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NOTICES

When U.S. Government drawings, specifications, or other data are used for any
purpose other than a definitely related government procurement operation, the
Government thereby incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished, ¢r in any way sup-
plied the said drawings, specifications or other data, is not to be regarded by
implication or otherwise, or in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture,use,
or sell any patented invention that may in any way be related thereto.

FOREWORD

This propellant handbook 1s the product of a program sponsored by the Propellants
Branch of the Air Force Rocket Propulsion Laboratory. The cbjection of this pro-
gram was to provide a comprehensive and systemized text of the properties, hand-
Ting procedures, compatibility and safety of nitric acid and nitrogen tetroxide
and selected blends of these oxidizers.

The program was initiated in February 1976 and was conducted by Martin Marietta
Corporation, Aerothermal and Propuision Engineering Department for the AFRPL,
under contract F04611-76-C-0026. Lt. R. Butts served as the Air Force Project
Engineer. Mr. A. C, Wright was the Martin Marietta Program Manager,

This report has been reviewed by the Information Office/DOZ and is releaseable
to the National Technical Information Service (NTIS). At NTIS it will be avail-
able to the general public, including foreign nations,

This technical report has been reviewed and is approved for publication; it is
unclassified and suitable for general public release.
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1.1 GENERAL

The purpose of this Handbook is to provide, in
an accessible and convenient manner, as much
information as possible on the characteristics of
nitric acid and nitrogen tetroxide, their derivitives,
related compounds and blends, partinont to their
use as oxidizars for rocket engines, attitude control
systems and chemical gas generators. Tue informa-
tion presented herein has been collected and cor-
related from books, published papers and reports,
manufacturers’ literature, government specifica-
tions and private communications. The author and
other members of the Martin Marietta organization
have carefully reviewed and evaluated this informa-
tion and have attempted to rescolve all disagree-
ments, with the aid of their own considerable
experience in the use of these oxidizers.

Sincz 1942 nitric acids and their derivatives
have become increasingly important as rocket
engine oxidizers due to their high performance
and storability. During World War I, engineers at
Peenemunde began work on an anti-aircraft missle
in parallel with their development of the famous
V2. The oxidizer selected for this missie was nitric
acid because the important requirements were
simplicity anc constant operational readiness. The
ethanol/liquid oxygen combination used in the V2
was therefore out of the question. This missle,
which became the ‘Wasserfall,”’ used pure (98%)
nitric acid in the early stages of development. Later,
nitric acid diluted with a 10% admixture of sul-
pheric acid was used.

in the United States, nitric acid oxidizer was
used in a liguid rocket-assisted take-off unit de-
veloped in 1942 by the Jet Propulsion Laboratory.
l.ater, the "“WAC Corporal,” a meteorological
sounding rocket, was developed using n.isic acid.

Much of the early effort expended or nitric
acid technology was spent in the area of material
compatibility. The previously mentioned ‘‘Wasser-
fall” units originally had to be launched within a
few days after oxidizer loading because of this
problem. The development of nitric acid usage
in the United States can be traced by reviewing the
changes in the military cpecifications as depicted
in Figure 1.1-1. Originally, there vere four types of
nitric acid defined in MIL-N-7254A. These were:

1. Type | (WFNA) White Fuming Nitric Acid
—97.5% by weight HNO;, 2.0% by weight
H, 0, 0-0.5% by weight NO,.

2. Type Il (RFNA) Red Fuming Nitric Acid
—6% by weight NO,.

3. Type Il (RFNA) Red Fuming Nitric Acid
—-14% by weight NO,.

4. Type IV (RFNA) Red Fuming Nitric Acid
—22% by weight NO,.

The Type (| and Type {V Nitric Acids were
dropped from the Mil-Spec because they were no
longer used. The Type | and Il oxidizers were
retained but an inhibitor, hydrogen fluoride (HF),
was added which caused them to be calied Type A
and Type HIiA,
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Type 111A became Type 111B when the amount
of solids was reduced from 0.10% to 0.04%, per-
cent by weight. Type 1lILS came into existence
because of problems with the Agena upper stage
which were attributed to the iron content of the
oxidizer. Type |IILS allows a maximum of .002%
Fe,0;, percent by weight. Type [lILS also has a
reduced water content which improves engine per-
formance, slightly, and reduces its storability.

A Type IV Nitric Acid was added to MIL-P-
7254F by Amendment 2 which specified a nitric
acid/nitrogen tetroxide blend; known as “High
Density Acid.”” The High Density Acid (HDA) was
formulated to increase the performance of the
Agena. It is defined in MIL-P-7254F as a mixture
of inhibited red fuming nitric acid (IRFNA) and
nitrogen tetroxide (N,O4). It is nominally a
55/44% mix (IRFNA/N,0Q,) which centains the
IRFNA inhibitor, hydrogen fluoride (HF). To
further decrease the corrosiveness of the oxidizer,
a new inhibitor PFy has been proposed and tested,
hut has not been incorporated into the Mil-Spec.

The Figure 1.1-2 depicts the history of this oxidi-
zer. This IRFNA/N, Q4 blend is discussed in dztail
in Section 2.2 of this Handbook,

A nitric acid oxidizer is being evaluated by
the Navy at China Lake for application to a liquid
gun program. The composition of this oxidizer,
called *90% nitric acid,” is as follows:

HNO,; —89.5 wt. %
H,0~9.86 wt. %
HF —0.62 wt. %
NO, —0.02 wt. %

Data from this program are included in the mater-
ials compatibility section (3.4).

Approximately 90 percent of the nitric acid
is made by the catalytic oxidation of ammonia
with air or oxygen to vield nitric oxide (NOJ).
This is oxidized to N,QO, which, when treated
with water, yields nitric acid (HNO;). HNO,; may
then be concentrated by distillation with sul-
phuric acid.

FIGURE 1.1-2 HDA HISTORY

TYPE IV
A 1972 HDA » MODIFIED HDA
MIL-P-7254 F
i
o AGENA o AGENA o PROPOSED
g CHANGE
FOR AGENA
MON-1 1972
MIL-P-2663 B
J
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The inorganic chemistry of nitrogen tetr-
oxide and its monomer, nitrogen dioxide, has been
the subject of many investigations since Priestley
first carried out his laboratory preparation in 1777,
The rise to prominence of nitrogen tetroxide as
one of the most useful storabie liquid propellant
ingredients for aerospace work created a demand
for additional knowledge on all aspects of nitrogen
tetroxide.

Nitrogen Tetroxide began to replace nitric
acid in the late 1950s and early 1960s because it
gave higher performance and presented less of a
corrosion problem. As a storable liquid oxidizer,
nitrogen tetroxide offers for liquid-fueled rockets
the readiness approaching that of solid-fueled rock-
ets. The development of the Titan |l {CBM re-
quired that nitrogen tetroxide be developed and
explored fully, and be gvailable in large quantities
at a reasonable price.

Prior to 1958 the Nitrogen Division of Allied
Chemicals was the sole commercial producer of
liquid nitrogen tetroxide. This process produced
high quality nitrogen tetroxide in connectiocn with
production of sodium nitrate and nitric acid. After
1958, Hercules Incorporated produced many tons
annuzlly of nitrogen tetroxide in its California
plant. Most of that production was used by the
U.S. Air Force and NASA as an oxidizer in rocket
propulsion systems. This plant is now owned by
Valley Nitrogen. At the present time the bulk of
the propellant grade N,O, produced in this coun-
try is produced by Vicksburg Chemical Company,
Vicksburg, Mississippi.

To depress the freezing point of nitrogen
tetroxide, nitric oxide {NO) is added. Solutions
of NO in nitrogen tetroxide are called mixed ox-
ides of nitrogen (MON) and have been used as oxi-

1-4

dizers in rocket engines. Various concentrations
have been considered. However, the high vapor
pressure of MON limits the concentration of NO
in N,O,4 to about 30 percent. Aside from the high
vapor pressure of MON, the material is quite simi-
lar to nitrogen tetroxide.

The nistory of the usage of nitrogen tetroxide
as specified in military specifications is very inter-
esting and is shown in Figure 1.1-3. The basic
nitrogen tetroxide was used for many years in the
red-brown form known as NTO. Problems occured
in two programs in about the 1966-67 time period
which caused the N,0, to be changed. NASA ex-
perienced stress corrosion problems on an Apollo
tank with the red-brown NTO. They solved the
problem by adding the inhibitor NO. This addition
is documented in NASA MSC-PPD-2A which isthe
specification for green N,O,. The Air Force was
also concerned about possible corrosion problems
on the post-boost propulsion system (PBPS) for
Minuteman lli. The contractor, Autonetics Divi-
sion, North American Rockwell ended up with a
propellant specification which included controls
on NO and chiorides. The control of chlorides was
to prevent attack on the 0.030" thick stee! bellows
in the PBPS tanks.

MIL-P-26535 was modified to specify MON-1,
which is the Air Force designation for green N,0Q,.
The Space Shuttle Program forced a new look at
the N, O, specifications because NASA determined
from venting analyses that the NO content.of the
initial N,O4 should be increased to assure that the
final or operational oxidizers always had greater
than 0.5% NO. Therefore, MON-3 was born. This
was incorporated into MIL-P-26539C by Amend-
ment 3. The slight addition of NO does not change
the thermal-physical properties of N,0O, drasti-
cally; therefore, the listed properties for N,0O, are
applicable to MON-1 and MON-3.
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FIGURE 1.1.3 N2O4 HISTORY

0-0.4% NO 0.61.0% NO 0.6-1.0% NO 1.5-3.0% NO
N7O4 N,O4 - MON-1 MON-3
MIL-P-26539A OR B [15a7] MSCPPD-2AORB  [1o75]  MIL-P-26539C MIL-P-26639C
(RED-BROWN) (GREEN) (GREEN) (GREEN)
ol o AFPROG\ o NASA PROG o AF PROG o SPACE
8l oTnam \& o APGLLO o TII SHUTTLE
0.11-0.51% NG
10-11% NO “MINUTEMAN GRADE"
MON-10 N
MIL-P-27408A RELL 8477-947041
(CONTROLLED CHLORIDES}
o SURVEYOR o MMLil PBPS
2626% NO
MON-25
- MIL-P-27408A
(%
' o SANDPIPER

In 1902, the Surveyor Program wanted *o
depress the freezing point of N,0O, and ch. e
to do so by increasing its NO content. They chose

Uy rprovItp e S TN 20 T L
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MON-10. The Sandpiper Program chose MON-25
for an even lower freezing point. These variations
on N, 0,4 were documented in MIL-P-27408.
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1.2 SCOPE AND CONTENT

o This Handbook is a comprehensive con.pila- with a survey of the available information on stor-

o tion of all available data pertaining to oxidizers age, handling, safety, materials compatibility and
composed of nitric acid and nitrogen tetroxide. availability. Also included are sections describing
An extensive treatment of the physical, chemical, the variation of properties with the composition
thermodynamic and electrical properties of the of blends,

oxidizer is combined here, in a single volume,
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1.3 USER INSTRUCTIONS

1.3.1 FORMAY

This Handbook is divided into five major
sections (1.0-5.0). Each major section is then sub-
divided into subsections by decimal numbers
(i.e., 3.1, 2.7 etc.). Each subsection is further
divided by three and four digit decimal numbers
(i.e., 3.4.1 0r 4.2.6.1).

Major sections are separated by tabbed di-
viders. Each tabbed divider has an index listing
the subsections contained after that section tab,
Each major subsection has a separator (untahbed)
which has an index of minor subsections contained
therein,

The indices on each section divider provide a
detailed breakdown of the contents of each section
and subsection. An index to propeilants, acronyms,
compasition and the relevant properties sections is
found after the Section 5.0 divider.

Wherever possible, within a major section,
a particular subsection number (three, and four-
integer decirnals) will always pertain to the same
or a similar property or propellant. For example,
the numerals 2.1.3.3 dencte the following infor-
mation:
The first numeral, 2, denotes major section 2,
properties. The second numeral, .1, denotes
the propellant. The third numeral, .3, denotes
that this subsection deals with a physical prop-
erty. Finally, the fourth nurneral, .3, denotes
the particular property, ‘‘sonic velocity.”
Within section 2, all sub-sections ending in
.3.3 denote ‘‘sonic velocity.”

in subsections where data on some properties
are not available, the corresponding integers will be
missing from the sequence, 0 maintain the mean-
ing of the last two digits.

1.3.2 USE OF INDEX AND REFERENCES

Each section contains on the first page an in-
dex to the contents of that secticn. This page lists
the doubly numbered sections within that section.
Each doubly numbered section divider contains
an index of all subsections within that section. An
inde.: showing the location within Section 2, the
compositions, and acronyms of the propellants
appears on the first page after the Section 5 tab-
bed divider. This indicates where the properties
and logistics of specific propellants may be found.

The locatinn of other types of information is
listed alphabetically in Table 1.1-1, located on: the
first page followir'g the tabbed divider preceding
this section.

Each propeliant subsection in Section 2 con-
tains a list of references pertaining to the propel-
lant. Each of tha rema’ning major sections (3.0 and
4.0) contains a reference list at the end of the sec-
tion. The reference numbers in these sections
pertain only to the reference list at the end of that
section.

1.3.3 UPDATING PROVISIONS

Sections dealing with propellants for which
further data is expected to be obtained have been
arranged so that missing subsections can be in-
serted later without disturbing the numbering
sequence or the order in which subsections appear.
When a gap in data exists for these propellants,
the subsection following the gap begins at the top
of a new page. If existing subsections must be
updated, the appropriate pages can be replaced
by the updated page. New or updated pages will
be distributed to recipients of this Handbook
when they becnitie available.

NN
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2.0 PROPERTIES AND LOGISTICS

2.1 NITRIC ACID (TYPE 1A, 11IB, AND IHILS)
2.2 NITRIC ACID (TYPE IV) (HDA)

2.3 NITROGEN TETROX!DE (NTO, MON-1, MON-3, MON-10, MON-25, AND MM GRADE
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Chemical Name: RFNA (IRFNA) Type U1, iHA, 1B, lIILS

2.1.1 PROPERTY SUMMARY SHEET

Chumical Formula: Hg ggaq No 9365 02.6985

Common Name: Red (Inhibited) Furiing wWitric Acid

Formula Weight: 57.2 (016} - Nominal

Property Value Units r Temp (°K) |  Reference v Figure
Melting Point 221.16 °K 1
52 °C
398.07 °R
-61.6 °F
Heat of Fusion 2603%2* cal/mole 231,66 14
Normal Boiling Point 337.34 K fale
64.19 °C
607.21 R
1475 °F ,
Heat of Vaporization 1404 callg 337.34 Calc
252.8 BTU/Ib
Heat ot Disassociation Not Available
Critical State Constants
Temperature 546.48 °K Calc
273.33 °C
983.67 °R
524 *F
Pressure 95.3b atms Calc
1401.2 psia
Density 0.65 glec Calc
34,60 ib/f3
Vapor Pressure of Liquid 138.7 mrm Hg 298.15 Calc 2.1
2.68 psia 298.16
Density of Liquid 1.65 glen 208.16 4 2.1-2
96.78 Ib/it3
Sonic Velocity 1379.0 m/sec rot g'ivers 2,6
4526.0 ft/sec
Compressibility of Liquid
Adiabatic 3663 % 106 atn! 228.1% Cale
2425 x 106 psi-t 208,15 .
Isothermal Not Available .
Viscosity of Liquid 1.231 cp 198.18 Cre 2,144
0.8282 x 10-3 fu/ft/sec 216 o
Heat Capacity of Liquid 0.420 cal/g K 298.10 2, 217
0.420 8T.J/lb-“R
Thermal Conductivity of Liguid 6.968 x 104 cal/em-gec-"K 2898.18 -2,“? TN TS .
4.844 x 106 BTU/ftsec*R '
Surface Tension 40.13 dynesfem 298.15 Cale PRI
3.080 x 103 i/t 3 B
Refractive index 1.3970" - 27.15 T e 3
Dielectric Constant Not Available . ’::i
Dipole Moment 2.16* Lebyes Not Reported 14
Entropy (Gss) 63.62* cal/*K-mole
Entropy (Liquid) 37.48° 1 cullK-mala 20816 | 14 )
“Heat of Formation 37,7 [ " Keal/mole 298.1% Calc
{liquid) 1186 aTullb
Specific Heat 0447 cal/g z93.15 3
*Pure KNO3

2.1-1
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2.1.2 GENERAL

2.1.2.1 introduction

Nitric acid is one of the most commonly
used oxidizers for rocket engines, It is a readily
commercially available chemical. Nitric acid is
made by the catalytic oxidation of ammonia with
air or orygen to yield nitric oxide (NO). The latter
is oxidized to N,Q, which when treated with
water, yields nittic acid (HNO,). HNO, may be
concentrated by distillation with sulfuric acid.
There are three forms in which nitric acid is used:

{1) Anhydrous nitric acid
(2) Red fuming nitric acid (RFINA)
{3) White fuming nitric acid (WF'NA)

The fuming nitric acids are prcduced by pass-
ing gaseous M,0, into nitric acid. The fuming nitric
acids, as specified in Military Specification M!L-P-
72584F, Amendment 2 (9}, are identified by cheni-
cal composition (percentage of weight) with the
limits as listcd in Table 2.1-1. The Type | nitric
acids have bLeen declared obsolete for military
usage as a rocket oxidizer.

Red fuming nitric acid is a highly corrosive,
toxic, nonflammable liquid mixture. Its color is
light orange to orange-red, depending upon the

amount of dissolved NO,. RFNA will vigorously
attack most metals. Addition of 0.7 percent by
weight hydrogen fluoride {HF) inhibits corrosion
of container materials by RFNA,

The acid reacts with many organic materials
spontaneously causing fire. In rare instances, on
gross contact with certain materials (e.g., hydrazine)
and when spontaneous ignition is delayed because
of degraded materials, an explosion may occur.
The nitric acids will react with sea water, releasing
iarge quantities of nitrogen oxides which are toxic.

Since the con _.osition of RFNA is variable,
all values of physical constants listed in the litera-
ture are considered approximate or have been cal-
culated herein based on the following nominal
chemical composition:

HNO,, percent by weight, 84
NG,, percent by weight, 14
H, 0, nercent by weight, 2
HF, percent by weight, ¢
Solids, percent by weight, 0

The apparent formula weight for nominal
RENA is 67.2 with a chemical formula H; ggg4

N0.9365 02.6989‘

TABLE 2.1-1 FUMING NITRIC ACIDS ~CHEMICAL COMPOSITION LIMITS (PERCENTAGE BY WEIGHT)

Nitrogen I-lydl'c::qen1
Common Dioxide Water Nitric Acid Solids as Fluoride %
Type Nama {NO3) {H20) {HNO3) Nitrates Inhikitor 3
|
White fuming |
‘ i nitric acid 0.5 max. © 2.0 max, 97.5 0.10 max. - ,‘
! l (WFNA) 1
I inhibited white |
IAT fuming nitris 0.6 max. 2.0 max. 96.8 0.10 may.. 0.7 0. )
, ! acid (IWFNA) ;
X ' Red fuming '
i ] nitric acid 1410 1.6t02.5 824 to 36.4 0.10 max. - |
! (RENA) (
! Inhibited red 1
% A fuming nitric 141 1.0 161025 81.6t0 84,8 0.10 max. 0.7t 0.1 :
} acid (IRFNA)
§
§ inhibited red ‘
i e fuming nitric 1910 1.6t0 256 81.6 to 84.8 0.04 max. 0.7x0.1
: acid (IRFNA)
’ ey Limited Storage
i ( } ilILS red fuming 14210 0.5 max. 83.7 to 86.4 0.04 max. 0.7+ 0.1 :
N nitric acid (IRAFNA}
Note: 7 Dsclared obsolete for military usage,
L -

e m—
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2.1.2.2 Structure of Nitric Acid
The HNO, molecule is planar and may be
represented as a resonance hybrid.

':O.. -:O:,

H 0! N°  =e——= H i0: N,
0% .'p.'

or
H 'IO . H '.O.‘. e
:9 ~— N e :Q —N
\ 5 \
.cco): .°o..

The “‘best’”” bond distances and angles based
on the study of Stern, Mullhaupt, and Kay (14)
listed below: (Their work should be referred to if a
more complete description is required).

N-O length 1.22 8
N-OH length 1414
O-N-O angle (degrees) 135
O-N-OH angle (degrees) 115

Th2 molecular dipole moment is 2.16 debyes.

2.1.2.3 spacification

The procurement of RFNA as a propellant is
covered by MIL-P-7254F, Amendmen* 2 (18 Janu-
ary 1972).

£.1.3 PHYSICAL PROPERTIES
OF NITRIC ACID

2.1.3.1 Vapor Pressura and Normal Boiling Point
Vapor pressure values found in the literature
were few. The decompaosition and corrosive nature
of nitric acid precludes accurave measurement of
vapor pressure. Vapor pressuie is defined as the
pressure exerted by a vapor when a state of equili-
brium has been reached betwesa a liquid, or solid,
and issvapor. The data points {1, 2, B, 6} are plotted
ard shown in Figures 2.1-1 and 2.1-1a. Rocket-
dyns (4) prepared a data sheet citing their source

from a National Advisory Committee for Aero-
nautics research memoranda ‘E53L14, February
1864). Curve-fitted equations are presented for
vapor pressure values in the tempeiature range of
10 tc 57°C (50 to 135°F) and a compaosition range
of RFNA as follows:

10 to 17 percent by weight N,O,
1 to 6 percent by weight H,0
77 to 86 percent by weight HNO,

The equations are: (2.1-1)

log, o Platm) = 6.447-2.24 x 102N

2250.5 . 13.85N,,,,
(T,°K) = {(T.°K)

+1.72x 103N, -

where:
Ny = weight percent of N, Oy
W, = weight percent of H,0
P = vapor pressure, atm
T = temperature, °K

(2.1-1a)
log, o P(psia) = 7.6444-2.24 x 102N,
+1.72x10° Nw/oww/o —‘(!%%%87

24.39N,,,
(T,°R)
where

Nuwio = weight percent b N, O,
W, = weight percent of H,0
P = vapor pressiire, atm

T = temperature, °R

The equations for the nominal RFNA become:

o .2060.8
logy P (atm) = 6.182 KT
(2.1-2)
ial = 7.5 R ﬂ%gﬁ
logy oP (psia} = 7.3786 T A)
(2.1-2a)

Rocketdyne’s standard error of estimate for P is
2.8%. Rocketdyne’s values are also plotted in Fig-
ures 2.1-1 and 2.1-1a. In this study, equations were
determined by the least-squares method due to the
divergence noted as the values approached the

2.1-4
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vapor pressure of 15.0 psia ot 775.7 mm Hg (1, 2).

{ , They are:

AP (mmHg) = -29.311 + 0,1780 (T, °K)

-2.118 x 104 (T, °K)?
(2.1-3)

JaP (psiz) = -33.267 + 0.0989 (T, °R)
-6.539 x 10'5 (T, °R)2
{2.1-3a)

0

The standard deviation calculated from equation
2.1-3 is 1.2 percent in P and the average deviation
is 0.62 percent.

From equation 2.1-3 a normal boiling point
value of 337.34°K (64.19°C or 147.5°F) is obtained.
CPIA (1) reports a value of 140°F. Aerospace (2)
reports a value of 148°F as weli &s does Aerojet (7).
The Propellant Handbook (AFRPL-TR-66-4) (3)
rgports a value of 65.6°C (150.1°F) for IRFNA,

2.1-6
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Figure 2.1-1. Vapor Pressure of RFNA versus Temperature
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2.1.3.2 Density of Red Fuming Nitric Acid
Density values of RFNA are listed by Aero-
space (2). One point value (1.5561 g/cc at 256°C)
was listed by CPIA (1) and Evered (6). A value of
1.664 g/cc at 16°C (289.15°K) was listed in the
Propellant Handbook/RPL (3) for IRFNA,

Rocketdyne (4) prepared a current data sheet
showing the following curve-fitted equations:
€ (g/ce) = 1.5340-1.694 x 103t + 6.06
x 103N, - 3.06 x 103W,_

-7.92x 105N2

- 113 x 104N, W

w/o

(2.1-4)
¢ (Ibfcuft) = 97.65-5.87 x 10°2t;
+0.378N,,, - 0.190W,,,
- 4,95 x 103N2,,

=71 x 103N, Waio (2.1-4a)

where:
€ = density, g/cc or Ib/cuft
t = temperature, °C or °F
Nwio = N;O4, percent by weight
W = Ha O, percent by weight

Temperature range: 0 to 40°C
(32 to 104°F)
273.15 to 313.15°K
(491.67 to 5659.67°R)
Composition Range: 8 to 20 w/o N, 0,
0 to 6 w/o H,0
72 to 92 w/o HNO,4

Standard error of estimate: 0.0021 g/cc
(0.13 Ib/cuft)

For the nominal RFNA composition, Rocketdyne
equations reduces to:

€ (g/cc) = 2.0568 - 1.694 x 10-3 (T, °K)

(2.1-5)
e (Ib/ft3) = 128.37 - 5.87 x 102 (T, °R)
(2.1-6a)

T = temperature, °K or °R

Figures 2.1-2 and 2.1-2a show the density values
plotted from the mentioned literature sources.
There isn't good agreement between the data of
the Aerospace Handbook and Rocketdyne's work.
But because there are point values that fall within
Rocketdyne's equation, Rocketdyne’s equations
are recummended for usage since their work is
bassd on the listing of seven documerts.
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2.1.3.3 Sonic Velocity in Red Fuming Nitric Acid

Evered (6) listed the velocity of sound value
of 4525.0 ft/sec (1379.0 m/sec) in RFNA whose
composition was 77.5% HNO, 20% N,O,, and
2.0% H,0. No temperature was given. The same
value was quoted by Aerospace (2).

2.1.3.4 Compressibility of Red Fuming Nitric Acid

There is one measurement of the sonic velo-
city in RFNA listed and it is given in section
2.1.3.3. The adiabatic compressibility @8, can be
determined using sonic velotity data and the
acoustica' equation:

b= bw (2.16)
where: @ = density

¢ = sonic velocity

——————— - - e m & —— e

An estimated compressibility value was cornputed
for RFNA with the following assumptions:

1. The velocity was measured at 298.16°K
(636.67°R)

2. The velocity was interpolated from a
rough plot of velocity, Figure 2.1-3, as a
function of percent N,O, in HNO; solu-
tion. The value was 1354 m/sec.

3. The density at 298.15°K was 1.551 g/cc.

The estimated computed value is 2,425 x 108
psi't or 3.663 x 10® atm-! at 298.15°K (536.67°R),

Isothermal cmpressibility 8, could not be
estimated as there were no density change measure-
ments as a function of pressure for the same tem-
perature readily listed in the literature.
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2.1.3.5 Viscosity of Red Fuming Nitric Acid
Viscosity values are tabulated in the Aero
space Handbook (2) for the temperature range O to
148°F (45967 to 607.67°R). Values were also
tabulated by Evered (6) from 23 to 113°F. These
values are plotted in Figures 2.1-4 and 2.1-4a, A
third-order equation was determined from the
least-squares method that would pass the tempera-
ture limits of O°F and 148°F for the data listed.

In u (centipoise) = 11.761-3.286 x 102 (T,°K)
-1.0756 x 104 (T, °K)2

+2.943 x 107 (T, °K)3
(2.1-7)

Inu (Ib,, /ft-sec) = 11.793-2,090 x 102 (T °R)

-2.781 x 108 (T, °R)?

+4.687 x 108 (T, °R)3
(2.1-7a)

The standard deviation of the reported data as deter-
from equation 2.1-7 was 9 percent in u,

Rocketdyne (4) presented equations for vis-
cosity as a function of temperature and composi-
tion for the red fuming nitric acid. They cited
literature sources which Evered (6) listed. The
equations were expressed in terms of the weight
percent of N,O, and H,O as follows:

log, gulcp) = -3.262-0.1084 N,
-2.66 x 10-2W,,

+3.602 x 103NZ,
1678.3 3.11 Ny

log, ou(IbM/ft-sec) = -6.435-0.1084N
- 2,66 x 102W,,,

+3.602x 10:3N2,

, 30208 | 58Ny,
(T,°R) (T, °R)

L213W,0 482000
{T,°R) (T, °R)?
(2.1-8a)

where:
Nwio = weight percent of N, O,
Wi = weight percent of H,0

Composition range: 11 to Z0w/o N,0,
0to 6 wo H,0
76 to 89 w/o HNO,
Temperature range: 0to 116°C
(273.16 to 389.15°K)

32 to 240°F
(491.67 to 599.67°R)

Standard error of estimate: 3 percent in .

For the nominal RFNA, the equations reduce to:

17456.4 148760

logy qulcp) = -4.127 + TR T oK)

(2.1-9)
31418
logy gu{lb,, /ft-sec) = -7.300 + -(74-%-,-
_ 482000
(T,°R)?
(2.1-8a)

The two curves (Aerospace and Rocketdyne data)
plotted on Figures 2.1-4 and 2.1-4a indicate
divergences at the lower and higher ranges of term-

+ T K] oK) perature. When calculating the viscosity, use
; ‘ ' equation 2.1-7 or 2.1-7a for wemperatures below
i LJ18W,, 148760 260°K (468°R). No experimental data was reported
| ' (7,°K)? beyond 337.59°K (2), however, equations 2.1-9
i (2.1-8) and 2.1-9a may be used.
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2.1.3.6 Surface Tension of Red Fuming Nitric Acid

Measurements of the surface tension of
RFNA were not listed in the literature reviewed
from 1960 to the present. Tabulated are the fol-
lowing values found for other forms of the fuming
nitric acid.

surface tension (¥) for the anhydrous nitric acid
were nigh, Thus the K value was derived using the
reported surface tension values for 0°C and 20°C
in the Ramsay-Shields equation. A value of 1.85
was arbitrarily assigned since the derived value of
K was 1.85 at 0°C and 1.91 at 20°C.

TABLE 2.1-2 REPORTED SURFACE TENSION VALUES FOR THE NITRIC ACIDS

Temp/ Anhydrous HNO3 White Fuming HNO3 High Density Acid’
Surface
Tension Dynes/cm Lby/Ft Dynes/cm Lby/Ft Dy.es/cm Lb,/Ft
0c 43,564 002984 - - 36.411 00249
11.6°C 42,710 .00293 - - - -
20°C 41,1564 .002824 - - 31.411 00214
78.2 32610 00223 - - - -
Unknown - - 40.99 .0028092 - -
Superscript is literature source.
!inciuded for comparison and trend.

The surface tension of all liquids decreases as
the temperature is increased and becomes zero at
the critical temperature. The variation of surface
tension with temperature may be represented by
the Ramsay-Shields equation (8), namely,

.,(..M.) 2 = K(t,-t-6) (2.1-10)

Py
where:
¥ = surface tension, dynes/cm

t = temperature, °C

M = molecular weight

/R = density, g/cc

t. = critical temperature, °G

K = constant, supposedly independent of
temperature

For many liquids K has been found te be nearly
the same and equal approximately to 2.12. How-
ever, using K equal to 2,12, calculated values of

Values of surface tension were calculated for
the nominal RFNA using these values:

M =57.2 g/mole

G = calculated from equation 2.1-5
1, =271.11°C

K =185

The caiculated values from 0 to 57°C (32 to
134.6°F) on Figures 2.1-56 and 2.1-6a. The graphical
data may be expressed as a curve-fit equation,
~amely:
¥ (dynes/cm) = 98.361 - 0.1953 (T°K)
(2.1-11)
¥ (Ib,/ft) = 6.7674 x 103
-7.4611 x 106 (T, °R)
(2.1-11a)

The standard deviation calculated from equation
2.1-11 is 0.0458 dynes/cm.
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2.1.3.7 Thermal Conductivity of Red Fuming
Nitric Acid

The Aerospace Handbook {2) reported
thermal conductivity values from -50° to 148°F.
Aerojet-General (7) showed a curve plot of thermal
conductivity versus temperature identifying the
curve as extrapolated data citing two sources for
their presentation of RFNA (85% HNO,, 16%
NO, by weight) (12, 13). Aerospace’s and Aero-
jet’s data aie apparently identical.

The reported values are given in Figures 2.1-6
and 2.1-6a. The expressions of thermal conduc-
tivity as a function of temperature by the least
square curve fit method as follows:

e

K{cai/cm-sec°K) = 6.671 x 104
4+ 1.353 x 106 (T, °K)
-4.091 x 100 (T, °K)?
{2.1-12)

K(BTU/ft-sec°R) = 4.453 x 105
+4.876 x 108 (T, °R)
-8.300 x 1011 4T, °R)?
(2.1-128)

The equations are applicable for the temperature
range 227.59 to 337.59°K (409.67 to 607.67°R).
The standard deviations obtained from equations
2.1-12 and 2.1-12a are 1.043 x 10 cal/cm-sec-°K
and 5.69 x 108 BTU/ft-sec-°R respectively with
an average deviation of (.08 percent.
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2.1.4 CHEMICAL PROPERTIES
OF NITRIC ACID, TYPE i
(RED FUMING NITRIC ACID)

2.1.4.1 Chemical Reactions

Nitric acid is a powerful oxidizing agent; it
oxidizes most nonmetals (generally to oxides or
oxyacids of their highest oxidation state) and all
metals with the exception of a few of the noble
metals. Many unreactive metals, such as silver and
copper, that do not react to yield hydrogen with
non-oxidizing acids, such as HCI, dissolve in nitric
acid.

In nitric acid oxidations, hydrogen is aimost
never obtained; instead a variety of nitrogen-
containing compounds of lower oxidation state is
produced; such cempounds like NO,, NO, N,0O,
HNO,. The product o which HNO; is reduced
depends on the concentration of the acid, the
temperature, and the nature of the material being
oxidized. Generally, a mixture of product; is

obtained, but the principal product, in many cases,
is NO when diluted HNO, is employed and the
nitrogen oxides when concentrated HNO; is used.
Commercially 70 percent by weight HNO, is known
as concentrated; thus RFNA is in this category.

RFNA reaction:

Cuy +4H*

+2 NOG.(nq)—. Cu** aq) k
+2NO; () +2H,0

2.1.4.2 Inert Gas Solubility in Red Fuming
Nitric Acid
Lockheed (11) reports two temperature paints
for the solubility of helium and nitrogen in IRFNA
at one atm in parts per million (ppm).

o°Cc 25°C
Helium 0.73 0.86
Nitrogen 24 628
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2.1.5 THERMODYNAMIC PROPERTIES
( OF NITRIC ACID, TYPE 11}
‘ {(RED FUMING)

2.15.1 Heat of Formation

From the literature, several values for the heat
of formation of nitric acid were reported. The
values varied due to differences in temperature,
state of aggregation, and state of combination.
Although it is understood that standard state
conditions are at room temperature and one atmos-
phere pressure for the formation of the compound,
the temperature could be 18°C or 256°C.

\5 TABLE 2.1-3 HEAT OF FORMATION, VARIOUS NITRIC ACIDS

Type of Nitric Acid ’:;IX:S: T'mPf&“u“ Reference
Pure HNO; 41,349 298.15 B Mg P and Kay (14)
IRFNA -41,000 Not reported Propetlant Handbook/I"PL {3}
RFNA (gfss vxllz :gg)a -33,600 208,15 Aerojet-General (7)

; RFNA (Nominal) -37,700 208.16 Estimated, this work

The heat of formation for nominal RFNA
was estimated by summing the heat of formation
; due to each of the fractional products that make

up an apparent molecular mole of the substance
plus the heat of solution of water.

: 2.1.5.2 Melting Point and Heat of Fuscion
’.{ According to Stern, Mullhaupt, and Kay (14)
] the vaiue reported by Forsythe and Giauque,
namely, 41.59°C, for the melting point for pure
: (’} nitric acid is considered the best in the literature.
; Penner listed -41.64°C (10). But for the other
' forms of nitric acid, there are varied values as
shown bLelow:

2.1-26
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Basis: 100
| AH, of
Constituent Weight, g g-moles mole-fraction Constituent
_ cal/mole
HNO, 84 1.333 0.7624 -41,349 (14)
NO, 14 0.304 0.1741 - 7,431 (6)
H,0 2 0.111 0.0635 -68,400 (8)
Integral heat of solution (0.08 mole H,O per mole HNO;) {15)
Totai

AH (i)

cal/mole

3755
- 1,294
- 4,343
-500 ost.
-37,662




TABLE 2.14 MELTING POINT OF VARIOUS FORMS OF NITRIC ACID

Type - Temperature = Reference
Pure HNO3 4169 429 gy auPt, and Kay {14)
99.65 w/o HNO3,
36 Ha0 42.1 43,7 Evered {6)
RFNA 52 61 CPIA (1)
H ,
B8 wlo ! ,{l“gg' 489 56 Aerojet-General (7)
RFNA 489 -56 Aerospace Handbook (2)
IRFNA -60 58 Propeliant Handbook/RPL (3)

The range may vary from -48 to -52°C de-
pending upon the composition of the RFNA, Both
Aerojet-General's and the Aerospace Corporation’s
value may be based on Elverum'’s effort in a 1954
Cal. Int. Tech publication (16).

Stern, Mullhaupt, and Kay (14) report that
the value, 2603 L 2 cal/mole, determined calori-
metrically by Forsythe and Giauque is considered
the most reliable for the heat of fusion of pure
nitric acid.

2.1.5.3 Critical State Constants

Experimental values for the critical constants
of RENA do not exist. Even such data for anhy-
drous nitric acid could not be found. It is quite
probable that experimental data do not exist be-
cause of not being able to maintain pure HNO; at
elevated temperature without the HNO,; decompos-

ing. Therefore, pseudacritical properties are esti-
mated.

Gambill {17,18) outlines various mathods for
predicting pseudocritical values when no experi-
mental data are available. He includes the method
of Kay (19) for determining the pseudocritical
temperature and pressure of a mixture, which is
summing the contribution of the product of the
mole-fraction of tne constituent and its critical
ternperature or pressure, namely, T, = x;T or
Poc = %,Per

For the nominal RFNA, the recommended
pseudocritical value of temperature is 524°F. This
compares favorably with the value of B20°F esti-
mated by Aerojet (7) for RFNA (85 w/o HNO;,
15 w/o NO,). CPIA (1) and Aerospace (2) also cite
520°F for RFNA, The temperature of 524°F is the
average of the values determined for RFNA having
all N,O4 or all NO, existing along with HNO,.
The values are given below:

TABLE 2,16 PSEUDOCRITICAL CONSTANTS OF NOMINAL RFNA

Constituant rI‘\l:;:;o-fm:tion’;l;::) - 1.':, pl:?‘. - xeTe Mo, NG, XiP¢ o
HNO; 0.7624 0.8351 1003.67 1240 766.2 838.2 9464 1036.5
NO; 0.1741 776.16 1466 136.1 266.2
N20O4 0.0863 776.47 1470 74.0 140.1
H,0 0.0836 0.08986 1166.2 3204 74.0 81.0 2034 222.7

Total 974.3 993.2 1404.0 1398.3
6514.6 5633.6
Average Tpc = 624°F Poe = 1401.2 psia
i = individual constituent
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The recommended pseudocritical pressure for
nominal RFNA is 1401.2 psia. It is higher than
Aerojet's value of 1286 psia for RFNA (85 w/o
HNOQO3, 156 w/o NO,) because of the influence of
water in the nominal mixture.

. Gambill (18) cites a simple relationship for
calculating V_ proposed by Benson (20), namely:

V.V, = 268 (2.1-13)

V, = critical volume, cc/g-mole
V,, = volume at normal boiling point, cc/g-mole

=1(67.2) —d—-  at337.34°K
g-mole

1.486 From Figure 2.1-2
Thus: 572
v, = (17-86 2.68) = 103.2 cc/g-mole for
nominal RFNA
>

2.1.5.4 Heat Capacity of Red Fuming Nitric Acid

The heat capacity of RFNA (85 w/o HNO,,
15 w/o NO,) was plotted by Aerojet-General (7)
citing the work of Mason, Booman, and
Elverum (21) as their source. Some of the same
values are apparently reported by the Aerospace
Handbook (2).

The values are plotted in Figure 2.1-7.

Using the least square method, the following
equations are presented to calculate heat capacity
as a function of temperature for the range -50 to
148°F .

C, (cul/g°K) = 0.3779 + 1.406 x 104 (T, °K)

(2.1-14)

C, (BTU/Ib-"R) =0.3779+ 7.800x 10'5 (T, °R)

(2.1-14a)
The standard deviation is 585 x 104 cal/g-°K

for equation 2.1-14. The average deviation is
0.83 percent.

21-27
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Figure 2.1-7. Heat Capacity of RFNA versus Temperature
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2.15.5 Latent Heat of Vaporization

The heat of vaporization at the normal boiling
point for nominal RFNA is calculated to be 8032
cal/mole (140.4 cal/g or 252.8 BTU/Ib) from the
Clausius-Clapeyron equation,

P, AH, [T,7T
it = S0 [——?—i]

P, 1987 [T,7, (21-15)

P, = vapor pressure, atm or mm Hg, (1 atm)

P, =vapor pressure, atm or mm Hg,
(.945 atm)

AH, = heat of vaporization, cal/mole
R = 1.987 = gas constant, cal/’K-g-mole
T, = temperature, °K, {337.34°K)
T, = temperature, °K, (336.34°K)
The molecular weight was 57.2 g/mole.

The vapor pressure is calculated from equation
2.1-3.

%
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2.1.6 LOGISTICS OF NITRIC ACID,
TYPE i1l (RED FUMING}

2.1.6.1 Manufacture

The principal supplier of IRFNA at the present
time is the Allied Chemicat Corporation in Butfalo,
New Yeork. Allied’s IRFNA manufacturing process
is as follows:

Ammonia, produced at another Allied plant,
is oxidized by air in a stainless steel oxidizer unit.
The oxidation product, NO, is oxidized further by
air to NO, that is then absorbed by condensate
water in a 400 series chrome steel tower to pro-
duce a nitric acid of about 65 percent HNO;. The
nitric acid is concentrated in an aluminum Pauling
tower, using concentrated sulfuric acid that is also
an Allied product. Nitric acid of 97 percent con-
centration is obtained from the Pauling tower.
Allied anhydrous hydrogen fluoride, Hercules
nitrogen dioxide, and water are added to the con-
centrated nitric acid in an adjustment tank to
blend an acid meeting the MIL-SPEC demands.

The process equations are as follows:

4 NH; +5 O, (air) ———— 4 NO +6 H,0
2NO + 0, (air) ———————= 2 NO,

3NO, + H0——————+2 HNOQ; + NO

Another method of manufacture was the pro-
cess used by Hercules Chemical Company, Hercules,
California. Their IRFNA manufacturing process is:

Hydrogen gas, obtairied from the cracking of
natural gas, is combined with nitrogen from the air
to produce ammonia. The ammonia produced by
the direct synthesis process is then converted to
nitric acid by catalytic air oxidation. The nitric
acid thus produced is concentrated in a reboiler,
using sulfuric acid obtained from the Stauffer
Chemical Company. Aqueous hydrogen fluoride,
NO,, and condensate water are added to the con-
centrated acid. to produce an acid conforming
to the Military Specification. Quality control tests
are made on all starting materials. The equations
for the process are:

N2 +3 H2 “‘5-'2NH3
2NH, +3 0, (air)———s NO + NO, + 3 H,0
2NO, + H,0 + % O, (airl-e2 HNO,

2.16.2 Analysis

Tha analysis of propellant grade 1RFNA is
covered in MIL-P-7254F (30 Aprii 1870} including
Amendment 2 dated 18 January 1972, Only Type
1B and Type LS are currently being procured.

~ The acid sample is analyzed by first neutra-
lizing the sample and then performing additional
ahalyses.

The nitrogen dioxide content is determined
using a 0.1N ceric.solution, a 1 N H,S0, sotution,
a standardized 0.05 N ferrous ammonium sulfate
reagent, and a pH meter. The NO, content is calcu-
lated from the following fermula:

Weight % (mj Cet* x N) - (ml Fe2* x N, ) x 4.601
NO, = Wx02
N = normality of the ceric solution
N, = normality of the ferrous ammonium
sulfate
W = original weight in grams

The hydrogen fluoride content of the oxidizer
is measured by adjusting the pH of the solution to
5.5 by the addition of citrate buifer and then cal-
culating the ppm of fluoride.

The specific gravity shail be as follows:
Type HIB 1.564 - 1.575 at 60°F
Type IILS 1.672 - 1,682 at 60°F

The total sclids as nitrates of all types in the pro-
pellant shall not exceed 0.04 percent by weight.
In addition, the iron oxide content of Type IIILS
propellant shall not exceed .0020 percent by
weight. The iron content may be determined by
ASTM D-1068, Method A, paragraph 12 or using a
suitable atomic absorption spectrophotometer.

2.1.6.3 Cost and Availability

Inhibited Fuming Nitric Acid (IRFNA) is
readily available in large quantities for aerospace
Industries. The principal use of IRFNA is the
rocket engine oxidizer for the Bullpup A and
Lance missiles and as a constituent in the cxidizer
for the Agena vehicle.

At the present time, IRFNA is being supplied
to the government by Allied Chemical Company.
The unit price for Type I1IIB or IIILS is $0.22/

2.1-31
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pound from the government. The government pro-

cured 600,000 pounds of nitric acid, Types 1IB
and LS, in 1976 (22).

2.1.6.4 Snipping and Transportation

The requirements for shipping and transpor-
tation of nitric acid are specified in Reference (9).
Excerpts are inciuded here {or information.

The product furnished under this specifica-
tion is a hazardous material as defined and regu-
lated by the Department of Transportation (DOT)
regulations. All packaging and shipping commer-
cially by any mode of transportation shall comply
with the requirements of DOT regulations 49 CFR
171-190, or DO'T special permit cbtalned in accord-
ance with 49 - FR 170.13 by the shipper in con-
junction wi'» the Commander, Headquarters
Military Trair. ‘Aanagement and Terminal Service,
Attn: Safety ULivision (TES), Washington, D.C.

2“ -'32

20315. All packaging to be shipped by military air
shall comply with DSAM 4145.3 (AFM 71-4),

The following listed containers are considered
acceptable for military use and are approved for
nitric acid by DOT regulations as specified in 49
CFR 173.268 or DOT special permits as stated.
Types (1A and HIB propeliant should be, on a
preferential basis and to the greatest extent feasibie,
shipped in aluminum containers; however, stainless
steel (300 series) may be used. Types I1I1LS propel-
lant should be shipped exclusively in aluminum
containers.

a) Sample quantities as specified in DOT
special permit no. 210Q.

b) Aluminum drums of specification DOT
42B and conforming to MIL-D-4303.

¢) Tank cars of specifications DOT 103A-AL-
W, 103C-W, or 103C-AL.

d) Cargo tanks of specifications DOT MC 310,
MC 311, or MC 312.

S’
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2.2.1 PRCPERTY SUMMARY SHEET

Chemical Name:HDA — Type IV - IMDFNA

Chemical Formula: Hggog N1.2045 O3.2264 F o248

Common Nama: High Density Acid: Inhibited Maximum
Density Fuming Nitric Acid
Formula Weight: 70.897 (nominal) (Q16)

Property Value Units Temp (°K) Reference Figure
Melting Point 235.95 “K 3
-37.2 °‘c
424.67 °R
36 °F
Heat of Fusion 116.3° cal/g 235.95 1
209 BTU/lb (MP)
Normal Boiling Point 297.85 °K 3
24.7 e OC
£536.17 °R
76.6** °F
Heat of Vaporization 7.0 Kcat/mole NBP 3
270" BTLU/Ib 297.8
Heat of Disassociation Not available
Critical State Constants
Temperature 540.15 *K 3
267" °C
972.27 °R
6512.6" °F
Pressure 975" atm 3
1428* psia
Density 0.6837* g/ce 3
42.68" 1b/ft3
Vapor Pressure of Liquid 1.01 atm 1
14.9 psia 222
Density of Liguid 1.624 g/cc 298,15 3 2.2:3
101.4 Ib/ft3
Sonlc Velocity (liquid) 1403 m/sec 298.16 3 224
4635 ft/sec
Compressibility of Liquid
Adiabatic 3.167x 105 atm-1 3 225
2.148x 106 psi-?
lsothermal Not available
Viscosity of Liquid 2.28 Centlpoise 208.15 3 2.26
1.54 x 103 by, /ft-sec
Heat Capacity of Liguid 0.4436" cal/g-°C 298.15 1 2.2-10
0.4436" BTU/Ib-°F
Thermal Conductivity of Liquid 7.27x104* cal/sec-cm-°K 298.16 1 228
o0.1771* BTU/hr-ft°F
Surface Tansion 209 dynes/em 208.16 2 2.2-7
2.04x 103 lbe/#t
Refractive Index Not available
Dielectric Constant Not available
Entropy (Gas) Not available
Entropy (Liquid) Not available
Heat of Formation -31.678"* Kcal/mole 208.16 3
(Liquld) 7794 BTU/Ib
*Estimated Value
¢ ¢Calculated from vapor pressure equation
2.2-1
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2.2.2 GENERAL

2.2.2.1 Introduction

Early rocket engines such as the Agena were
developed using fuming nitric acid as the oxidizer.
it was discovered tnat by increasing the nitrogen
tetroxide content in nitric acid, performance could
be increased (specifically for the Agena engine)
thus creating the requirement for what is known as
high density acid. Nitric acid readily dissolves
N,Q, to form a mixture that reaches maximum
density for a particular temperature. Lockheed (1)
has compiled and evaluated the most recent data
on HDA. A phase diagram study of Elverum (4)
was documented by Lockheed and is reproduced
herein as Figure 2.2-1. This provides some of the
data describing the physical characteristics of the

mixture of nitric acid and N, 04 making up HDA. ;,’.

A

The nominal composition of HDA is:
54.8 w/o HNO,
44.0 w/o N, O,
0.6 w/o H,0
0.7 w/o HF _
The addition of HF was found to inhibit the cor-
rosive antion of nitric acid and N, O, on the rocket
container materials. Another inhibitor, Phos-
phorous Pentafiuoride (PF), has been found to be

a superior inhibitor (17) but has not been incorpor-
ated into the military specification.

From the phase diagram, there exisus a com-
pound with the composition 2 HNO; : N,O4. The

compound 2HNC,‘N,O4 has a N,04 content of
42 percent, slightly lower than the 44 percent
N,O4 content of the nominal high density acid.
Thus, the HDA mixture can be approximated by
the chemical formula, 2HNOQ; ‘N,QO4. The empiri-
cal formula is HgggoyN1g26104.5495F0 0350 &
atoms/100g mixture. The apparent molecular
weight is 70.897 for the nominal composition of 1
g-mole.

2.2.2.2 Structure

High density acid is a mixture with two major
components, HNO3, and N,O,. The structure of
HNQO; is discussed in section 2,1.2.2. The structure
of N,Q, is discussed in section 2.3.2.2.

2.2.2.3 Specification

. The procurement and analysis of HDA are
controlled under Military Specification MIL-P-
7254F (30 April 1970), Amendment 2 (18 January
1972). This specification defines the compasition
range for HDA as follows:

HNO;  percent by weight 52.7-67.4
NO, percent by weight 44+ 2
HF percent by weight 0.7x 0.1
H,0 percent by weight 0.5 nax.
Fe,03  percent by weight 0.C02 max.
Solids w/o as nitrate 0.04 max.

Specific gravity, 60 °F/60 °F
1.642 min ~ 1.652 max.,

No specification exists for the Modified HDA with
the PFy inhibitor.
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2.2.3 PHYSICAL PROPERTIES OF HDA
2.2.3.1 Vapor Pressure and Normal Boiling Point
of HDA

Lockheed (1) documented that vapor pressure
and equilibrium pressure measurements have been
made at the laboratories of Bell and Rocketdyne
(2,3). They noted a disagreement of vapor pressure
data exists at temperatures below 54°C (130°F);
the Rocketdyne (3) pressures being greater than
those reported by Bell (2). By comparing N,0,
data at the lower temperature, Lockheed recom-
mends that Bell data be used for temperatures
below 54°C (130°F) and the Rocketdyne data be
used for the higher temperatures.

Rocketdyne produced the following equa-
tions by correlating their vapor pressure data (108
points) by use of the least-squares curve-fit
technique:

- 4702.28

- 5.43556 x 10-2N(y/0)
+ 2.5549 x 10-2W,,, .,
N

+ 28.5036 /o)

(T,°K)

, 282926 (2.21]

(T, °K)?
Py 8464.86
|Ong(pSIa) = 11,9347 W

- 5.43838 x 10.2N(W/0)
+ 2.5548 b 4 10'2w(wlo)

N(w/o)
+ 51.3221-".-|::'5m
+ 916700

R (2.2-13)

ot i

The experimental data included four compositions
of mixture, a temperature ramge of -17 to 129°C
{1 to 264°F), NO, (N) ranges of 43.2 to 45.8 w/o
NO,, and H,0 (W) rangss of 0.4 to 1.7 w/o H, 0.
The standard error estimate is equivalent to 4.0
percent in pressure.

Equations 2.2-1 and 2.2-1a reduce to the fol-
lowing expressions for the nominal composition:

3448.12 , 282026
(T,°K) (T,°K)?
(2.2-2)

log,oP(atm) = 8.3872 -

6206.69 , 916700
(T,°R) (T,°R)?
(¢.2-2a)

log, o P{psia) = 9.5545 -

Graphs for the nominal values by Rocketdyne are
chown in Figures 2.2-2 and 2.2-2a. Bell tabulated
test data (2) as dashed lines are also plotted.

The normal boiling point of HDA was calcu-
lated by Rocketdyne (3) based on their vapor
pressure correlztions. The normal boiling point of
the nominal HDA (54.8 w/o HNO,;, 44.0 w/o
NO,, 0.5 w/o H,0, 0.7 w/o HF) was calculated at
24.7°C {76.5°F) for 1 atm.
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2.2.3.2 Density of Liguid HDA

Density measurements were made by Rocket-
dyne (3, 5) of liquid HDA using the Poole-Nyberg
densimeter. Bell (2) made specific gravity measure-
ments using a capillary pycrometer. Lockheed (1)
documents Rocketdyne's recent (3) correlations of
denisty measurerients. Rocketdyne derived the
following expressions of density as a function of
temperature and composition by use of a least-
squares curve fit computer program:

2 (g/cc) = 1.7889 - 1.8391 x 10:3(t, °C)
-5.82x 106 (t,°C)2
v 2.420 X 103N(W/O)

-1.750 x 102W,, /5, (2.2-3)

Pllb/ft3) = 113.61 -5.66 x 10-2 (¢, °F)
-1.12x 104 (t, °F)2
-0.1511 Ny o) - 1.093W /0,
(2.2-3a)

2.2-8

The earlier data (5) were not used by Rocketdyne
because earlier HDA compositions were not as
accurately controlled as the more recent measure-
ments (3). The standard error of estimate of these
equations are 0.0017 g/cc and 0.106 Ib/cuft rg-
spectively, over & tempersture range of 1 t‘\)
68°C (34 to 155°F) and composition variations of
43.5 to 45.6 w/o NO, and 0.4 to 1.7 w/o H,0.

For the nominal composition of HDA and ip
terms of absolute temperatures, density values are
expressed as follows:

plg/ce) =1.7418 + 1.3404 x 103 (T, °K)
-5.82x 106 {T,°K})2
{2.2-4)
A{lb/ft3) = 108.78 + 4.64 x 102 (T, °R)
-1.12x 104 (T, °R)?
{2.2-4a)

These correlations are shown graphically in Figures
2.2-3 and 2.2-3a.
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(2.2-4a)

p (Ib/ft*) = 108.78 + 4.64 x 107 (T,°R) - 1.12x 10°* (T, °R)?
44 w/o NO,, 0.5 w/o H; 0

Nominal HDA:
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2.2.3.3 Sonic Velocity in Liquid HDA

Rocketdyne (3), provides the sonic velocity
measurements for three different HDA formula-
tions over a temperature range of 1 to 60°C (34 to
140°F) under saturated liquid conditions. Composi-
tion ranges were 43.4 to 46.6 w/o NO,, and 0.4 to
1.7 w/o H,0. The resulting data were curve-fitted
and vyieided the following expressions for sonic
velocity as a function of temperature and composi-
tion:

c(m/sec) = 2180.0 - 3.523 (T, °C)

-1.45x 102 (T, °C)?

N 14'97-"r“l(wlo) i} 40‘6W(wlo)

(2.2-5)
clft/sec) = 7343 - 5.482 (T, °F)
-1.47 x 102 (T, °F)?
- 49.14N /o) - 133Wy )
(2.2-6a)

2.2-11

The standard errors of estimate of the just-men-
tioned equations are 6.3 m/sec and 20.6 ft/sec
respectively. For the nominal compaosition of HDA
and in terms of absolute temperature, the above
equations reduce to:

c(m/sec) = 1381.161 + 4.398 (T,°K)

-1.45x 102 (T, °K)?
(2.2-6)

c(ft/sec) = 4568.202 + 8.032 (T, °R)
-1.47 x 102 (T,°R)?
(2.2:6a)

These correlations are presented graphically in
Figures 2.2-4 and 2.2-4a.
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2.2.3.4 Comprassibility of Liquid HDA
The adiatatic compressibility of HDA was
calculated from the equation:

(2.2-7)
where:

f, = adiabatic compressibility of the liquid
p = density of the liquid
¢ = velocity of sound in the liguid

Rocketdynre used their experimental data for liquid
density (Section 2.2.3.2) and sonic velocity (Sec-
tion 2.2.3.3) in the calculation of the adiabatic
compressibility. The resulting correlation is given
by the following equations:

8, (atm'1) = 6,097 x 10°7
- 2.9506 x 107 (T, °C)
+9.126 x 1019 (T, °C)2
+1.718x 1011 T, °C)
+5.794 x 107Ny, /o)

+1.727 x 10'6W(w/°)

+9.808 x 109N, (T, °C)
+2.84 x 108W,,, , (T, °C)
(2.2-8)
B, (psr') =4.116 x 107
-1.1765 x 10-8 (T, °F)
-8.107 x 1014 (T, °F)2
+2.006 x 10-13 (T, °F)3
+2.756 x 108N, .,

+8.318 x 108W,,,

+3.708 x 109N, (T, °F)

+1.074 x 10.9W(WIO) (T, °F)
(2.2-8a)

2.2-14

The standard errors of estimate for these equations
are 8.7 x 1G'8 atm'' and 5.9 x 109 psi-?, respec-

tively. These expressions are valid for temperatures
from 1 to 60°C (34 to 140°F), N,0, concentra-
tions from 43.4 to 456 w/o, and H,0 concen-
trations from 0.4 to 1.7 w/o.

For nominal HDA and in terms of absolute

temperatures, the aforementioned equations
reduce to:

B, (atm'?) = . 2962.39 x 107
+34.976 x 107 (T, °K)
- 1316565 x 10-10 (T, °K)?2
+1.718 x 101 (T, °K)3

(2.2-9)
B, (psi') =-201.641 x 107
+1.3225 x 10 -7 (T, °R)
- 2.7657 x 10-19 (T, °R)?
+2.005 x 1013 (T, °R)3
(2.2-9a)

The calculated data is graphically presented in Fig-
ures 2.2-5 and 2.2-ba.

Experimental data for the isothermal compres-
sibility of liquid HDA does not appear in the
literature,
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2.2.3.5 Viscosity of Liquid HDA

Viscosity measurements were made on three
HDA formulations over a temperature range of
1.1 to 54.4°C (34 to 130°F) using a modified Ost-
wald glass capillary viscometer (3). Curve-fitted
correlations were developed for the range of
temperature as well as the compaosition range of
42.5 to 45.6 w/o NO,, 0.4 to 2.0 w/o H, 0. These
equations are:

5 .470.888 _ 216430
(T,°Kl (T,°K)?

70171 x 102N,
- 46580 x 10.2W(W/0)

log u {cp) = 0.2754

(2.2-10)

log u (lb,, /ft-sec) = -2.89701
_847.874 , 701369
(T,*R] (T, %A1
1.70171 x 102N,
- 46580 x 10-2W,,, )
(2.2-10a)

where: _
p = absolute viscosity, centipoise or
Ib,, /ft-sec
T = absolute temperature, Kelvin or Rankine
N = NO, concentration, weight percent
W = water concentration, weight percent

The standard error of estimate of the aforemen-
tioned equationsis 1.6 percentin absolute viscosity.

For the nomiral composition of HDA, the
equations reduce to:

T
(2.2-11)
log p (Ib,, /ft-sec) = - 3.66905
.847.874 701369
(T,°R) (T,°R)?
(2.2-11a)

The relationships are plotted in Figures 2.2-6 and
2.26a.
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2.2.3.6 Surface Tension of Liquid HDA

The surface tension of liquid HDA has been
experimentally determinad by Bell Aerospace (2).
Measurements were made using sapphire capillaries
and surface tension values were computed from the
capillary rise formula. The composition of HDA
tested was as follows (approximated the nominal
composition).

54.6 w/o HNO,

44.3 w/o NO,
0.4 w/o H,0
0.8 w/o HF

The temperature range was from -20°F to 100°F.
The surface tension values for HDA are gplotted on
Figures 2.2-7 and 2.2-7a. Using the least-squares
curve fit method, surface tension as a function of
temperature is given as follows:

¥ {dynes/cm) = 107.33 - 0.2597 (T, °K)
(2.2-12)
7(lb,/tt) = 7.359x 103 - 9.896 x 106 (T, °R)
(2.2-12a)
Standard deviations for equations 2.2-12and 2.2-12a

are 0.68 dynes/cm and 4.522 x 10'5 Ib,/ft respec-
tively.

. 2.2-20




b fododh 114044

|
|
e’ i
il
I
it fl
HifiH
il
i
NG
|
!

li’

]
i
i
! Ll
R, Il' 1
".". .
TN }
!
|

e (o 1
i
F—— ==
[t — g K
+ -]
o= T ; -
e i v B —]
) == t T ~ -
|0|n~»¢|llo u l“' e -
RGP SRR SN I Ghwhi 1= + | g
JRpv Sy — b [ . L vy, , Y
[RSNGB Sy R Sy 4 4 — g -
e bl e = ==a
Py Gupuininy Aot SEEIPY PREY S == ! i g 3
, . " Y i
FRSDSPOE SUmPP S SWRERET. L% Seuy s mww ]
TIIRUTIIIITII T T e 1 )
pahii Subiak St gy S = b 1 = 7]
+~ o
IS 1 DU.
bomndodimminy Pussnh e 3 bt~ &
. ey - 1 o
PGS Sibdny gepens Sy P i
PRSP SEmnSE - S + -y
[ St )  q
e e 1 — t
+ T
l“ﬂl.ﬂ"‘l e d T M m I‘Mw.l
D S PGS ey ]
SERG P Sy A D [P S gt S ¥ m
o ¢ e by bpust SO mﬂl M llill.Tlllilb.» w
oG il RGuuy Sl S Sy — m
pOaSSOepat por @ i Sdunl Gusis) SURPS SIS S Y e
iy Sy et ol Sunby Shent — >3
pponbehnnd. : k)
T R DU -
DO ER - AGRERE RESEE SRS S s T H
h B ety Pt Gt misesis et S : =
i 1 e
- 1 s
—F T 4
=] s 1 oy
e o T )y
JN T gt ] y ¥
R gpeluded D b bl PR & { bt

{mo/seuip) uolsua], s08}mg

kS v

320

300

280

260.

240

Temperature ("K)

Figure 2.2-7. Experimental Values of Surtace Tension of HDA versus 'emperature

2.2.-1

e v e s e e A i o B e TR g B e M} A2




580

Jices sgonit o
2 @
+ St
3
-2
iy of
- St
o 9 [=]
de 2
i 0 5
i be T
s I + w
— 3 3
© i @
[ Jeeasa ayane 3]
gy w >
& R E < w
QU o)
s jas)
Gd
— : o -
o — m .
o Hnimlo m 2
= HEEE D 2 2
£ we Be BRSNS
~— ) %]
= ]
L 5
D
=1 I3
4 = ~
M m +: »u 3 ,NNW ” r., ." b " ] Km m aw.HM _,._ D es L4 = 3 -.b-
s d aaese ores I : ity - r S 8 2 o~
(b33 H2ES Epett b THE= N | D O o
FRarkate. tetes sath P : Py = [e]
[S3H) Bes sisat foas b Ssatars) oo : @
bt ooss CEEge oqs s b sasge t 1 - @
T TR pmon ags T =1
(B e e 'l 3
s B R a5 5 o 2 gas: >
$5850 S ks B 5 < —
b s ® o© 3
: : oy
: v oy o
WD SEERES m
~ T o
N g &
TS Eido 5
Gt + (1]
3 T
3 % ¢ .
=8 S
i <
s N
T o 2
2L 22 3
o - 4
— <N
<01 X 13/%q] uowsuay, 30ejmg
e R —afr - =




T S Y COPRA MR T LT N e o s

e sty

N ~

2.2.3.7 Thermal Conductivity of Liquid HDA
Lockheed (1) calculated estimated thermal
conductivity values of liquid HDA as a function of
temperature using Weber's relation (6):
K=3.69x 103 Cp A{P/M)1/3
where:
K = thermal conductivity, cal/sec - cm - °C
C, = heat capacity, cal/gm-°C
P = density, gm/cm3
M = molecular weight
M = 73.16 (Section 2.2.2.1)

The heat capacity and density values used by Lock-
heed were the recent empirically-derived data dis-
cussed in.Section 2.2.4.4 and 2.2.3.2, respectively.

(2.12-13)

Using the least-squares curve-fit method,
estimated thermal conductivity of nominal HDA

2.2.23

may be expressed as follows:
K (cal/cm-sec°K) = - 3.626 x 103
+ 4,261 x 10°5 (T, °K)
-1.392 x 107 (T, °K)2

+1.479x 1010 (T, °K)?
(2.2-14)

K (BTU/ft-sec-°R) =-2.367 x 104
+1.589 x 10¢ (T, °R)
-2.881x 109 (T, °R)2
+1.701 x 1012 (T, °R)3
(2.2-14a)

From equation 2.2-14 a standard deviation of
2449 x 107 cal/cm-sec-°K is obtained. The esti-
mated thermal conductivity values are plotted on
Figures 2.2-8 and 2.2-8a.
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22.4 CHEMICAL PROPERTIES OF HDA

2.2.4.1 Chemical Reactions

Migh density acid is basically a mixture of
nitric acid and nitrogen dioxide or nitrogen tetrox-
ide; thus, the chemical reactions of HDA are those
which nitric acid and NO, (N,0O,) will undergo.
The reactions of nitric acid are discussed in Section
21.4.1 and the reactions of N,O, in Section
23.4.1.

2.2.4.2 Inert Gas Solubility in Liquid HDA
Lockheed (1) estimated solubilities of helium
and nitrogen in HDA by assuming HDA to be a
mixture of [RFNA and N,Q,. Experimental data
of solubilities of helium and nitrogen and IRFNA
and in N,0, at 0°C and 25°C were reported by
Chang (7) and Lockheed based their calculations
from Chang’'s work. Solubility isotherms for 0°C
and 256°C are plotted on Figures 2.2-9 and 2.2-9a.
Curves are extrapolated beyond two atmospheres
since experimental work was not in that range.
Henry's Law is valid because of low solubilities,
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225 THERMODYNAMIC
PROPERTIES OF HDA

2.2.5.1 Heat of Formation of Liquid HDA

No experimental determination for the heat
of formation of HDA is noted in the current litera-
ture. Rocketdyne (3) presents a well constructed
case for the estimated value in lieu of making an
experimental determination. It is sumrarized in
the following paragraphs,

The heat of formation of HDA (54.8 w/o
HNO,, 44.0 w/o N,0,, 0.6 w/o H,0, 0.7 w/o
HF) was estimated using the heats of formation of
the components, N,O,, H,0, and HF, and their
heats of solution with each other. An estimate was
made of the possible uncertainty in the calculation,

using a conservative approach to arrive at the
greatest possible uncertainty. Where uncertainties in
individual enthalpies had to be estimated, unusual-
ly targe values were chosen. Absolute values of the
individual uncertainities were summed to calculate
the total uncertainty. It should be noted that
enthalpy values associated with H,O and HF are
not very critical since these components are present
in small quantities.

The heat of formation of HDA was found to
be 43.3 £ 0.8 Kcal/100g, where 0.8 Kcal/100g is
the estimate of the maximum uncertainty that
could be expected.

The individual values used in preparing the
estimate are summarized in the following table:

TABLE 2.2.1 ENTHALPY CONTRIBUTIONS OF HDA COMPONENTS
AND THE HEAT FORMATION OF HDA

Enthalpy Contribution
Comiposition | Molecular (Keal/100 g HDA)
: Component wlo Weight Moles/100 g HDA Low Nominal High
(o HNO, 54.8 63.0129 0.86966 36.14 36,06 36,97
N2Oy4 440 92.011 0.47820 -3.41 298 -2.56
H,0 056 18.0163 0.02775 -1.83 -1.62 -1.51
HF 0.7 20,0064 0.03499 -2.68 -2.69 -2.51
HDA Heat of Formation {Kcal/100 g} -44.06 -43.25 -42.64 _
Selacted Value of HDA Heat of Formation: -43.3%0.8 Kcal/100 g ]
i Empirical Formula {basis of 100 g HDA): Hg 96015N1.8260804.54953F0 03499
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The general approach employed by Rocket-
dyne was to start with the best available values for
heat of formation of the pure components in HDA,
then to calculate or estimate from known data
their heats of solution or reaction in the HOA mix-
ture. The heats of formation of pure compounds,
used in these calculations, are shown in the follow-
ing table:

minor. The assignment of an uncertainty of £0.5
Kcal/g-mole to the above value seems exceptionally
pessimistic since it corresponds to an error of
about 5°C in temperature rise. Combining the
above value for the heat of N,04 in HNO,, -1.58
10.5 Kcal/g-mole N,0,4, with the heat of forma-
tion of N,O,, -4.68 *0.4 Kcal/g-niole, leads to the
following values for N, O, , dissolved in HDA:

TABLE 2.2-2 HEATS OF FORMATION OF PURE COMPOUNDS

AT STANDARD CONDITIONS
Heat of Formation,
Liquid at 25°C Uncartainty
Compound {Kcal/g-mole) {Kcal/g-mole) Refevence
HNO; 4146 +0.09 8
N,O4 4.68 10.4 8
Ha 68.32 +0.01 {est.) 9
HF -71.99 102 9
N,03 +12.02 £2.0 (est.) 9
HNO, 276 £2.3 (est.) 9
For convenience in making estimates of heats Low Nominal High
of formation for other mixtures similar to HDA, a 7.14 6.24 -6.34 Kcal/y mole

special set of heats of formation for the HDA com-
ponents in solution were derived, combining the
pure components heats of formation with the heats
of solution and reaction. The heat of formation
that was assigned to HNO, is the JANNAF value
for the pure compound. With this approach, once
the special set of heats of formation has beers
worked out, it is easy to compute the heat of
formation of another mixture (as long as the
composition is similar to that of HDA). The

These values, converted to the basis of 100 ¢ HDA,
were used in Table 2.2-1.

Although H,0 would exhibit an exothermic
heat of solution in HNQjy, it will react with the
N,O4 in HDA. The reaction of H,O with excess
N,0O, has been qualitatively observed to be enda-
thermic. Two overall reactions are possible for
H, O with excess N, Q.

Heat of Reaction,

Keal/g-mole Reaction
H,0 + N,0, —————= HNQ, + HNO;  + 651+ 3.32 (1)
H,0 4 2N,0,———=N,0; +2HNO; +99 %40 an

derivation of these special heats of formation of
N,0,, H,0, and HF, which include heats of
interaction, are discussed in the following sections.

N, O, is not known to react with HNO, ; i.e.,
no reaction can be written, A sma!l heat of solu-
tion, -1.56 Kcal/g-mole N,O,, has been measured
(18 and 18). Calorimetric equipment was not used;
however, large quantities (~100 g) were involved
and temperature rises were in the range of 14 o
16°C. Therefore, heat loss effects should have been

Reaction |1 is preferred, since HNQ, is rather
unstable and since NO is stablized in the form of
N, Q;. Therefore, 9.9 Kcal/g-mole is sefected as the
nominal heat of solution. The high value is 13.9
(9.9 + 4.0) and the low value is 2.19 (56.51 - 3.32).
Combining these values with the heat of formation
of H,O yields the following values for H,O dis-
solved in HDA.

E‘M Nominal l-_ﬁg_
-66.1 -68.4 -64.6 Kcal/g-mole

2.2.32
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The heat of solution of HF in HNO; was
assumed to be between O (minimum) and that of
HF in H,0 (maximum). The value of -71.99 £0.2
Kcal/g-mole was taken for the heat of formation of
HF from Table 2.2-2 and heat of solution in H,0
was derived from data in Reference 9. Using
these data together with the uncertainty of 0.2
Kcal/g-mole for the heat of formation of HF,
the following values for HF dissolved in HNO, are
obtained.

Low Nominal High
-76.7 -714.0 -71.8 Kcal/g-mole

The nominal value was selected approximately
midway between the high and low values.

The nominal values that were derived for the
heats of formation of N,O,, H,0, and HF dis-
solved in HNO,, are summarized below.

They were used to caiculate the heats of for-
mation of the nominal formulation in Table 2.2-1,
subject to the restriction that the H,0 and HF
concentrations are small; i.e., a few percent or less.
Thus from the data just developed, the heat of
formation of HDA at 298°K (25°C and 77°F) is
given as follows:

A H, = -30.698 Kcal/mole
AH, =-779.4 BTU/Ib

2.2.5.2 Maelting Point and Heat of Fusion

Rocketdyne (3) reports a melting point of
-37.2°C (-35°F) for HDA citing as its source &
chemical safety bulletin, Fuming Nitric Acids, by
Bell Aerospace (10).

No experimental value for HDA heat of
fusion is available. The value for latent heat of
fusion depends in part on the crystal form of the
solid phase, and attempts to obtain general correla-

Compound H,, Kcal/mole tions have been quite unsuccessful (6).
N2 04 - 824 Heat of fusion for the hydrates of HNO3 can
H,0 -68.4 be estimated by summation of the fusion heats (9)
HF -74.0 of the constituents,

Species  Exp.A My, (cal/mole) 2o AH guon A [cale-Exp.) A%

HNGQ, 2503 - - -

H,0 1440 - - -

HNO,4H,0 4184 3943 -243 -5.7

HNQ4-3H, 0 6964 6823 -131 1.9

On this basis, assuming HDA consists mainly of
2HNO,‘N,0, (42% N,0,) the heat of fusion

(9) is:
Species Exp. &Hj,i0n (cal/mole) ZA Hiusion
HNO, 2503 -
N,Q, 3602 -
2HNO; N, 0, - 8508

212‘33




SN

P
i

For the nominal HDA composition, the
estimated value is 120.0 cal/gm (21% BTU/Ib)
based on a molecular weight of 70.897.

2.2.5.3 Critical State Constants

Experimental values for the critical constants
of HDA do not exist. It is not possible to obtain
reliable values because of the decomposition of
nitric acid at elevated temperatures. Consequently,
pseudocritical properties are estimated for the

“.nominal HDA composition, The technique and

procedure used in obtaining these values are re-
ported by Rocketdyne (3).

Pseudocritical temperature and pressure were
estimated by Kay’s Rule (11), and the pseudocriti-
cal compressibility factor was estimated by the
analogous Leland-Mueller rule (12). Pseudocritical
volume was calculated from the other constants.

in applying Kay's Rule to HDA, there is un-
certainty as to the most appropriate value to use
for the molecular weight of N, Q4 (46, 92, or some
intermediate value). Thus, the rulé was applied
using the extremw values. Pseudocritical pressure
and compressibility were surprisingly insensitive
to the molecular weight of N,Q, and even the
temperatures were close (AT = 31°K). Values are
summarized in Table 2.2-3, There is ne¢ good
reason to select either extreme; therefore, they
were averaged to obtain the recommended values
given in Table 2.2-3.

2.2.5.4 Heat Capacity of Liquid HDA
Experimental values of heat capacity (Cp) for
HDA has not been determined. Lockeed (1) has
estimated Cp values based on the following obser-
vations in the literature of the physical and chemi-
cal behavior of the constituents that make up
HDA. An examination of the literature (3, 5, 13,
14) indicates that while C, for pure HNO; does
not vary appreciably with temperature, there is a
significant shift in C, for N,0, over the same

temperature range. It is therefore reasonable to
assume that HDA would exhibit a similar shift in
C,, and further, that the shift would mimic the
N,0, data slope which has a very pronounced
upward trend.

Reference 13 describes the mechanism by
which N3O, is ionized in HNO; to produce an
aquilibrium quantity of the associated molecule
NO; " (HNO;), accounting for the increased dens-
ity of the solution. Since heat capacity, like
density, is an additive property, it is possible to
estimate the C, values for HDA as a function of
temperature, if a correction is made for the
abnormal density change., Taking the summed con-
tribution of hauat capacities for the respective mole
fractions of the solution ingredients and multiply-
ing the valug by the ratio of actual HDA density
to the computed additive densities for the ingre-
dients, provides an estimate of what the C; value
for HDA might reasonably be.

TABLE 2:2-3 PSEUDOCRITICAL CONSTANTS OF HDA

Assumption

N204 present as NO4 N20O4 prasent as N2O4 Recommended
Constant (MW = 48.005} (MW = 92,001) Values
Pe, otm 974 97.4 97.2 (1428 psia) T
Te, K 524 556 540 (972°R)
Z. 0.235 0.236 0.236
Ve, (celg) 14216 1.5036 1.4626 {0234 ft/lb)
P ¢, glce 0.7035 0.66561 0.6837 {42.68 Ib/ft3)

2.2-24
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The estimated values of heat capacity for
liquid HDA are given in Table 2.2-4,

TABLE 2.24 ESTIMATED C, VALUE® OF LIQUID HDA

Temperature Heat Capacity, C,,
R °F K BTU/ib,,-°F or cal/g-°K
459.67 0 255,37 0.4263
469.67 10 260.93 0.4313
479.67 20 266.48 0.4323
491.67 32 273.15 0.4360
499 .67 40 277.69 0.4380
509.67 50 283.15 0.4398
519.67 60 288.71 0.4415
536.67 77 298.15 0.4435
549.67 90 3056.37 0.4446
559.67 100 31093 0.4455
579.67 120 322.04 0.4486
599.67 140 333.15 0.4516
619,67 160 344.26 0.4576

Using a least-squares curve-fit computer pro-
gram, the estimated values of C,, for liquid HDA as
a function of temperature may be expressed as:

C, (Cal/g°K} = -1.764 + 0.02146 (T, °K)
-7.010 x 108 (T, °K)?
+7.704 x 108 (T, °K)3

(2.2-15)

G (BTU/Ib-°R) = -1.764+ 1.192x 102 (T, °R)

-2.163 x 10'5 (T, °R)?
+1.321x 108 (T,°R)3
(2.2-15a)

The standard deviation computed for equations
2.2-156 and 2.2-15a are 5.624 x 104 cal/g-°K and
5.617 x 104 BTU/Ib°R respectively. The estimated
values for C, of liquid HDA are graphically shown
in Figures 2.2-10 and 2.2-10a.

2.2-36
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2.2.5.5 Latent Heat of Vaporization of HDA

An equation for the latent heat of vaporiza-
tion of HDA was derived from the vapor pressure
equation, using the Clapeyron equation (3}:

d In(P,)

— AHV
d /n(‘?)

R(Z,-Z,)

(2.2-16)

The term, Z, (the compressibility factor of the
liquid) may be neglected since it is very small,
about 0.004. The value for Z, (the compressibility
factor of the vapor} was obtained by assuming the
vapor tc be entirely NO,. A value of 0.9888 for
Z, was obtained from the generalized tables of
Lydersen, Greenhorn and Hougen (15), Combining
these components generated the following equa-
tions for the heat of vaporization of HDA:

AH, (Kcal/g mole) 21.251- 0.12882 Ny,

vapor _2567.2
1T, °K)
(2.217)

38,252 - 231.88N,, /o,
8,285,300.
{T,°R)

AH, (BTU/lh mole) =
vapor

(2.2-17a)

which are valid for 43.2 to 45,6 w/o N,0, and
256 to 397°K (461 to 714°R).

These equations were evaluated for the nomi-
nal composition (64.8 w/o HNO3, 44.0 w/o N,0,,
0.5 w/e H,0, 0.7 w/o HF) at the no*mal boiling
point, 24.7°C (76.5°F), to give the following values:
7.00 Kcal/g-mole vapor or 12,600 BTU/Ib mole
vapor,

in order to put the heat of vaporization on a
weight basis it is necessary to know the molecular
weight and thus the composition of the vapor
phase. This has not been determined for HDA.
Attempts to estimate the compasition, assuiming
ideal behavinr, produced a poor estimate of the

Agena vehicle.

total pressure at the boiling point, 0.47 atm. There-
fore, this assumption was discarded. Subsequently,
molecular weight was estimated by two methods
which represent extreme assumptions: (1) the
vapor is pure NO,, therefore MW = 46.005 (mini-
mum); and (2) the partial pressure of HNO, is
equal to the vapor pressure of pure nitric acid,
therefore MW = 47.43 (maximum). Fortunately,
the range of values is small. Using these values, the
following range is obtained for heat vaporization
of HDA or a weight basis: 148 to 152 cal/g (266
to 274 BTU/Ib).

2.2.6 .OGISTICS OF NITRIC ACID,
TYPE IV (HDA)

2.2.6.1 Manufacture

The oxidizer, HDA, is a blend of nitric acid
(Type |1ILS) and nitrogen tetroxide (MON-1). The
biend is defined in MIL-P-7254F (30 April 1970),
Amendment 2, (18 January 1972). The details of
the process for manufacturing nitric acid is des-
cribed in Section 2.1.6.1 and for nitrogen tetrox-
ide is described in Section 2.3.6.1.

2.2.6.2 Analysis

The analysis of HDA is covered in Section
2.1.6.2 on nitric acid. The same techniques are
used for this oxidizer.

2.2.6.3 Cost and Availability

HDA is readily available in large quantities for
aerospace usagey The only known usage is the
1 he oxidizer is supplied tc the
gnvernment by Allied Chemical Company of
Buffalo, New York. The unit price in 1978 was
$0.22/pound from the government. The govern-
ment procured 30,000 pounds in 1976 (20).

2.2.6.4. Shipping and Transportation

The requiremerts for shipping and transpor-
tation of HDA are basically the same as those for
the nitric acids. See Section 2.1.6.4. HDA, per
Reference 18, has been assigned Federal Stock
Number 91354334963 and is commerdially avail-
able from Industrial Chemicals. \i

2.2.38
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2.3.1 PROPERTY SUMMARY SHEET

Chemical Name: Nitrogen Tetroxide

Chemical Formula; NoQy4

Common Name: NTO, MON-1, MON-3*

Formula Weight: 92.016 (Q1€)

Property Value Units Temp (°K)} Reference Figure
Melting Point 26195 °K 6,9,10, 23
112 ‘C
471.47 °R
118 °F
Heat of Fusion 38 cal/g 26195 6, 10, 24
68.6 BTU/Ib
Normal Boiling Point 294.3b °K 6,7,10,23
21.2 °C
529.77 °R
701 °F
Heat of Vaporization 99 cal/g 294.35 6,23,24
178.2 8TU/Ib
Heat of Disassociation (Liquid) 17.82 kcal/mole 298.1 6
Critical State Constants
Temperature 431.35 K 6, 24
168.2 °‘Cc
776.47 °R
316.8 °F
Pressure 98,0 atm 9
1440.2 psia
Density 0.5504 glee 9
34,3641 Ib/ft3
Vapor Pressure of Liquid 898,57 mm Hg 298.15 9 2.32
17.38 psia
Density of Liguid 1433 g/ec 298.16 1,10 2.3-6
89,62 ib/ft3
Sonic Velocity (Liquid) 907 m/sec 298.15 9 2.38
3204 ft/sec
Compressibility of Liguid
Adiabatic 744 %106 atm-1 298.16 1,9,10 239
5.006x 108 psi-1
{sothermal 9.34x 105 atm-1 298.16 6 2.3-10
6.4 x 106 psi-!
Viscosity of Liquid 0.396 cp 208,15 & 2.3-11
267x104 Ib/ft-sec
Heat Capacity of Liquid 378 cal/gm-*C 298.15 9,23 2.3-15
378 B8TU/Ib°F
Thermal Conductivity of Liquid 3.13x 104 cal/cm-sec-°K 298.156 6 2.3-13
211x 105 8TU/ft-sec-°K
Surface Tansion 26.1 dynes/cm 298.15 7,9 2.3-12
00172 to/ft
Parachor 1440 298.16 Calc
Refractive Index 140 293.16 6
1.0046 208.16
Dielectric Constant 242 291.16 6, 18
1000 cycles/sec
Entropy (Gas) 72.724 cal/mole-*K 208.16 6,9,10
7904 BTU/Ib "R
Entropy (Liquid) 50.007 cal/mole-°’K 208 9
0.5435 BTU/ib- R
Heat of Formation {Liquid) 4676 cal/mole 208.16 20
91476 BTU/ib
*Sea Section 2.3.2.1.
213'1
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23.2 GENERAL

2.3.2.1 Introduction

Nitrogen tetroxide (aiso known as dinitrogen
tetroxide, NTO, and nitrogen peroxide) is a volatile,
heavy, reddish-brown liquid which boils at 71°F
and melts at 12°F. It is highly regarded as a propel-
lant oxidizer because it is highly reactive chemi-
cally, thermally stable and insensitive to all types
of mechanical shock and impact. Although non-
flammable, it will support combustion and upon
contact with high energy fuels such as hydrazine,
will react hypergolically.

At ordinary temperatures N,O, exists in
equilibrium with nitrogen dioxide (NO,),
N,0,=< 2NO,, with the degree of dissociation
varying directly with the temperature and inversely
with the pressure. At atmospheric pressure, the
equilibrium mixture . contains approximately 15
percent NO, at its boiling point (70.1°F), increas-
ing to about 90 percent at 212°F (100°C) and
dissociation ' is practically complete at 302°F
(150°C).

In the solid state, N,O, is colorless; in the
liquid state the equilibrium is yellow to red-brown,
varying with temperature and pressure; in the
gaseous state it is red-brown. The addition of 0.46
to 0.85 percent nitric oxide (NQ) gives a “‘green”’
N,O4 mixture. The low percentage addition of NO
is specified to minimize stress-corrosion crackmg of
titanium tanks (12).

The speciiic unpulses of N,O, with amine-
type fuels such as Unsymmetrical Dimethylhydra-
zine (UDMH), hydrazine (N,H,), and aniline are
five percent higher than that of red fuming nitric
acid (RFNA), RFNA has a lower freezing-point
and a higher density than N,0,, but in many pro-
pulsion systems, especially those not subjected to
temperature extremes, the oxidizer of higher per-
formance is preferred when it provides greater mis-
sion capability than the more dense oxidizer.

Nitrogen tetroxide when mixed with nitric
oxide forms MON-type acids. The performance of
MON-type acids is slightly higher with amine-type
fuels than that of N,0,. MON-type acids have
lower freezing points. See Figures 2.3-1 and 2.3-1a
for the relationship of freezing point versus weight
percent of NO. MON's density is lower than the
density of N,0, and MON's higher vapor pressure
requires the use of larger and heavier pumps.

MON-type acids, Mon-1 and MON-3, are cur-
rently being specified for rocket oxidizers because
the addition of NO acts as an inhibitor against
stress corrosion. MON-1 is specified where stress
corrosion or propellant tanks is anticipated. MON-3
is specified for Space Shuttle; to assure that the
NO content of the oxidizer will remain above 0.5
percent NO after handling and storage of the
oxidizer and ventings of the oxidizer tanks. The
slight addition of NO does not change the thermo-
physical properties of N,O, significantly. There-
fore, the listed properties for N,0, are applicable
for MON-1 and MON-3.
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2.3.2.2 Structure of N, O,

The structure of the N,0, molecule, contro-
versial for a iong time, has been gstablished by elec-
tron diffraction data to have in the gaseous state a
coplanar structure, and N-N bond distance of
1.75°A, and N-O bond distance of 1.180°A, and an
O-N-O angle of 133.7° (13). The pictorial form of
the molecular structure is shown at the end of this
paragraph. Solid N,O, is similar by x-ray diffrac-
tion measurements at -40°C with slightly different
distances and angles (14). Infrared spectra of the
gas (23°C), liquid (10°C), and solid (-180°C) show
no evidence for a different structure in the liquid
state (15).

O\ /O

N4+ —— N+

v AN

0 0-

planar form

2.3.2.3 Spaecification

The chemical requirements for procuring
N,0O4 and MON-1 are documented in Specification
M!L-P-26539C, dated 30 March 1970. MON-3
requirements are described in the amendment 2,
dated 5 April 1976, to MIL-P-26539C. Beli Aero-
space lists their procurement reguirements for
“Minuteman Grade N,0O,’ in their specification
8477-947041. MIL-P-27408A, dated 15 October
1971, lists the requirements for MON-10 and
MON-25,

Table 2.3-1 is a compilation of the chemical
composition and physical properties of the N, O,
-MON series.

TABLE 2.3-1 CHEMICAL CCMPOZITION AND PHYSICAL PROPERTIES

Limits :
Composition NTO MINUTEMAN | MON-1 MON-3 MON-10 MON-25
(Red-Brown) Grade (Green) {Green)
Nitrogen tetroxiue assy
(N2Og4) percent by 895 88.8 min 73.8 min
weight
Nitric oxide (NO} content-max{ 1/ 0.51 1.0 3.0 11.0 26.0
percent by weight-min ' 0.11 0.6 1.6 100 25.0
N204 + NO-percent by
weight-minimurn 89.5 99.5 98.5
vt paraAnt 0.17 0.10 0.17 017 0.17 0.17
Chloride content-percent
by weight-max 0.040 6 ppm 0.042 0.040 0.040 2/- 0.040 2/
Iron (Fe) 5 ppm
Particulate- mg/liter 10 10 10 10 10 10
1/ The NO content shall be limited to that which does not change the specified Red-Brown color of the propellant.
2/ This test need not be performed on propellant manufactured by the ammonia-oxidation process.

2.3-8
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2.3.3 PHYSICAL PROPERTIES

2.3.3.1 Vapor Pressure and Normal Soiling Point
Several equations have been determined to
calculate the vapor pressure of liquid N,O4 (NTO).
Hercules (6) used values calculated from the
Antoine constants and the Antoine equation,
namely
logyoP=A-B/(C+1t) (2.3-1)
where:
A,B,C = Antocine constants
t = temperature, °C
P = vapor pressure, mm Hg
Allied Chemical (10) lists a different equation for
the vapor pressure of liquid N, O, between -11.3°C
and 21.7°C:

-1753.000
(T, °K)

- 11,8078 x 104 (T, °K)

+2.0954 x 106 (T, °K)?

logyqP = +9.00436

(2.3-2)

Rocketdyne took the experimental data as listed
by Hercules and Allied Chemical and curve-fitted
the data (9). Rocketdyne’s equations are:
- . 2331.98
log P (mmHg) = 9.82372 Tk
84567
(T, °K)2
Temperature range: -11.2 to 168.2°C

4197.55
(T,°R)

+

(2.3-3)

log P (psia) = 8.11012 -

273994
(T,°R)?

(2.3-3a)
Temnperature range: 11.8 to 316.8°F

Calculated values of Hercules, Allied Chemical, and
Rocketdyne are plotted in Figures 2.3-2 and
2.3-2a, The equations of Rocketdyne are con-
sidered adequate to determine vapor pressure
values of liquid N,O, (NTO, MON-1, MON-3). A
normal boiling point value of 21.2°C (70.1°F) is
reported by Hercules (6) and Allied Chemical {10),

203"7
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Rockewdyne (7} also expressed in equation
form the vapor pressure values for the MON-10,
MON-25, and MOi4-30 mi. :res. The expressions
are based on avilaple data; Rucketdyne reports
that additional characierization (or confirmation)
of the N,04-NO system is recommended. The
curve-fit equations for the data in the tzmpera-
ture range of freezing point to 132°C (270°F) are:

MON-10: log P (atm) = 5.4899 - 1352.4

T, %K)
S (2.34)
" (osial = 6.6571 . 24343
log P {psia) = 6.857 T H)
\ " '
183110 234
1236.0
. M p i = . 4 et em——
MON-25: log P (atm) = 5.4899 i)
e (2.35)
- eersq 22247
log P {psia) = 6.6571 - (T R)
3 6
A .__.__Tf?"o; )‘ 0 (2.3-5a)

2.3-10

MON-30: log P (atm) = 5.4899 - J_T%_)Z
'% (2.36)
log P (psia) = 6.6571 -2_{‘{_“2%
) 1—8('3’19?%(‘2)‘5" (2.3-6a)

Figures 2.3-3ar 2.3-3a graphically show the vapor
pressure as a fu.ction of temperature. The normal
beiling points of the three MON mixtures as
obtained from the vapor pressure equations by
Rocketdyne are as fallows:

MON-10 9.7°C (49.4°F)
MON-26 -9.0°C (15.9°F)
MON-30 -16.1°C (3.0°F)

-~

Figure 2.3-4 shows the vapor pressure value of
MON solutions as a function of the weight percent
of NO in MON at 25°C (298.15°K).
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2.3.3.2 Density of N,O,, MON

Density values were taken from the 