 2.6, 2.22, 2.24

12.20 2.30

12.21 2.314

1767.0 579%s 1758.5 5745 1706.9 5598 1690.3 551.3 F2.22, F2.22& 2.16



TABLE 2.1

(Cor.c luded)

100 Percent %0 W Perent %02 Percent %%3

Prjierty watis 4~ l lb Nitria Ift1ish mitric S~imaeb ketric MaSllek

sl.t,.mdmtie rpit

Ledesa iS 3.raties (Goile 3-Li..)

IUqe.1 1.4067 1.4049

vielestrie Cptat 70.5 71.6

Electrical Cmd"itivity me-lu 1 SeSet.

J 91i"l~ip~lt se T _______________________

madmtis Pooribilty 0" 3 0 a

to C 14



rBLE 2.1

'oucluded)

Pormet X0, 90 percest U202  75 Percent 82270 PercentU~ %0p

INtri. Z;Sg1Lsk Metric Yatlish metric Lftlish Metri Eqilb table bimer Nu~or

1.543 .~a4 LaltT2.15 2.15

73.0 75.0 76.6 79-1 f-2.15 2.)9

i~~2e1 Rmie 2,%3 I.

I."1
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TABIJ 2.9

VAPO1t-PWIiE THMIOMUNAMIC PMOPJLULE OF

100 /o "2%

Heat Capacity Ethtropy, Eutbalpy Heat of

Temperature cal/pa-y Ca/o-k (T - H298) Formation

K R (Btu/lb-R) (Btu/Ib-R) cal/gm Btu/Ib cal/pa Btu/Ib

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
300 540 0.304 1.638 0.56 1.01 -956.86 -1722.35
400 720 0.340 1.743 32.81 59.06 -965.61 -1738.10

500 900 0.369 1.810 68.35 123.03 -972.11 -.1749.80

600 1080 0.391 1.879 106.4.6 191.63 -976.81 1758.26
700 1260 0.407 1.941 146.41 263.54 -980.34 -1764.61

800 1440 0.420 1.996 187.83 338.09 -983.13 -1769.43

900 1620 0.432 2.o46 230.47 414.85 -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 -98.48 -1779.26

1200 2160 0.459 2.175 364.27 655.69 -989.54 -1781.17
1300 2340 0.466 2.211 410.42 738.76 -990.31 -1782.56

i4.00 ' 251 ' 0.474 ' 2.26 457.55 823.59 -990.87 -1783.57

1500 2700 0.480 2.279 505.18 909.32 -991.31 -1784.36

*Refer to Section 2.2.3
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TABL: 2.10

VLJ"M-MIiE THiM0POh&1IC iOPERTIES (IF

98 w/o U-2.02 bOWATIWQ1S

Enthalpy

Teuperature Heat C- cty Entrupy ("1 11298) Yeat of Formationca I/g-I ca A/ -.,k
K a (Btu/I-4) Btu/Ib-4R2 cal/gm Btu/Ib cal,/gm Btut/Ib

0 0 0 0 -77.36 -139.25 -957.2 -1723.0

100 180 0.239 1.32 -53.55 -96.39 -976.6 -1757.9

200 360 0.262 1.49 -26.13 -47.03 -987.6 -1777.7

298 536.4 0. 306 1.65 0.0 0 -1001.4 -1802.5

300 540 0.307 1.65 0.56 1.01 -1001.9 -1803.4

4W0 720 0.342 1.74 33.07 59.53 -1010.7 -1819.3

500 900 0.370 1.83 68.82 123.88 -1017.3 -1831.1

600 1081 0.39) 1.90 107.11 192.80 -1022.2 -140.0

700 1260 0.409 1.96 147.25 265.05 -1025.9 -186.6

800 1440 0.422 2.01 188.84 339.91 -1028.8 -1851.8

900 1620 o.434 2.06 231.67 417.01 -1031.2 -1856.2

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 -1862.3

1200 2160 0.461 2.19 366.13 659.03 -1035.8 -1864.4

1300 2340 0.469 2.23 412.53 742.55 -1036.7 -1866.1

1400 2520 0.477 2.25 449.55 80N.19 -1037.4 -1867.3

*Refer to Section 2.2.3
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11515 2. 11

YAPCa-KA TIMVY4AMIC rMOPFTIBS W

Dthu Ipy
eat cpaity Eitro,,y (ca _ IL)

a (Btu/lb-41) (Btu/lb-Ii) cal/gm Dtu/Ib cal/gm Btu/1b
Teapersture 

B sCa city c&lropy (" - 298eat 
of Furm mtiu

0 0 0 0 -79.0 -142.2 -1024.9 -1644.8

100 1O 0.245 1.345 -55.1 -99.2 -1044.2 -1879.6

200 360 0.268 1.52 -2t,.7 -48.1 -1055.2 -1899.4

298 536. 0.310 1.68 0.0 0 -1068.9 -1924,.0

300 540 0.311 1.68 0.6 1.1 -1069.4 -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 0.395 1.86 108.1 194.6 -1090 3 -1962.5

700 1250 0.411 1.92 148.5 267.3 -1"%.2 -1969.6

800 1440 0.425 2.05 190.4 342.7 -1097.4 -1975.3

900 1620 0.437 2.09 233.5 420.3 -1100.0 -1980.0

a in ( a I 8;DL I . I I- f l 1 80. I I. -n - I ta.. IL'v FJU ll ..6 YA7 v ).9 d,9 . - . -L7044.v

1100 1980 0.457 2.18 322.8 581.0 -1103.9 -1987.0

1200 2160 0.465 2.22 3W8.9 664.0 -1105.2 -1989.4

1300 2340 0.472 2.26 415.6 748.1 -1106.3 -1991.3

11,00 2520 0.481 2.32 463.5 834.3 -1107.0 -1992.6

Afer to Section 2.2.3



TAB1 2.12

'90 W/o Mo2 0LWTI1WW

Te Ileat Capacity, Lutropy, 1 ,(Ii 8 Blout of
-- cal/gm-& Val/gm4 '1"298' Fox mati.;;

IL II (tu/b-L) (Btu/1b41R) Ca]/gni Btw'lb vu/gm - Btu/lb

0 0 0 0.0 -81.76 -147.17 -1137.8 -2048.0

100 180 0.256 1.38 -56.34 -40U.41 -1157.0 -2082.6

200 360 0.277 1.56 -'27.55 - 49-59 -1167.9 -2102.2

298 536.4 0.317 1.72 0.0 0 -1181.5 -2126.7
300 540 0.318 1.72 0.58 1.04 -1182.0 -2127.6

'dO0 720 0.351 1.81 34.l k 1.i U -1191.2 -2144 .2

500 900 0.379 1.90 70.69 127.24 -1198.3 -2156.9

600 1080 0.400 1.96 jo9.73 197.51 -1203.8 -2166.8

700 1260 0.416 2.03 151.53 272.7 5 -1208.1 -2174.6

800 1440 0.429 2.09 192.91 347.24 -1211.7 -2181.1
900 1620 0.4 A42 2.15 236.50 425.70 -12141.7 -2186.5
1000 1800 0.452 2.19 277.59 499.66 -1217. 2 -2191.0

110 1980 0. 42 2.23 326.92 588.46 -1219.2 -21911.6

1200 2160 0.471 2.27 373-57 1672.43 -1'0.9 -2197.6
• 1, ,I.. 0.479 2.31 2.0.97' 757.75, -122.

1400 2520 0.488 2.39 469.42 84.96 -1223.3 1-2201.9

fefer to Section 2.2.3
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MIE 2.13

VALJ%4HII T In(O Lh.C PM0PMI~i Of

75 wr/o N0 2 BOIUr1OMB*

buthu4p'hetoBout, Capcity, Eutrop~y, (]UT4L28 Rout of

Tempera..ure o apaci-y cIt/o1-y, Formatiozi
- - AI/gw-4 (Cul/gm-s 

- - - -

.. (Btu/lb-it) (Btu/lb-lt) cal/gm Btu/ib cal/gm Btu/Ib

0 0 0 0 -90.02 -162.04 -1476.4 -2657.5

100 180 0.287 0.98 -4)1.57 -110.83 -1493.5 -2691.9

200 360 0.305 1.64 -30.21 -51.38 -1505.8 -2710.4

298 536.4 0.338 1.80 0.0 0 -1519.2 -273 4. 6

300 540 0.339 1.80 0.62 1.12 -1519.6 -2735.3

400 720 0.368 1.90 36.06 64.91 -1529.5 -2753.1

500 900 0.393 1.99 74.21 133.38 -1537.7 -2767.9

600 1080 0.413 2.06 114.64 206.35 -1544.2 -2779.6

700 1260 0.429 2.13 156.83 282.29 -1549.8 -2789.6

8oo 1440 0.443 2.19 200,52 360.94 -1554.6 -2798.3

900 1620 0.456 2.24 245.55 441.99 -1558.8 -2805.6

3000 1800 0. -47 2.29 288.76, 519.77 -1562.4 -2812.3

1100 1980 0.479 2.33 339.13 610.43 -1565.4 -2817.7

L200 2160 0,IA89 2.37 387.53 697.55 -1566.0 -2822.-4
-1. . .. . .

1Yuu 25Ydu .496 2. 41 O6.81 7b6.26 -1570.2 -082b.-4

1400 12520 0.508 2.58 487.2- 877.03 -1572.0 2829-6

1500 2700

tefr to Sectime 2.2.3
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TABLE 2.14

VAPOR-PILASE THERMODYNAMIC PROPERTIES OF

70 w/o H 0 SOLUTIONS*
2 2

Enthalp tkat of
Heat Capacity, Entropy, (I -4I298rTemperatture ("-28Formation

cal/gm-K cal/gm-K
K R (Blu/lb-R) (Btu/Ib-R) cal/gm Btu/lb 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

298 536.4 0.346 1.89 0.0 0 -1631,8 -2937.2

300 540 0.346 1.90 0.63 1.13 -1632.2 -2938.0

400 720 0.374 1.99 36.7 66.1 -16i2.3 -2956.1

500 900 0.398 2.09 75.41 135.7 --1650.8 -2971.4

600 1080 0.418 2.16 116.2 209.2 -1657.8 -2984.0

700 1260 0.434 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 2.52 442.i 795.8 -1686.1 -3035.0

1400 2520 0.515 2.71 493.2 887.6 -1688.2 -3038.8

*Refer to Seatioii 2.2.3
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TABLE 2.15

1L4XITIE INDEX (soDIUM D-LINE) Ok PROPELLANT-G"DE JI2NO0

SOLUTIONS AT 25 C*

i 2 02 ' 0.3, 0.2, 0.4, 0.6, 0.8,

w/o percent percent percent percent percent

66 1.3782 1.3784 1.3785 1.3787 1.3788

67 790 792 793 796 796

68 798 800 801 803 804

69 806 808 809 811 812

70 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 841S

74 846 848 849 851 852

75 851, 856 857 859 860

76 862 864 865 867 868

77 870. 872 873 .875 876

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 91,4

86 945 947 949 950 952
87 9 9 957 959 9

88 962 964 966 968 969

89 971 973 974 976 978

*Reter to Section 2.2.5.1

NOTE: Temperature correction is -0.34 x 10-1/C from 15 to 25 C.
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TABLE 2.15

(Concluded)

11202' 0.3t 0.2, 0., 0.6, 0.8,
w/o percent percent percent perce*ut percent

90 1.3880 1.3981 1.3983 1.3985 1.3986

91 988 990 992 993 995

92 997 999 1.1000 1.4*002 1.1*004

93 1.1006 1.I097 009 O11 113

9* 014 016 018 020 021
95 023 025 027 028 030

96 032 034 035 037 039

97 0*1 042 04* 046 048

98 049 051 053 055 056

99 058 060 062 063 065

100 1.4067
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TABLE 2. 16

VUUNI COhSTh.NT OF HYDROGEN Pfl0XIE-WATUR

SOLUTIONS AT 10 C*

1102-ky , .dn/gausu-cm x 103

Wo5893 A 5780A 5461A I358A

100 11.48 11.90 13.52 22.65

96 11.6o 12.03 13.64. 22.70

78.5 11.98 12.1*5 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 15.4*0 25.21

*Refer tc Section 2.2.5.5
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TABLE 2, 17

Nis CEIAd OIICUIAR AM EIZCTRW1AGNETIC PROMifIEB

W1 HYDROGEN PZ3WUDZ

Property Value Temperature Reference

Specific Refraction 0.1705 Cal/gw 25 C 2.15

Molar "efraction 5.801 Cal/mole 25 C 2.15

-24 m/. ePolarisability 2.30 x 10 c.4oe 1 25 C 2A3

Molar Dispersion 1.3576 cm3/mole -- 2.1.5

Dispersion Constant 8.4.79 x 10 3 sec-2  -2.4.5

Characteristic Frequency 2.979 x 10 15 -e 2.1.5

Molecular Radius 1.32 A - 2.1.5

Molecular Susceptibility -21.0 ±t. 25 C 2.4.6

IMolecular Diamagnetism 16.73 ±0.20 25 C 2.1.7

so



VA 2.18

STU1-8 = AND STXIVML PARAtCrMS

Or EZDBtGM3 PDJZIDB

-tructure

Structural Parameters

0(ooH), ( (oooo),
A degrees

~~R(O-H). A deres.degrees

Electron Diffraction 1.4*7

Crystal Viffraction 1.49 97

Far Infrared 1.475 ±0.004 0.950 ±0.005 4.8 ±2 (119.8 ±3)

Microwave 111.5

4o



TANA 2.19

MCTI 1O8 Or RUBOGEN PlUIDE

Reference

INOiQA.NIC CWMUNIH

AS 4- 1202 acid S dissolves (Ag )  2.56

PI-A (OH)2.10

Al + %02 ... 3  2.10

As03-3 + H 202  PlAs01O,-  2.17

AsO 3P3 + H02 O.YB0 2.57

Au + U202  sdissolves 2.58

alkaline_
Oxid' A gold + N02 a - reduction 2.58

B (colloidal) + 1202 H 3BO3 2.59

115(01)2 + 11202 -B&02 + H120 2.10

Bi0.., + H,. 3 Bt..nOL 2.60

Bi(N03)3 + H202 alkaline, Ii(OR)3 2.61

BrO3-1 + 1202 -' Br- 1 + Br2  2.10

CN- I +202 PC0 + CNO-1  2.62
H202 3

( - + H202 PNH3 -- 02- -N03 -1 2.63
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TABLE 2.19

(Continued)

nimcGAac cu OUNM (coat.)

C l2 + %202 - -'Cl - I  2.64

-1 alkaline or
CO + N02 neutral no reaction 2.63

CI0-1 + H202 acid #-CI 2 + C1O2 2.65

DI b4 + H202 *no reaction 2.10

1ocd + 1202 0-c i-1  2.64

Co + H202 bdissolves 2.66

Co + 202 alkalines Co(HO) 3  2.10

Cr + 2 02  P dlow solution 2.10

CrO3 + Y2 gCr + 3  2.67

Cu + 1202 acid * dissolves 2.68

CuO + 1202 S CuO2 + 120 2.69

CuO2 + 1202 -"WCuO + 120 + 02 2.69

Fe + %102 + F e+  2.10

Fe(CN) 6 -4 + H202 acid Fe(CN) 6 -3 2.70
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TANX 2.19

(Continued)

Refereace

IN(tA~NIC COMPOUNDS (cont.)

Fe(CN)6 -3 + 1202 alkaline Fe(CN) 6 - 2.70

Rg + H202 -'-ai_' dismo lves 2.10

+ alkaline- oxides of mercury 2.10
1l + H202, -Ircury

12 + 1202 .- 1 Jl 1 0 1 2.71

I + 11o2 0-12 4 120 2.10

Li +1 + 2
0

2  -Li 2 02  2.10

Ng + H2(12 g(o. )2  2.10

moo 4-1 + H202 acid 0Mu+2 ' H20 + 02 2.10

n04-1 + H202 alkaline -HU02 2.10

MOS2 + 11202 ,--S04_ -2 2.10

Ni 4H HCl or 0d l 2.10
22 H 2SO -4

H+

NiSO 4 - H0 no reaction 2.72

NAI4 + H202 - various products depending upon conditions 2.73

HONH2 + B2 02  - WNO0 2.74
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TABLE 2.19

(Continued)

Reference

INOWAKIC COMPOUNDS (cont.)

NO 2 - 1 + it202 . -NO 3
1  2.75

NO3- + 1202 - - no reaction 2.10

03 + 1202 -U2o f 02 2.76

P 1202 P pit3 4 li 3 PO 4 2.77

Po 5 , 5+ 1202 + 1120 H3p' 5  2.78

P - 3 + 1202 O- no reaction 2.10

P -3 + H202- own__- 3  2.79
l+

Pb + "20 2  H - dissolves 2.80

Pb 4 1202 alkaline s PbO 2 2.80

Po + 1202 *, dissolves 2.81

,n . a

Pt + 1202 no reaction & &I

S * 1202 6no reaction 2.10

N2s (aq.) + 102 acid 2.83

S= (sq.) + H202 alkaline so4-2 2.8

X2S + 1202 ' = 4- 2 S plus various products depending upon 2.84

metal
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TABLE 2.19

(Continued

Reference

l4oaIc cr.mP .& (cont.)

O - 2  - 2 0b- 2  2.85

Sb 4 1t202 - - no reaction 2.10

Sb s antimoniate 2.86b2S3 11 202

Sc + 5e2 2.87

Se 22 Sl2 eO 
2.10

I2Se + N202 . rapidly attacked 2.10

SeO 3-2 " _22 S SeO - 2  2.88

Sn +2 Sn +  2.89

snO2 4 H202 -*no reaction 2.10

Te + "2 0 2 s ki 6Te06  
2.90

Ti+3 H202 01_ TiO3

Ti02 2 202 0Ti(O 2 4 2.92

TI + B202 . TIOH 2.10

TI0 2 + 1202 23TI203 2.10

_____ 0 
2.10W + H202-
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UWA1 2.19

(Contirnued)

RWference

1WORAIC COUVUUL (cunt.)

Lu 4 %102 a, Eno 2.10

Zn 4 20 allmloi dissolves 2.93

Zr + %2 02  -- no reaction 2.94

tr(S04,)2 + " 2 02  -- no reaction 2.94

f3RLWIC CcHP0IMWS

Alkanes:

Saturatec' paraff ins + i0 2 ith and without recin2.55
Y2 catalysts .orctn

vith amd without
Cyclic Alkazne + %0 2  catalysts v-Oreoction 2.55

Grignerd reagent (H"gI + %202 i.Acobol 2.95

Alkiiues:

= !W4+ . - - -4 h--4

"V2 catalysts 2t'!.55uZ

fl '+ %% j0 j~' RISH' --.O B 2.10,N ' 4S 2.55
glycol
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TA131E 2.19

(Continued)

Reference

ORGANIC COMPOUNDS (cont.)

Alcohols:

ROR + co ld wito reaction 25
H202 noe catalyst~

RCHO2J011 +H0 Fe+3  gRLJOOH N-C0 2  2.55

Carbuxylic Acids:

1% H 2SO 10001+1
RCOOH +HO202ROO 2.55

peroxy acid2

Aldehydes,:

R-CO H2 2 80 C -9-RCOOH 25

H+

Aromnatics:

Benzene or toluene +H 2 02 no catalyis oracin21

Benzne +202Fe ++ catalyst25
Benzne +.2-2 Al strips -phenal 25

19-naphthol + "I202 -RCOOOH , -o-carbory-cinnamic acid 2.96,

(in acetic 2.98

anid)

Hydrazobenzene + 11202 222C0azobenzene 2.55

1% H280 4
Azobenmene + H 0 ----- *azoxybenzene 2.552 2 RC00001

(in acetic
acid)



TAKLE 2. 19

(Concluded)

Refecrence

OW~ANIC COM~POUNDS (cont.)

Aromatics:

Aniline +- u2C2  22 -23C baniline black products 2.55

Aniline + HY0 22-23C; oxidant ,nitrobenzene +2.96

2i 2ct added to water slurry3 azoxybenzene
(nacic of aniline containing

acid) Na bicarbonate

BenzalIdehyde + H 0 222C6bnocai 2.97
2 2 1 H 2so~ b4 ziai

(in acetic RCOOOH
acid)

Anthracene + H 20 2 COHOatrqioe2.96

(in acetic
acid)

Primary Amines:

RNH 2+ H 20 2 vigorous decomposition of peroxide; 2.55
2 2 reationdifficult to control; no

products isolated

Secondary Amines:

(R1)2 NI 4, 11202 -e.(R )2 NOH 2.55

bydroxylamine

* Tertiary Amines:

()N+ H1202 IbmR 3NO 2.55

amineoxide
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