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NATIONAL ADVISORY COMMITIEE FOR  AEROR.AUTICS 

RESEARCH "ORA" 

SOME FTJTIDm ASPECTS  OF N I T R I C  ACID OXlDANTS FOR 

ROCKET APPLICATIONS 

By Dezso J. Ladanyi, Riley 0. Miller, Wolf Karo, 
and Charles E. Fei ler  

The l i terature   per ta ining t o  the  preparation,  physical  properties, 
corrosiveness,  thermal  stability,  constitution, and analysis of various 
n i t r ic   ac ids  is reviewed primarily  with  respect t o  t h e i r  me as rocket 
oxidants. Conflicthg  data are evaluated and recommendations f o r  addi- 
t i o n a l  experimental work are  indicated. 

Reactions of  n i t r i c   a c i d  which could  occur during the   s ta r t ing  and 
4 steady-stage  phases of  rocket  operation are discussed and probable 

mechanisms are   selected on the b a s h o f  reported  thermal and kinetic 
data. 

INTRODUCTION 

Concentrated ni t r ic   acids   containing  a t   least  90 percent n i t r i c  
acid and oxides of nitrogen  are  used  widely as rocket  propellants; 
hence, the  properties and the  behavior of these  acids are of consider- 
able  interest  to the rocket  engineer. Because the  recent   l i terature  
in t h i a   f i e l d  of  n i t r i c   ac id  chemistry i s  quite  scattered, it was f e l t  
that a c r i t i c a l  survey of  available  information would accomplish two 
purposes: (1) the  present  state of knowledge of the  chemistry of n i t r i c  
acid  pertinent to rocket  technology would be  available in  compact form, 
and (2) the  areas i n  w h i c h  additional o r  continuing  experimental work i s  
required would become apparent. 

Accordingly, a search of t he   l i t e r a tu re  on n i t r i c   ac id  w a s  conducted 
a t   t h e  NACA Lewis laboratory from August 1951 to March 1952 and the 
results  are  reported  herein. - 

Subjects  covered  include commercial and laboratory  preparations, 
B physical  properties,  corrosion,  thermal  stability,  constitution, and 

analysis. Where conflicting data have been reported, an attempt was 
made t o  select   the  most reliable  values. 
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The reactions which could  occur i n  a rocket  engine are Uscussed 
and  probable mechanisms are  selected on the basis of reported  thermal 
and kinetic data. 

Commercial Manufacture 

Methods that have been used or  proposed for  the commerical produc- 
t i on  of n i t r i c   ac id  may be divided as follows: (1) oxidation of 
ammonia, ( 2 )  production from saltpeter,  and (3) direct   f ixat ion of 
nitrogen as oxide. 

General descriptions of the  severalmethoda  for the manufacture of 
n i t r i c   ac id  w i l l  be found in  references 1 t o  4, and bibliographies and 
synopses of publications and patents from 1932 t o  1941 bearing on i ts  
manufacture are contained in references 5 and-6. 

Ammonia oxidation. - In  the United  States, 90 percent of t h e   n i t r i c  
acid produced i s  made by the  oxidation of ammonia (reference 4) . A 
flow sheet of t h i s  process i s  shown by figure 1. !The reactions  are  as 
follows : 

Ammonia i s  oxidized by air on platinum  screens packed in   layers  of 10 
t o  30 sheets  in  the  reactor. With the newer reactors,  the  oxidation i s  
carried  out a t  about 750' C and under a pressure of about 100 pounds 
per  square  inchi this permits  the use of smaller equipment, increases 
reaction rates, and prohces  higher-strength  acids  than was formerly 
possible a t  atmospheric  pressure. 

Production from saltpeter. - A t  the  present time, o n l y  10 percent 
of the n i t r i c   ac id  produced i n  the Unitea States is manufactured f r o m  
saltpeter  (reference 4), a dis t i l la t ion  being made from a m i x t u r e  of 
concentrated  sulfuric  acid and sodium ni t ra te   in   cas t - i ron   re tor t s ;  

* 
" 

A discussion  of the technology I s  contahed in reference 7. 
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Direct  fixation of nitrogen as oxide. - A t  high  temperatures,  the 
following  equilibrium i s  shif ted toward the  right and the  reaction  rate 
is rapid: 

This permits  the  fixation of nitrogen i n  a i r   a s   n i t r i c  oxide,  provided 
that the  gases can be  chil led  rapidly enough so that the  reverse  reac- 
t i o n  does not  take  place  during  the  cooling  interval. This can be 
accomplished, f o r  example, by passing air  through an electr ic   arc ,  a 
method  which has been used commercially in   mopean   a reas  where e l ec t r i c  
power is relat ively inexgensive. The e l ec t r i c   a r c  process, however, is 
uneconomical in the U n i t e d  States. 

A new process  Fncorporating  refractory  pebble  beds  (reference 8) 
has attracted  considerable  interest   in this country  because it offers 
promise of economical commercial production of n i t r i c   a c i d  by direct  
f ixation of atmospheric  nitrogen. A schematic skekch of the  apparatus 
is shown by figure 2. Air under pressure passes through E four-way 
valve in to  chaniber A containing a high-temperature refractory pebble  bed 
which heats  the air t o  appmxinrately lsoOo C. The hot air i s  then  &xed 
with  natural gas  which i s  burned a t   the   top  of chamber B increasing  the 
temperature t o  21oO0 C. A t  t h i s  temperature,  about 2.5 percent NO i s  
theoretically  possible. The gas  mixture i s  then  rapidly  cooled  in  the 
pebble  bed of chaniber B and about 1 t o  2 percent of n i t r i c  oxide  remains 
in  the exhaust gas. The f l o w  is al ternated between the  two chambers; 
in the  next  cycle,  the  pebbles  in B heat  the air and the  pebbles in A 
cool  the gas. With the use of this regenerative  heating  cycle,  high 
temperatures are  obtained  asd  the  heating  costs  are l o w e r  than i f  
e lec t r ic  energy were used. 

Concentration of ni t r ic   ac id .  - Acids with EN03 concentration  as 
high as 99 percent  by weight may be produced by the  sal tpeter  distilla- 
t i on  process. Acids from absorption  towers  used in t h e   a m n i a  oxida- 
tion  process and from auxiliary  absorption towers used in   the   sa l tpe te r  
d i s t i l l a t i on  process have a  concentration of only 60 t o  70 percent. 
Acids of this   s t rength may be  concentrated by contacting  the vapor in a 
tower with  concentrated  sulfuric  acid  (reference 4). 

Economics. - Over the  perfod 1929 to  1949, the   p r ice  of n i t r i c   a c i d  
remained s t a b l e   a t  about $100 per  ton of 100-percent acid  (reference 4).  
The high  current commercial production of nitric ac id  of approximately 
1,200,000 tons a year (as 100 percent) is a resu l t  of greatly  increased 
agricul tural  and industr ia l  demands and of shortages of sulfur ic   acid 
f o r  which n i t r i c   a c i d  i s  often  a  substi tute  (f ig.  3). The rapid  increase 
in commercial production a f te r   the  war  was f ac i l i t a t ed  by private  acqui- 
s i t ions of government surplus equipment. In 1950, t o t a l  production 
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capacity  including Army Ordnance stand-by f a c i l i t i e s  was about 3,660,000 
tons  per  year on a 100-percent-acid basis (reference 9) of which approxi- 
mately 68 percent  could  be produced 'as oxidizer  nitr ic  acid (>95 percent 
ENO3) (reference 9) .  In  order to   ac t iva te  stand-by equipment, consider- 
able amounts of labor and materials would be required  (reference 10).  
Evenwith all present  available equipment fn use, it is expected that 
demand will exceed supply i n  a w a r  emergency (reference 9); hence, large 
quantit ies of ni t r ic   ac id  for rocket  propulsion must  come from new fac i l -  
i t i e s   o r  a reduction of the  supply  available for other  uses. .-I CTr 

cu dc 

Material  requirements for the  production  of 1 ton of n i t r i c   a c i d  
( a s  100 percent)  are as follows  (reference 4) : 

Ammonia oxidation, 93-95 percent  yield: 
Anhydrous ammonia, ton . . . . . . . . . . . . . . . . . .  0.288 

A i r ,  cu ft . . . . . . . . . . . . . . . . . . . . . . . .  ll5,OOO 
Platinum, 02 . . . . . . . . . . . . . . . . . . . . . . .  0.01-0.02 

Sal tpeter   dis t i l ls t ion,  95-97 percent yield: 
Sodium nitrate (96 percent),  ton . . . . . . . . . . . . .  I. 465 
Sulfuric  acid (93.2 percent),  ton . . . . . . . . . . . . .  1.575 

Laboratory  Purification 

For laboratory experimenta, nitr ic  acid  assaying more than 99 per- 
cent has been prepared by several.  Znvestigators. Purification  requires 
the removal of (1) water; ( 2 )  oxides  of  nitrogen3 (3) other  volatile 
impurities, such as hydrogen chloride and possibly sulfur trioxide; 
and (4) nonvolatile  matter. The usual  procedure and the one  which 
appears most reliable is the  repeated  dist i l lat ion of n i t r ic   ac id  (two 
t o  four times) under reduced  pressure (20-30 mm of  a) from a 1:1 or 
132 mixture  by volume of concentrated n i t r i c   ac id  and concentrated 
sulfuric  acid  in  an all-glass apparatus  protected from l ight   ( refer-  
ences 1, 2, ll t o  1 7 ) .  If necessary, the   n i t r ic   ac id  i s  blown with dry 
a i r   p r i o r   t o   d i s t i l l a t i o n   t o  remove oxides of nitrogen. This i s  done 
before  dfsti l lat ion because nitrogen  tetroxide cannot be removed from 
highly  concentrated n i t r i c   ac id  by this method (references 16 and 18) . 
According t o  reference 13, nitrogen  tetroxide is removed from 62-percent 
acid by  twice d i s t i l l i ng  from urea at 30 t o  40 millimeters of mercury. 
Complete removal of nitrogen  tetroxide  prior  to  distillation  apparently 
is  unnecessary  because the sulfuric  acid canibines with  nitrogen  tetroxide 
t o  form "nitrosyl  sulf'uric  acid" (nitrosonium hydrogen sulfate): 
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Absolute n i t r i c  acid is unstable a t  room temperatures and therefore 
should be crystall ized and stored i n  the  dark below -41’ F. I f   t he  
a c i d   i s  concentrated from chemically  pure stock, no trouble  should  be 
expected from hydrochloric  acid; and if the   d i s t i l l a t i on  is conducted 
carefully, no sulfuric  acid will be found in the distiUate. If these 
acids are present, however, addition of barium and s i lver   n i t ra tes  wi th  
subsequent d i s t i l l s t i o n  a t  reduced pressures will remove  them (refer- 
ence n). 

Other methods have also been used t o  prepare  absolute n i t r ic   ac id .  
According t o  reference  18, 99.7 t o  99.8 percent  acidwas  obtained by 
fractional  crystall ization. This acid was said t o  be  colored upon melt- 
ing, however. Absolute n i t r i c   a c i d  has been prepared  also by adding a 
calculated  quantity of w&ter t o  nitrogen  pentoxide  (reference 1). 

Physical  Properties 

Nitric  acids  containing  less  than  about 10 percent w a t e r  by w e i g h t  
are  often c u e d  fuming. White fuming n i t r i c   a c i d  (FIFNA) contains  only 
small amounts of nitrogen  dioxide,  usually less than 1 percent by  weight. 

20 percent by weight o r  mre. Mixed ac ib   a r e   so lu t ions  of n i t r i c  acid, 
. Red fuming n i t r i c   a c i d  (RECIA) contains  larger amounts of N02, 6.5 t o  

a sulfur ic  acid, and water. 

Some physical  properties of przmary in te res t  t o  a designer of 
rocket  engines are melting  points,  boiling  points, vapor pressures, 
vapor compositions, densities,  viscosities, thermodynamic functions, 
and thermal c o n ~ c t l v i t i e s .   E l e c t r o l y t i c  conductance is also of  
interest   with  respect  to  analysis and corrosion.  Selected  values f r o m  
published  data f o r  these  properties  are  presented  herein f o r  the follow- 
ing systems: (1) d t r i c   a c i d  and water; (2) nitr ic  acid,   nitrogen 
tetroxide, and water; and (3)  nitric  acid,  sulfuric  acid, and water. 
Other compilations of various  physical  properties of n i t r ic   ac id  and 
systems containing  nitric  acid may be found in  references 1 t o  3, 7 ,  
19, 20, and 21. 

Melting points. - According t o  reference 22, the  melting  point of 
pure n i t r i c   a c i d  is  -41.59* C. Lower melting  points result when n i t r i c  
acid i s  a  solvent  for  other  substances. A phase  diagram f o r  t h e   n i t r i c  
acid and water system constructed  primarily from melting-point h t a  of 
references 22, 23, and 24 is shown by figure 4(a) . 

The data  indicate  the  existence of the  hydrates HNQ.&o and 
HN03-  3H20 a t  77.8 and 53.8 percent by weight HN03, respectively. The 
most probable  melting  points of these hydrates w e  -37.62’ and -18.47O C, 
respectively,  (reference 22). The composition of 90 percent n i t r i c   ac id  
and 10 percent w a t e r  f o m  a  eutectic  melting  at approximately -65’ C . 

I 
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A phase diagram (reference 25) for  the system ni t r ic   ac id  and 
nitrogen  tetroxide is  shown by figure 4(b). According. to   these data, 
a eutectic  melting  at -73' C exists a t  18 percent  by weight nitrogen 
tetroxide  in  nitr ic  acid.  The melting  point then increases wi th  
increasing amounts  of nitrogen  tetroxide. A t  about 50 percent and 
above the  melting  paint of approximately -no Cy the  solution  exists 
i n  two liquid  layers. These data indicate that red fuming ni t r ic   ac ids  
containing  approximately 18 percent  nitrogen  tetroxide may be suitable 
for low-temperature applications. A few experiments made a t  t h i s  
laboratory, however, indicate that the eutectic mixture of red fumFng 
n i t r ic   ac id  melts higher  than -73' C. It i s  desirable that the  data of 
reference 25 be  corroborated by f'urther eqerirnental  melting-point 
determinations of nitric  acids  containing 0 t o  50 percent  nitrogen 
tetroxide. Exgerimental  melting-point  determin&tions fo r  the system 
nitric  acid,  nitrogen  tetroxide, and water, especially i n  the  regions 
of high ni t r ic   ac id  content, are  also desirable. 

Melting-point  data f o r  the ternary system nitric  acid,   sulfuric 
acid,  and water  are  rep0rte.d  (reference 26). A phase diagram describing 
approximately the  projected  melting  surface of t h i s  system in the  region 
50 t o  100 percent n i t r ic   ac id  was constructed from these data and is  
shown by figure 5. The s b l i d  l ines   are  isotherms and the broken l i nes  
indicate  eutectic compositions. The following  materials  freeze aut i n  
the  regions designated: m03, HN03*H20, BN03*3H2Oy and H2SOq*H20. 
These data show a eutectic Une for  mixed acids  containing about 12 per- 
cent  water  and 0 t o  30 percent  sulfuric  acid; at approximately 30 per- 
cent  sulfuric  acid and 0 ta 1 7  percent water, another  eutectic  line 
occurs. The characteristics of  the approximate region 0 t o  3 percent 
water, 29 to 35 percent  sulfuric acid are not w e l l  defined by these 
data probably  because glasses form  which make melting-point  determina- 
t ions  difficult .  

Vapor pressures and boiling  points. - Vapor pressure-temperature 
data for   the  system ni t r ic   ac id  and water published p r i o r   t o  1925 are 
reviewed i n  reference 29  and tables of sm6othed values  (appearing a lso  
in  reference  19)  are  presented. Tliese data  for compositions greater 
than 70 percent n i t r i c  acid,  according to   t he  author, w e r e  less precise 
than  the 'data for  the more dilute  acids. More recent data fo r  concen- 
t ra ted   n i t r ic   ac ids  are available in references 16, 27, and 28. The 
t o t a l  vapor  pressures f o r  100-percent nitric acid  reported  in these 
references  agree w e l l  w i t h  calculated fugacities reported in refer- 
ence 30. A plot of smoothed t o t a l  and par t ia l   pressures   for  50- t o  
100-percent ni t r ic   acids  based on the data of references 16 and 27 
t o  30 are  presented  in  figure 6; the smoothed curves  deviate somewhat 
from the data of references 19 and 29. The reported  vapor  pressures 
fo r  80-percent nitric acid  are mre poorly  corroborated  than  those 
reported  for  other compositionsj at lower temperatures,  the data of 
reference 56 are used as a compromise. 



PIACA FM E52J01 7 

Reliabi l i ty  of experimentally  determined partial  pressures  reported 
t o  da te   for   the   n i t r ic   ac id  and water system have been questioned i n  
reference 22. The partid pressures of w a t e r  and n i t r i c   a c i d   a t  20' c 
given in reference 16 were recalculated in reference 22 by the Duhem 
equ5tion and were found t o  decrease a t  low concentrations more rapidly 
than  the  reported data indicate. These recalculated  values a t  20° C 
a re  shown also in f igure 6. It i s  t o  be conceded that  the  experimental 
par t ia l   p ressures   a re   l ess   rea l i s t ic  than the t o t a l  pressures. The 
data of f igure 6 are  idealized in that they  represent  equilibrium vapor 
pressures which, f o r  concentrated  acids a t  high  temperatures, would be 
d i f f i cu l t  to  realize because of the  rapid decomposition of  the  acid t o  
form nitrogen  dioxide and oxygen. This phenomenon is discussed in  the 
sect ion  ent i t led "Thermal Stabil i ty".  

Total vapor pressures f o r  the  ternary system nitric  acid,   nitrogen 
tetroxide, and water (red Rzming ni t r ic   acids)   are   avai lable   in   refer-  
ence 28 f o r  the  temperatures Oo, 12.5O, and 25O C. The data are reported 
for  anhydrous, 19 N, and 16 N ni t r ic   ac ids  di luted with varying mounts 
of nitrogen  tetroxide. The -concentrations of the 19 N and 16 N acids 
were assumed to be 82 and 71 percent  by  weight,  respectively, and tri- 
angular diagrams were constructed (fig. 7) sharing  constant-vapor- 
pressure lines as functions of composition a t  0' and 25' C. These data 
i l l u s t r a t e   t he  fact that the   so lubi l i ty  of nitrogen  tetroxide in n i t r i c  
acid  decreases  with  increased  water  content. 

Data of reference 28 f o r  binary mixtures of n i t r i c   ac id  and nitrogen 
tetroxide  are  l inear on log  p  against l /T  plots,  but  the  extrapolated 
data indicate  higher  boiling  points  than are reported in  reference 19: 

Nitr ic   acid in n i t r i c  
Reference 19 I Extrapolated acid,  nitrogen  tetroxide 

Boiling point, OC 

mixtire 
(percent by wt) 

72.9 
55.0 89 .O 
33.0 

65.0 94.9 
100.0 78.5 

from data of 
reference 28 

50 
67 
77 
84 

A need i s  evident f o r  more vapor-pressure data f o r  the  ni t r ic   acid,  
nitrogen  tetroxide, and water system, especially  at  higher  temperatures. 

A ternary diagram of  constant-vapor-pressure lines a t  25O C as 
functions of composition in the system nitric  acid,   sulfuric  acid,  and 
water (reference 19) i s  shown by figure  8(a).  Constant-boiling-point 
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lines  at 760 millimeters of mercury  are shown for  the  same  system by 
figure 8(b) (reference 19). Somewhat similar data  are  reported  in 
reference 31. Lines of constant  vapor  composition  for  the  system  at 
760 millimeters  of  mercury  compiled  from  several  sources  (reference 19) 
are  shown by figure 8(c). Additional  triangular  plots of boiling  points 
and  vapor  compositions  at  several  subatmospheric  pressures,  derived  from 
data of reference 32, are  available in reference 19. 

Densities. - Plots  of  densities  at  various  temperatures  for  the 
nitric  acid 6nd water  system  from 50- to  100-percent  nitric  acid  are 
shown by  figure 9(a). This  plot is based  principally on data from 
reference 19. The  data  for  the  more  concentrated  acids  are  extrapolated 
to  higher  temperatures  wlth  the  aid  of  data  supplied by the  General 
Chemical  Division,  Allied  Chemical  and  Dye  Corporation  for  97.5-percentt 
HNO3. The  data  for  temperatures  below Oo C are  extrapolated  linearly. 

Densities of the  nitric  acid  and  nitrogen  tetroxide  system  at 
several  temperatures  are  reported in references 19, 25, and 28. Refer- 
ence 28 also reports  some  densities of the  nitric  acid,  nitrogen 
tetroxide,  and  water  system  (fig. 9(b)). 

Densities at- several  temperatures  within  the  range 9 to 35O C f o r  s 

the  ternary  system  nitric  acid,.  sulfuric  acid,  and  water  are  reported 
i n  reference 33. A plot of constant-density  lines  at 15O C on a ternary 
diagram  (reference 33) is shown by figure 9( c) . 

Viscosities. - Viscosities  at  various  temperatures  for  the binary 
system  nitric  acid and water  are  reported in references 24 and 34 to 36. 
The  data of references 34 to 36 agree  fairly w e l l  at  the  higher  tem- 
peratures;  but  at  lower  temperatures,  the  data of reference 36 are  more 
erratic  for 50- to  100-percent  nitric  acids.  The  viscosities  reported 
in  reference 24 are  much  lower.  The  data  of  reference 34 for 50- to 
100-percent  nitric  acids  are shown plotted  in  figure 10, the  dashed 
curves  repreeenting  extrapolations  from a linear  plot  made on an A.S.T.M. 
standard  viscosity-temperature  chart. Similar plots of the  data of 
reference 35 are also linear on A.$.T.M. charts  at Oo to 7 5 O  C and  the 
extrapolated  data  are  generally  similar  to  those  shown in figure 10. 
For  the -re  concentrated  acids,  however,  the  viscositiee  of  refer- 
ence 35 are  somewhat  lower than those shown in figure 10. The  viscos- 
ities of , a l l  observers  (references 24 and 34 to 36) show maximums 
occurring  at  various  temperatures in the  region  of  approximately 60 
to 70 percent  nitric  acid. 

Viscosities of the  ternary  system  nitric  acid,  sulfuric  acid,  and 
water  are  reported in references 34 and 35, and  the  ternary  plot6  pub- 
lished  therein s h o w  generally similar trends.  The data-of reference 35 
cover a wider  temperature range and,  allegedly,  the  viscosity  trends 
for the  ternary  system  are  better def Fned  because of more determinations. 
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Constant-viscosity lines a t  Oo, 25O,  50°, and 75' C for   the  system 50 
t o  100 percent n i t r i c  acid, 0 t o  50 percent  sulfuric  acid,  and 0 t o  
SO percent water (reference 35) a re  shown by figure ll. 

9 

Thermodynamic properties. - A study of the thermodynamic properties 
of n i t r i c   a c i d  and its mono- and trihydrates is reported  in  reference 22. 
Some of these  data  are  included in  the following table: 

Enthalpy of formation of 
l iquid a t  2 5 O  C, cal/mole 

Enthalpy o f  vaporization 
a t  250 C, cd/mole 

Enthalpy of fusion, 
cal/mole 

8 

Enthalgy o f  i n f in i t e  
dilution, cal/mole 

Entropy of liquid, 
c d /  ( OC) (mole) 

HNo3 

-a, 349 

9355 

2503 

-7971 

37.19 

""- 

""- 

4184 

-47 32 

51.84 

l- 
" 

L 

""- 

"-" 

6954 

-2123 

82.93 

The specific  heats of these  substances are shown in f igure 1 2  plot ted 
as  functions of temperature. 

Other data reported Fn reference 22 are  free-energy  functions of 
l iquid and  gaseous nitric  acid,   entropies of gaseous n i t r i c  acid, and 
free-energy  functions and equilibrium  constants  for  the  following  reac- 
t ions a t  2 7 5 O  t o  500° K: 

H2O( g) + 2 02 + ZIT0 - 2HN03( g)  AE: = -45,588 -1 3 
(9) 

Heat-transfer  properties. - Thermal conductivities f o r  99-percent 
n i t r i c   ac id  from -30° t o  120° F have been determined  under  sponsorship 
of the IUCA a t   t h e  Engineering Experiment Station, Purdue University, 
and are  sham by figure 13. The data are  extrapolated above 120' F. 
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The boiling-film  transfer  coefficient for 98- t o  99-percent n i t r i c  
a c i d   a t  20 millimeters of mercury i s  reported  to be about 125  Btu per 
square  foot  per hour per OF f o r  a surface-to-bulk.  temperature differ-  
ence of 25' t o  eLo F (reference 37). 

Electrical  conductivities. - A ternary diagram of specif ic   e lectr ic  
conductances a t  Oo C for  the system n i t r i c  acid (80-100 percent),  nitro- 
gen tetroxide (0-20 percent), and mter (0-20 percent) is shown by 
figure 14 (reference 38). The values of specific conductance for   the 
binary  system ni t r ic   ac id  and w a t e r  at Oo C are in  close agreement with 
those of reference ll. I n  reference 36, specific conductances for   the 
same binary system are somewhat lower than  those of references ll for 
the temperatures 0' and 30' C. 

General comments. - Although a considerable amount  of useful 
information on the physical  properties of various n i t r ic   ac ids  does 
exist, data are often fragmentary i n  the temperature  and  concentrattan 
ranges  of interest t o  the rocket  industry. Data that are especially 
needed are thermal-conductivity d u e s  for  most of the n i t r ic   ac id  oxi- 
dants used in rockets, and freezing  points,  densities, vapor pressures, 
vapor compositions,  and viscosit ies for the system n i t r i c  acid,  nitrogen 
tetroxide, and water. The experimental  determination of physical 
properties a t  high temperatures is  complicated by the thermal decomposi- 
t ion  of the  acid and t h i s  factor  should be taken  into account in the 
evaluation of published data. 

" 

- 
The data compiled for  anhydrous and white fuming ni t r ic   ac ids  are 

probably  adequate for most engineering  applications  although  verifica- 
t ion of some of  the  extrapolated data would be desirable. 

Considerable data. have been reported for the system nit r ic   acid,  
sulfuric acid, and water, most  of  which are campiled i n  reference 21. 
Although extension of the data over a wider temperature  range w o u l d  be 
helpful, the existing data are of considerable  value t o  a rocket  engi- 
neer. 

Corrosion 

The value of experimental  corrosion  data is dependent upon the 
length of the testing  period,  especially a t  ambient temperatures when 
corrosion rates are usually small (reference 39). Under such  condi- 
tions, the data are significant only f o r  the period of tes t ing and cas- 
not be extrapolated  safely  to much longer  periodsf  consequently,  exten- 
s ive   f ie ld  testing is  required for  accurate  evaluation of long-term 
corrosion  resistance of materials. When corrosion rates a re  high, as  
at high temperatures for example, short-period  laboratory  testing may 
be more reliable  since experimental and field conditions are more nearly 
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alike; that is, the  testing  period approaches the exgected l i f e  i n  ser- 
vice.  Other factors that caa influence  the  reliabil i ty of corrosion 
data  are  heat  treatment of the sample, welding and  subsequent heat 
treatment,  condition of the surface of the  material,  purity of the  acid, 
and geometry of the sample. Measured ra tes  of corrosion m e  of  little 
significance  unless  corrosion is of an  over-all  nature. P i t t ing  and 
intergranular  attack can seriously impair the  usefulness of containing 
equipment even though r e l a t i v e l y   l i t t l e  metal is removed in  the  processes. 

The effects  of structure and composition on the  corrosion of aus- 
ten i t ic   s ta in less   s tee l s   a re  reviewed i n  references 40 t o  42. Resis- 
tance of these  steels t o  corrosion is  at t r ibuted t o  their   passivity,  
the  theory of which is discussed i n  reference 43. Intergranular  corro- 
sion is  apparently promoted by chromium carbide  migrating t o  the  grain 
boundaries. The function of titanium and  niobium (columbium) added t o  
s ta inless  steels i s  t o  form stable  carbides,  thereby  reducing  the 
tendency of dhromium t o  form i ts  Carbide; thus, AIS1 type 347 stainless  
steel,  containing niobium, i s  one of the mst corrosion-resistant of 
a l l   s ta inless   s teels .   Metal lurgical   s tudies  of type 347 s teel   ( refer-  
enceB 44 t o  46) indicate that heat treatment which promotes chromium 
carbide  precipitation  increases  the  corrosion  rake in n i t r ic   ac id   as  
shown in table  I (reference 47). Extra-low-carbon type 347 steel i s  
more resis tant  t o  corrosion and the  ra te  is l i t t l e   a f f e c t e d  by heat 
treatment  because  there i s  less  tendency t o  form carbides in  t h i s  alloy. 

The corrosion  rates  l isted in table  I were obtained in boiling 
65-percent nitr ic  acid,   but  the behavior of metals in such di lute   acid 
is not  necessarily  indicative of the i r  behavior in  concentrated  acid. 
For comparative  purposes, however, the  tes ts   are  probably satisfactory.  

The effects  of the atmosphere in which heat treatment is  performed 
have  been studied  (references 44 and 45) but  are s t i l l  not understood 
completely. 

The addition of hydrated aluminum n i t r a t e  t o  both  red and  white 
fuming acids t o  suppress  corrosion has beenstudied  (references 45, 47, 48, and 49). As shown in table 11 (reference 45) , the  addition of 
1 percent  hydrated a l m & m ~ ~  nitrate appreciably  decreases  the  corrosion 
r a t e  of 'type 347 stainless   s teel .  Subsequent tes ts ,  shown in table  111 
(reference 47), indicate that the addition of water,  equivalent t o  tha t  
contained i n  the  hydrate, i s  equally effective. 

Other inhibitors  tested  include  sulAzric  acid,  phosphoric  acid, 
potassium  dichromate, boric  acid, and potassium nitrate  (references 50 
and 51). Figure 15 shows the  effects of the  addition of sulfuric  and 
phosphoric  acids on the corrosion  rate of mild s t ee l  i n  red fmnjng 
n i t r i c   a c i d   a t  aslbient  temperature  (reference  51). With sulfur ic  acid, 
there is a rapid decrease i n  rate.  With phosphoric  acid, the corrosion 
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rate  passes  through a minimum at  approximately  1-percent  addition. 
Beyond  this  point,  further  addition  causes a substantial  increase  in 
the  corrosion  rate.  The  addition  of  these  acids  causes  the  formation 
of precipitates in the  nitric  acid,  presumably  nitrosyl  sulfuric  acid 
and  nitrosyl  phosphoric  acid,  respectively. Potassium nitrate  is  of 
interest  because of its use as a flame  suppressor,  but  it  is  not as 
effective  as  the  other  agents  in  reducing  corrosion  rate.  Potassium 
dichromate  and  boric  acid  are  approximately as effective as potassium 
nitrate. Aldnum is  affected  much  more  adversely by  the  presence of 
impurities in the  acid,  such as sulfuric  acid,  sulfates,  chlorides, 
and  salts  of  heavy  metals  (references 39, 51, and 52). Experimental 
corrosion  rates  are  given  in  references 39, 43, 46 to 48, 50, 51, and 
53 to 56 for  stainless  steels, aluminum alloys,  and  other metals. 

A comparison  of aluminum and  stainless  steels  shows  that if the 
nitric  acid  concentration  is  greater  than  about 90 percent,  the  corro- 
sion resistance of aluminum  is  slightly  superior  to  the  resistance of 
stainless  steels  (references 53, 57, 58). Below 90 percent,  the  corro- 
sion  rate  for  aluminum  increases  sharply  and  stainless  steels  are 
superior.  Figure 16 shows  the  effect of acid  concentration  at  ambient 

aluminum  (references 57 and 58). Stainless  steels  and  aluminum  alloys 
both  show a sharp  increase in corrosion  rates  with  Increasing  tempera- 
ture.  Figure  17  shows  the  effect  of  temperature on types 304 and 347 
stainless  steels  in  both  red  and  white  fuming  nitric  acids  (refer- 
ences 39 and 48). 

j temperatures on the  corrosion  rates  of  99.3-percent  aluminum  and 2s-H 

Data  also show that  the  vapor  phase  above  concentrated  nitric  acid 
is  more  corrosive  to alunhum than is the  liquid  phase  (reference 39), 
while  the  reverse  is  true  for  stainless  steels.  Presumably,  the 
presence  of  moisture foms a dilute  acid  which  is  highly  corrosive  to 
aluminum. Figure 18(a) compares  the  corrosion  rates  at  ambient  tempera- 
ture of several  aluminum alloys exposed (1) simultaneously  to  both  the 
liquid  and  vapor  phases  of  6.5-percent  red  fuming  nitric  acid  and ( 2 )  
only  to  the  liquid  phase  (reference 39). Figure 18(b) shows a similar 
comparison  for  several  stainless  steels  (reference 39). 

Aluminum  alloys  are  definitely  superior  to  stainless  steels  for 
long-terni  exposure  to  fuming  nitric  acida  at  ambient  temperature. 
Corrosion  rates  for  these  alloys  remain  fairly  constant  with  time w h i l e  
those  for  stainless  steels  increase  (reference 39). Aluminum  is  slightly 
superior  to  its  alloys  and  its  corrosion  resistance  increases  with 
purity of the  metal  (reference 59). At hfgher  temperatures,  aluminum 
alloys  are  susceptible  to  pitting;  the 2s a l l o y  is  best in resistance 
to  this  type of attack  (reference 51). The  corrosion  resistance of L 

aluminum  alloys  is  also  practically  independent of heat  treatment, 
whereas,  as  previously  indicated,  stainless  steels are extremely  sensi- 
tive  to  the type of heat  treatment  (references 47 and 48). . .  

+ - -  - 
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In general,  red fuming n i t r i c   a c i d  appears t o  be more corrosive 
than  white fuming n i t r ic   ac id .  In mixed acid,  type 347 s ta inless  
s t ee l  i s  decidedly  superior t o   t h e  aluminum al loys  as  shown i n   f i g -  
u re  18(c)  (reference 5 6 ) .  Mixed acid is more corrosive  than  red 
fuming n i t r ic   ac id  with aluminum alloys, whereas the  opposite i s  
true  with  stainless  steels.  

Ti tanium has a  corrosion rate of less than 1 mil per  year in various 
concentrated  acids,  inclub-tng  red fuming nitric  acid  (references 48 
and 60 t o  62). Zirconium gains w e i g h t  slightly when exposed t o  n i t r i c  
acid  (references 48 and 60 t o  62); however, it is  highly resistant t o  
corrosion. Tantalum (reference 61) and tantalum-molybdenum alloys con- 
taining over 40 percent  tantalum  (reference 63) show absolutely no 
attack by  70-percent n i t r ic   ac id .  Teflon,  a fluorinated hydrocarbon, 
i s  ine r t  t o  ni t r ic   acid  ( references 53 and 56). 

Summary. - On the basis of rather c-lete laboratory and f ie ld  
tes t s ,  28 and 3s aluminum alloys have the  greatest  corrosion  resistance 
t o  fuming n i t r i c   ac ids  among the comrnonly available  materials, whereas 
s ta in less   s tee l s   a re  more corrosion-resistant t o  mixed acids. Of the  
s ta inless  steels, AIS1 type 34-7 and 304 have the  greatest  corrosion 
resistance t o  fuming n i t r i c  and mixed acide. 

The resul ts  of preliminary o r  incomplete tests can be surrrmarized 
as follows: 

(1) The addition of water t o  fuming n i t r i c  acids suppresses the 
corrosion  rates of stainless  steel, even when the water is conibined a s  
i n  hydrated aluminum ni t ra te .  

(2) Small additions of sulfuric o r  phosphoric acids t o  fuming 
nitric  acids  decrease  their  corrosiveness. 

(3) Titanium,  zirconium,  tantalum,  and tantalum-molybdenum alloys 
a r e   a l l  very res i s tan t  t o  a t tack by  concentrated ni t r ic   acids .  

(4) O f  the  nonmetallic  materials,  highly  fluorinated hydrocarbons, 
such a s  Teflon, a re  inert t o  n i t r ic   ac id .  

Thermal s t a b i l i t y  

n i t r i c   a c i d  of high concentration  dissociates  spontaseously even 
in the dark according t o  the foXLowing equation  (reference 64): 
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The anhydride dissociatesby some  mechanism causing  more-acid  to decom- 
poRe t o  maintain  the  equilibrium. A t  a certain  dilution,  the  excess of 
water practically  stops the reaction  (reference 65) . 

The rate-controll ing  step  in  nitr ic  acid decomposition involves 
the decomposition of the  nitrogen  pentoxide  according t o  one  of the  
following  equations: 

N2O5 - 2N02 + z 02 (reference 65) 1 (11) 

N2O5 - N2O3 + 02 (references 66 and 67) (12) 

B2O5 - NO3 + NO2 ( reference 68 ) (13) 

Although the  dissociation of N2O5 has been studied  extensively under a 
variety of  conditions  (references 66 t o  77), the  exact mechanism i s  
still i n  doubtj it appears, however, that either  reaction (12) or 
reaction (13) represents  the  rate-determining  step. In any event, 
further  reaction leads t o   t h e  following  over-all decomposition reaction: 

Above 63-percent n i t r ic   ac id  concentratfon,  the  solubility of  
oxygen in the  acid  decreases  rapidly  with  increasing  acid  concentration 
and is  almost  zero a t  79-percent  concentration  (reference 78).  It is  
this   insolubi l i ty  of  oxygen in   the  acid which causes a pressure  build-up 
in  enclosed  containers even though only a relatively small amount of 
oxygen is  formed. The resulting high pressures w i l l  also influence 
pump design in  that exceedingly  high  suppression  pressures w i l l  be 
required  to  prevent  cavitation and vapor  lock. 

Nitrogen  dioxide i s  about as soluble  in  absolute  nitr ic  acid as 
ammonia i s  i n  water. The following assumed equilibrium i s  very  sensi- 
t i v e   t o  temperature changes (reference 28)  : 

Nitric acid decomposition also has been studied i n  the gas  phase 
(reference  79). From about 100' t o  400' C y  the  reaction  as  represented 
by equation (14) is  heterogeneous and i n i t i a l l y  first order  with  a low 
c r i t i c a l  increment of about 5 kilocalories. The rate is reduced  by the 
presence of water  or  nftmgen dioxide. Above 400° C, the  reaction is  
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homogeneous and first order w i t h  the products  having no effect on the 
reaction  rate. Decomposition of n i t r i c   a c i d   a t  ambient temperatures, 
however, does not appear t o  be associated w i t h  gas phase reaction 
types,  but  with homogeneous l iquid phase  decomposition (reference 80). 

With available thermodynamic data and some basic  assmptions,  the 
theoretical   effect  on decomposition of variables such as the i n i t i a l  
composition of the  acid and the gas-phase volume in 8n enclosed con- 
ta iner  has been  determined in a  qualitative manner (reference  81). 
Figure 19 shows theoretical  relative  equilibrium  pressures  obtained 
f o r  various  mounts of water and nitrogen dioxide i n   n i t r i c   ac id .  From. 
these  curves, it can  be  seen that  water i s  more effective  than  nitrogen 
dioxide i n  reducing  equilibrium  pressures above about  95-percent acid 
concentration and also that a combination of the two is the most effec- 
t ive.  The curve f o r  the ternary system is based on a  nitrogen  dioxide - 
water molal r a t i o  of 4. Other theoretical  considerations  corroborate 
the  lowering of equilibrium pressure by nitrogen  dioxide and w a t e r  and, 
in addition,  indicate that the  addition of nitrate ions  should a l so  
reduce the pressure  (reference 8 0 ) .  

Figure 20 shows the   ra te  of pressure  r ise for acids d t h  various 
compositions and w i t h  various  ullage6  (reference  82). These data w e r e  
obtained in glass  apparatus. Tab le  IV shows similar data  as  well  as 
the  pressures  recorded after an interval  of several hours ( refer-  
ence 80). In figure 20, it ca.n be  seen that (I) the smaller ullage6 
give rise t o  higher  pressures, (2)  acid  containing  appreciable amounts 
of nitrogen  dioxide  (curve 3) approaches an equilibrium  pressure  faster 
than does the anhydrous acid o r  white fuming n i t r i c  acid, and (3) this 
pressure i s  lower than that obtained w i t h  the other acids. 

S i d l a r  data are reported  in  reference 83, and figure 2 1  shows 
equilibrium pressures as a flmction of temperature.  Figure 22 shows 
the time required  for white fuming acid t o  r&ch  equilibrium  as  a  func- 
t ion  of temperature  (reference 83). The attainment of equilibrium with 
red fuming acid m s  too  rapid  to be measured w i t h  the same apparatus. 
Apparently, the time t o  reach equilibrium i s  a  function of experimental 
conditions,  since an appreciable  length of time w&s required f o r  red 
fuming acid t o  reach  equilibrium i n  reference 82 (fig.  20). 

For red fuming n i t r i c   a c i d  i n  glass a m r a t u s ,  figure 23(a)  (refer- 
ence 8 4 )  gives  bubble  point  pressures as a  function of temperature.  For 
w h i t e  fuming acid  in  glass  apparatus, figure 23(b) (reference 85) gives 
bubble point pressures  as  a  linear  function of time. 

Actual  proof of an  equilibrium has been established as shown in 
figure 24 (reference 82) . After an equilibrium  pressure was reached a t  
1 2 2 O  F, the  temperature was increased t o  160° F; when the temperature 
was decreased t o  122' F, the  same equilibrium  pressure w a s  attained. 
The existence of such an equilibrium i s  a l so  substantiated in refer- 
ence 86. 
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Figure 25 shows decomposition pressures  obtained with both  red and 
white f d n g   n i t r i c  acids i n  type 347 stainless steel apparatue  (refer- 
ence 87) .  In  each  case, the  pressure passes through a maximum and then 
decreases  apparently t o  an equilibrium  pressure. With red fuming acid, 
the maximum pressure is  considerably less and i s  reached s l igh t ly  
f a s t e r  than with white fuming acid. The pressure  decreases may have 
been due t o  leaks i n  the system;  however, the same phenomenon has been 
described in  cases where leaks were probably not present  (reference 80). 
In the case of metals, an explanation may be found i n  a postulate of 
two cmpeting  reactiana  (reference 80) : (1) the decolnposition reaction 
and (2)  the corrosion  reaction. The l a t t e r  does not  begin  until the  
end of  an  induction  period and a t  tha t  tFme it proceeds more rapidly 
than  the  concurrent decomposition reaction. The corrosion  reaction 
uses up the oxygen produced by the decomposition reaction and thus 
reduces  the  pressure. 

In  other  instances,  storage  data on white fuming acid in  3s alumi- 
num tanks show that a pressure of 50 pounds per  square  inch gage 
developed i n  24 hours at 122' F and in less than two weeks at tempera- 
tures  averaging 80' F. A maximum pressure of 80 pounds per  square  inch 
gage WBB recorded for red fuming acid i n  stainless steel and aluminum 
drums for a 7-month period. IChe &imm ten@erature during the period 
was Uo F (reference 87). 

Prolonged storage of acids   in  metal containers  results i n  weakened 
acids,  the  extent of deterioration depending on the  temperature and the 
length of storage time. The reduction of acid  concentration is due t o  
the  corrosion  reaction  or the decomposition reaction  or more probkbly a 
couibination of the two. Examples of how storage  affects  acid composi- 
t ion  are given i n  the following table  for red Fuming acid stored a t  
120' F f o r  5 months (reference 87) : 

-- .. . 

Red fuming n i t r i c  acid Composition, w e i g h t  percent 
. ,  

( s tored   a t  120° F) .. . - 

Original 

container 
container stainless s t ee l  
in 3s aluminum in type 347 
After 5 months After 5 months 

. . .  

HNo3 

7.04 NO2 

87.79 80.26  91.36 

10.42 10.27 

H20 + metal ni t ra tes  1.94 9.32 1.60 
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Summary. - Problems connected  with the use  of  concentrated n i t r i c  
and mixed acids, especially a t  high temperatures, include the following: 
(1) development of high pressures in storage, (2) cavitation and vapor 
lock a t  pump inlets, (3) corrosion of  containers, (4) acid  deterioration, 
and (5) sludge  formation. Usage requirements w i l l  determine the most 
serious  of these problems.  For example, high pressures may not be a 
problem i n  .a pressurized  propellant feed system, while in a storage 
drum these high pressures m i g h t  be serious. Methods have been developed 
f o r  a t  least partial control of each of  these problems but  usually a t  
the expense of some desirable property.  For example, addition of nitro- 
gen dioxide t o  nitric acid decreases both  the  melting  point and the 
thermal  decomposition  pressure. The vapor pressure, however, is 
increased; the tendency  towards cavitation and vapor lock in a turbine- 
driven pump is thereby increased and sturdier containers are required. 
As another example, the addition of ammonium nitrate t o  white fuming 
acid lowers the m e l t i n g  point and decreases the thermal decomposition 
pressure  slightly. In this case, however, the  ignit ion  properties are 
seriously  impaired. It appears,  therefore, t ha t  a considerable amount 
of work on these problems is  desirable i n  order  that more satisfactory 
solutions can be obtained. 

CONSTl3'UTIQN AND M U L Y S I S  

Constitution 

A knowledge of the exact  constitutions of ni t r ic   acids  of various 
compositions i s  important in  elucidating the'mechanisms of reactions 
involving these substances.  Cryoscopic and Raman spectroscopic  tech- 
niques have been very useful in securing th i s  knarledge. By these 
means, it has been shown that anhydrous ni t r ic   ac id   d i ssoc ia tes  spon- 
taneously  into  ionic and molecular species  and that, in aqueous solu- 
tions, the constitution changes markedly w i t h  changes in concentration. 
Components of mixtures of n i t r i c   ac id  w i t h  nitrogen  oxides and w i t h  
sulfuric acid have also been identified by these methods. 

Spontaneous dissociation of anhydrous n i t r i c  acid. - In addition 
t o  molecular n i t r i c  acid, the Raman spectrum of absolute   ni t r ic   acid 
always shows the presence of the ni t r&hm  ion NO; (reference 88) and 
the ni t ra te   ion ETOJ (reference 89). These two ions,  along w i t h  water, 
constitute  the  products of the  self-ionization of n i t r ic  acid that 
proceeds  according t o  the following equation  (reference 89): 
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Thfs equation  neglects  the  solvation of the  products by n i t r ic   ac id .  
Cryoscopic measurements in  n i t r i c   ac id  have also shown this dissocia- 
tion  (reference 90) and have further  indicated that each of the   p robc ts  
i s  solvated  with two molecules of n i t r i c  acid. 

It has been estimated from spectroscopic measurements that anhydrous 
nitric  acid  contains 1.0 f. 0.2 percent nit,mnium ions by weight and 
1.5 f. 0.3 percent  nitrate ions by weight (reference  89). Assuming that 
equation (16) i s  accurate and taking  into account an estimated 0.4 per- 
cent by weight of water that is probably.  present as a n i t r i c   ac id  
hydrate, it was ca lcuhted  that about 3 percent by w e i g h t  of anhydrous 
n i t r ic   ac id  is  self-dissaciated, Although not  indicated  directly,  the 
temperature a t  which these experiments were conducted and at  which these 
data are applicable was probably -15' C (references 88 and 90). 

Cryoscopic measurements i n   n i t r i c   a c i d   a t  -40' C are  in  general  
agreement with  these  deductions  (reference 90).  It was further con- 
cluded from these measurements that another 10 percent of t he   n i t r i c  
acid is  bound in  solvates of  the  dissociation  products. 

The reversal  af the equilibrium  represented by equation (16) was 
demonstrated in part when it was found that the  addition of about 
1.5 percent of w a t e r  by weight t o  anhydrous n i t r i c   ac id  i s  sufficient 
t o  reduce the  nitronium  ion  concentration t o  an unmeasurable degree 
(reference 91) .  At the same time, the  nitrate  ion  concentmtion  also 
decreases  (reference 15). Further  conf3mtions of t h i s  equilibrium 
are  presented i n  reference 89. 

Autoprotolysis  resulting in n i t r i c  -acidium and nitrate  ions has 
been suggested  as  another posraible mode of self-aissocigtion of n i t r i c  
acid  (reference 89) : 

Although this  reaction cannot be  the  principal mode of self-dissociation 
because the  nitronium  and n i t r a t e  ions are found t o  be approximately 
equivalent,  there is a possLbility  that 10 t o  15 percent of t he   t o t a l  
dissociation may consist of this  autoprotolysis  (references 15 and 90). 

Mixtures of n i t r i c   ac id  and water. - As water is progressively 
added t o   n i t r i c  acid, the  concentration of nitrate ions passes through 
a minimum, s h c e  the water  destroys them by equilibrium (16) and pro- 
duces them by the following equilibrium: 

f 

- .  
c 
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The nitrate ion  concentration remains very small u n t i l  about 10 percent 
by  weight of water has been added. (references 9 1 t o  93) .  Corroboratively, 
the  conductivity of n i t r i c  acid.  containing as much as 10 percent water 
is not much greater  than that of anhydrous n i t r i c  acid (references It. 
and 94).  Even in solutions  containing 22 percent water (equimolecular 
mixtures of n i t r i c   a c i d  and w a t e r ) ,  the ionhat ion  as shown by equa- 
t ion (18) is not more than 2 percent. 

Although water forms very f e w  ions, it does  form stable solvates 
with nitric  acid  (references 90, 95, 96, 97), but the compositions are 
not known definitely.  In solutions  containing 0 t o  5 percent water, 
cryoscopic measurements indicate that the  complex i s  %O*ZHNO3 (refer- 
ence  90). Vapor pressure'studies  indicate that, in  solutions  contain- 
ing 5 t o  20 percent  water by weight, the mnosolvate %O=HN03 is pro- 
duced (reference 97) .  The disolvate may be formed in the  mre concen- 
trated solutions because many nitric acid molecules are competing fo r  
each w a t e r  mIecule. 

MixLures of n i t r i c  acid nitrogen  tetroxide. - From a kinetic 
study of the  effect of nitrogen  tetroxide on n i t ra t ion   in   cer ta in  
m e d i u m s ,  it has been suggested that this oxide  ionizes in   n i t r i c   ac id  
t o  produce nitrosonium and n i t r a t e  ions  as follows  (reference  15): 

N~O,=NO+ + NO; 

This ionization may be repressed  by the addition of alkali nitrates 
(reference  98). The equation a l so  expresses the self-dissociation of 
pure liquid  nitrogen  tetroxide  (reference  99). In dilute  solutions, 
nitrous  acid  exists in  n i t r ic   ac id   l a rge ly  as nitrogen  tetroxide,  but 
an fncrease in the concentration of nitrogen  tetroxide  or water increases 
the small proportion in  which 
ence X). The equilibrium is 

2N204 " 

it exists as nitrogen  trioxide (refer- 
sham by the following  equation: 

Nitrogen trioxide ion izes   i n   n i t r i c   ac id   i n  a manner similar t o  that of 
nitrogen  tetroxide  (reference 15): 

~ 2 0 3  -L NO + NO; + 
(21) 
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The  suggested  ionization  of N2O4 in  .dilute  solutions in nitric  acid 
has  been  confirmed  by Raman spectroscopic  evidence  that  also  showed no - 
formation of nitronium or nitrite  ions  (reference 98). The  spectrum 
of the  nitrogen  tetroxide  molecule wss completely  absent,  leading  to ." 

the  conclusion  that  the  concentration  of  nonianized X 2 0 4  in these  solu- 
tions  is  very small. Since  these  exgeriments  were  conducted  with  the 
solutions  maintained at 20' C, it  is  possible  that  spectroscopically 
observable  quantities of molecular N2O4 may be present  at  lower  tempera- 
tures.  Since  nitrate  ions  are  formed by equation (19) as w e n  as by 
the  self-dissociation of nitric  acid  represented  by  equation (16), a 0) 

rl 

mass-law  repression of the  latter upon the  addition of N2O4 decreases N 
* 

the  nitronium  ion  concentration  as  the  nltrste  ion  concentration 
increases. 

A small amount of nonionized  nitrogen  dioxide  wa6  also  found  in  the 
solutions.  Its  presence was indlcated  spectroscopically 8s  w e l l  as by 
the  yellow  color of the  solutions.  The  practically  complete  dissocia- 
t i on  of 1820~ molecules in dilute  solution  (up  to  at  least 10 percent 
N2O4 by  weight)  in  nitric  acid  partly  into NO2 molecules  but  mostly i n t o  
nitrosonium  nitrate may be represented in total  by  the  following 
equilibriums  (reference 98): 

N .  

" 

Had the solutions  been  examined  spectroscopically  at  lower  temperatures 
(for exmrple, 0' C) the  Raman  lines of the X02 molecules  might  have 
been found to be absent  and, as mentioned  previously,  the N2O4 molecule 
might  have  been  detected  because of the  thermally  shifting  equilibrium 
that  exists  between  the  monomeric and dimeric  forms  (reference 100): 

Pure-colorless  solid If204 liquifies on heating  and  is  converted slowly 
t o  NO2 as the  temperature  is  raised.  At 22O Cy the  reddish-brown  equili- 
brium  mixture  is  about 20 percent NO2 and 80 percent N2O4 by  weight.  At 
140' C, the  resultant  black gas is mostly NOz. 

As a 'solvent  for  nitrogen  tetroxide,  nitric  acid  exhibits a charac- 
ter  intermediate  between  that of sulfuric  acid  and  nonpolar  organic  com- 
pounds. As shown  cryoscopically  and  spectroscopicaUy, N204 dissocia- 
tion  in  sulfuric  acid is entirely  heterolytic  (references 101 and 102) 
(see  equation (22)). The  fission  in nonpobr solvents  is  wholly  homolytic 
(equation (22) ) . As discussed  previously, both types of dissociation 
are  observed in nitric  acid. 
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Mixtures of n i t r ic   ac id  and sulfuric  acid. - Cryoscopic measure- 
ments of solutions of n i t r i c  and sulfuric  acids ("mixed acids")  offer 
proof that the two acids  react t o  form nitronium, hydronium, and 
hydrogen sulfate  ions as follows (reference 101): 

HN03 + 2H$304+N02 + f H$ + + 

The conversion of  n i t r i c   a c i d  is pract ical ly  complete in   d i lu t e  solu- 
t ions of n i t r i c  acid in sulfur ic  acid ( for  example, 10 percent H N O ~  
and 90 percent ~2504) .  Similarly,  in  dilute  solutions of sulfuric  acid 
i n   n i t r i c  acid (for  exawle, 10 percent H2SO4 and 90 percent HN03), the 
conversion of sulfuric  acid is pract ical ly  complete. Mixtures  of inter-  
mediate  composition re ta in  various amounts of molecular n i t r i c  and 
sulf'uric  acids  (reference 88). Since water i s  not ionized  completely 
in sulfuric  acid,   the  pertinent product  ions in equation  (24)  reunite 
par t ia l ly  as in  the  lef t   d i rect ion of the following equilibrium  (refer- 
ence 103) : 

HZ0 + H2SO4 H30+ + HsOi 

The ionization of equation (24) can be  reversed by the  addition of water 
o r  an acid salt of sulfuric  acid such a s  potassium hydrogen sulfate  
(reference 88) . 

AB sliown by a study of freezing  points,  other  molecular  species 
often found in ni t r ic   acid  solut ions  react  similarly in sulfur ic   acid 
(reference 101) : 

+ + 
N ~ O ~  + 3H2SO4-ZMO2 + H30 + 3HSo4 

- 

N20g + 3H+304-NOl + NO+ + H30+ + 3KsOi 

N203 + %S04-2NOf + H30+ f 3HSOi 

Raman spectra of solutions of var ious nitrogen  oxides in sulfuric acid 
o f f e r  additional evidence of the  ionization  reactions shown by these 
equations  (reference 102) .  

Nitrogen  pentoxide. - Solid nitrogen  pentoxide does not  exist  in 
the  molecular form but i n  some modified  configuration  (reference 104) 
now interpreted as the  ionic  species (?TO;) (NO;) (references 105 t o  
107). When nitrogen  pentodde i s  dissolved i n  nitric  acid,   the  ions 
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merely disperse  in the solution. Any solution,  therefore, that contabs  
nitronium and nitzate  ions  regardless of the original source may be - 
considered as contalning  nitrogen  pentoxide. RamEtn spectre. of solutions 
of W2O5 i n  n i t r ic   ac id  show no evidence of covalent  molecular  nitrogen 
pentoxide. It can and  does exist, however, in  neutral  solvents such a s  
carbon tetrachloride, chloroform, or  phosphorus oxychloride (refer-  
ences 104, 108, and' 109). In the vapor phase, t h e  anhydride consists 
of NzO5 molecules. 

Summsry. - The constitutions of n i t r ic   ac id  and some of i ts  solu- 
t ions  are summarized a s  follows: 

m rl 

cu dr 

1. Anhydrous n i t r ic   ac id  undergoes self-dissociation  to  the  extent 
of approxlmtely 3 percent by weight according t o  the following equa- 
t ion: 

2. Addition of water t o  anhydrous n i t r i c   ac id  suppresses  the self- 
dissociation. In solutions  containing up t o  5 percent water, the 
disolvate H20-2HNO3 is  produced; in solutions  containing 5 t o  2 0  per- 
cent  water,  the monosolvate HzO-BNO3 is formed. Ionization is small in 
solutions up t o  about 20 percent w a t e r .  Addition  of more water  increases 
the  ionization. 

. .  

.~ 

3. Nitrogen tetroxide  dlssociates in n i t r i c   a c i d  according t o  the 
following equation: 

Solution of nitrogen  tetroxide in nitric  acid  inhibits  self-dfssociation 
of the latter by increasing  the  total nitrate ion  concentration. 

4. In mixtures of n i t r i c  and sulfuric  acids (mixed acids),  ioniza- 
tion  occurs by the following mechanism: 

5 .  Since solid  nitrogen  pentoxide is actually  completely  ionized 
nitronium  nitrate, i t s  dissolution in nitric acid i s  merely a disper- 
sion of the ions in the  solution. 
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Analysis 

The analysis of n i t r i c   a c i d  is  of importance t o  both research and 
operations  engineers  because  relatively small changes in water  content 
can profoundly affect   the   igni t ion  character is t ics  of t h i s  oxidant and 
because metallic  contamination from storage  containers can lead t o  
objectionable  deposits  in a rocket  engine.  Analysis is also useful i n  
estimaeing the degree of thermal decomposition of the acid. 

For fuming n i t r i c  acids, the principal determinations a re  t o t a l  
acidity,  oxides of nitrogen  as  nitrogen dioxide, water, and metall ic 
s a l t  content. In mixed acids,  sulflrric and "nitrosylsulFuric  acid" 
contents  are  also determined. 

Anhydrous, white fuming, and red f- nit r ic   acids .  - A novel 
method of concentrated nitric acid  asalysis (85 t o  100 percent)  uti l izes 
the straight-l ine  relation between nitric  scia  concentration and surface 
tension  (reference n o ) .  The presence of nitrogen  oxides up t o  6 per- 
cent does not  affect   the  results.  It i s  claimed fur ther  that the   n i t r i c  
acid and nitrogen  dioxide  contents of  the acid can be  determined i n  a 
few minutes w i t h  an accuracy of 0.3 t o  0.4 percent by simultaneous 
measurements of density and surface  tension. 

The classical  volumetric method f o r  analyzing uncontaminated n i t r i c  
a c i b  (reference 111) has often been  modified by various mlysts to 
su i t   the i r   par t icu lar  requirements ( f o r  example, reference 112); how- 
ever,  the  different methods are  s t i l l  essentially the same. 

Total  acidity:  Determination of total acidi ty  (sum of a l l  acidic  
constituents) is  made by d i r ec t   t i t r a t ion  with an aqueous solution of 
sodium hydroxide. Sometimes, excess  caustic i s  used and back-ti tration 
is accomplished with  hydrochloric  acid  (references ll2 t o  U S ) .  

Oxides of  nitrogen: Oxides of nitrogen  are usually determined as 
nitrogen  dioxide by oxidation with cer ic   sulfate  and back-ti tration 
with ferrous s u a t e  using ferroin  as  an indicator (referencea U 6  
and 117). Weight percent  nitrogen dioxide a s   n i t r i c   ac id  is subtracted 
from t o t a l  acfdity t o  obtain the actual amount of nitr ic  acid  present.  

Water: Water content is taken as the  difference between 100 per- 
cent and the sum of nitrogen  dioxide and nitric  acid.   Since this 
involves a small difference between large nmibers, small percentage 
errors in  the  large numbers lead to  large  percentage errors in  the 
water  content. This procedure comtitutes  the primary weakness of the 
classical   analysis and  a direct  determination of  water content would be 
more desirable. 
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" 

Several  direct methods for  the  analysis of w a t e r  i n   n i t r i c   a c i d  
a re  noT$ being developed. These include an infrared  absorption  tech- 
nique, t i t r a t i o n  with Karl Fischer  reagent, and measurement of electro- 
l y t i c  conductivity. 

. . . . . -. . - 

In  the first method, the water assay is  obtained by absorption of 
near-infrared  radiation a t  about 1.43 microns (references U 8  and 119). 
It has been  concluded that this determination i s  independent of nitrogen 
dioxide  or  dissolved  metal (Fe, N i ,  C r ,  Al) salt  content. The equipment 
required i s  quite expensive and not  generally  available;  but  the method E! 
appears t o   be  promising where large nmibers of routine  analyses are 2 
required. " - . t  

Titration with Karl Fischer  reagent is  another  promising method 
that requires only simple equipment available in most analytical labora- 
tories  (reference 120) .  Nitrogen  dioxide, it least t o  1.5 percent, and 
normal amounts of dissolved  metallic salts do not  interfere  significantly 
with  the  determinations  (reference 120) .  Correction  factors t o  account 
for any interference by nitrogen  dioxide a t  least t o  15 percent  by 
weight Wve  been  proposed (reference 1-21}. 

A t h i rd  proposed method for  water determirtaticm involves measure- 
ment of electrolytic  conductivities  (reference 122). Since  nitrogen 
dioxide  interferes with the determination, a satisfactory  solution of 
the problem is envisioned in the simultaneous  determination of both 
mter and NO2 contents. The analytical  procedure w i l l  probably en ta i l  
a minimum of three conductivity measurements necessary t o  produce two 
rat ios  from which the two unknowns can be determined. A t  present,  the 
effect  of dissolved  metallic  salts i s  not known. 

Unti l  more experience is accumulated.with each of these  three 
direct  methods for  assaying water, it w i l l  be diff icul t   to   es tabl ish 
which  method is most suitable, for  routine  laboratory  determinations. 

" 
Mixed acids. - Mixed acids, mixtures of n i t r i c  and sulfuric  acids, 

a re  analyzed by  methods similar to those  used with other   ni t r ic  acids 
(reference 123) .  

Total  sulfuric  acid  content is obtained by caust ic   t i t ra t ion  af ter  
the  ni t r ic   acid has been evaporated froin the. weighed sample. Nitrosyl - 
sulfuric  acid (NOEE04) i s  determined  by the  ceric sulfate - ferrous 
sulfate method used  for  nitrogen  dioxide in  ftrming ni t r ic   ac id .  Water 
is determined by difference. 

Metal-contaminated acids. - Although l i t t l e  information exists in  
the  l i terature  on methods of analysis fo r  nitric  acids  containing  metal 
contamfnants, a few fa i r ly   sat isfactory means for correct ing  total  
acidity for the i r  presence have been  described  recently  (reference 112). 
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Ln one  method (reference 124), excess  caustic is added t o  an acid 
sample containing iron as  an additional component.  The resultant 
precipitate is filtered off  and the  f i l trate  back-ti trated  with hydro- 
chloric  acid. The t i t r a t i o n  is  then  corrected f o r  the contaminant. 
A similar method f o r  iron-, chromium-, and  nickel-contaminated  acid is  
reported in reference 125. Both methods resu l t  in some inaccuracy in 
water  content  calculated as a difference. A more refined  procedure 
that yields t o t a l  acidi ty  of =eater  accuracy has been described (refer- 
ence 126) . 

The metallic contaminants are  usually determined by spectrophoto- 
metric methods and other standard analytical  procedures (for example, 
references 120 and 127). 

General comments. - Many molecular and ionic  species  that are 
actually  present in  concentrated ni t r ic   acid  solut ions and that have 
been discussed  previously cannot be determined  by the  ordinary methods 
of analysis  outlined  herein. A knowledge of the  quantitative  content 
of the  various  species  camprising n i t r i c   a c i d  may become increasingly, 
important as  their   individual  effects in practical  applications, such 
as  rocket  engine performance, become known. Modifications of Raman 
spectrographic  technique or some other  unexploited method may provide 
the  desired means of obtaining  this  information. 

KEWTIONS W A ROCKET ENGINE 

Among the many classes of fuels considered fo r  use w i t h  n i t r i c  
acid i n  rocket  engines have been alcohols  (reference  128), amnonia 
derivatives  (reference 129), mercaptans (reference  130), and hydro- 
carbons (references 131 and 132).  Some speclfic  fuels  considered in 
these broad classifications  are:  furfuryl  alcohol, ammonia, hydrazine, 
various amines, "mixed butyl mercaptans", dienes,  acetylenic co-mpounds, 
turpentine,  gasollne, and jet fuels.  

The su i t ab i l i t y  of specif ic   fuels  is generally  ascertained  through 
ignition-delay  studies  (reference  133),  specific-impulse  analyses,  and 
empirical  studies.  Scant attention has been  given to   the  medhanisms of 
the  chemical  processes that W e  place  prior t o  and during combustion 
of the  fuel-oxidant mixture. In this  section,  types of  reactions which 
could  occur in a  rocket enghe are discussed  with emphasis on reactions 
of nitr ic  acid  oxidants.  .. 

General  Considerations 

In order that self-ignit ion asd combustion take  place in a rocket 
engine, heat must be evolved very rapidly upon the  mixing of fuel and 
oxidizing  agent. This implies  that, of a l l  the  possible  physical and 
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chemical reactions  that may take place,  there must be some that l iberate  
heat  in such large  quantit ies and so rapidly  that   the  effect  of a l l  those 
reactions  that would absorb heat i s  effectively masked. 

Although each fuel is capable of a great variety of reactions 
because of i ts  individual chemical  nature, it appears  possible to   s e l ec t  
a few general  reaction  types that all fuels  currently  c-onsidered  for use 
with a nitric  acid  type  oxidizing  agent seem capable of undergoing. 
Thus, as a last stage i n  the  various  processes  taking  place in  the 

l-i 

rocket  engine, the fue l  m u s t  be  oxidized t o  mch an extent that its  3 
molecular structure is destroyed and sjmple molecules like carbon 
dioxide, carbon monoxide, water, and nitrogen are formed. Most of the 
energy  evolved from the combustion finds its source in   this   destructfve 
oxidation. 

The types of reactions which could  take  place under rocket  engine 
conditions are acid-base  reactions,  nitration, and oxfdation. The 
physical  reactions of mixing and solution are probably of minor impor- 
tance as sources of heat energy. 

In some cases,  synergistic effects are observed in the  ignition 
process. For example, two fuels, each of which has mediocre ignition 
characterist ics with n i t r ic   ac id ,   my have very desirable ignition  pro- 
perties when mixed Fn proper  proportions. A. number of explanations  are 
possible  for such behavior. It may be assumed, for  example, that con- 
current  reactions  are taking place. If a reaction o f  one fue l  has a  low 
activation energy and a low enthalpy of reaction  while a reaction of the 
second fue l  has a high  energy of activation and a high enthalpy of reac- 
t ion,   the  reaction of the f irst  f u e l  may release enough energy t o   i n i t i a t e  
reaction of the second fuel. The second reaction,  along  with  the f i r a t ,  
then  supplies  the energy needed t o  initiate combustion. 

Acid-Base React ions 

Inspection of the  electronic  structures of various fuels  currently 
considered  indicates that they are a l l  capable of acting as bases toward 
strongly  acidic  reagents.  Since  reactions between many acids and bases 
either attain  equilibrium  very  rapidly  or go t o  completion a t  a high 
rate even a t  luw temperatures, it would seem l ikely that such acid-base 
reactions are of particular  significance i n  the   in i t ia l   s tages  of the c 

ignftion.process. The heat evolved from these  neutralizations may pro- 
mote other  types of reactFons, such as oxidation, that are  more difficult 
t o   i n i t i a t e  a t  low temperatures. . .. 

The c r i t e r i a  for determining whether a substance is  ac iuc   o r   bas i c  
under a given set of  experimental  conditions have been outlined i n  a 
general  theory of acid-base  reactions proposed by G. N. L e w i s  (refer- 
ence 134) .  
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According t o  t h i s  theory, an acid i s  a  substance  capable of  accept- 
ing a share in a  lone  electron  pair from a  base t o  form a  coordinate- 
covalent bond. A base, i n  turn, is a  substance  capable of donating a 
share i n  a  lone  electron pair t o  the  acid.  Typical examples are: 

.. 
: c1: .... 

:C1: B .... 
: c1: 
acid 
.. 

H 
.. 

:C1: H .. .... 
+ :N:H-:Cl: B : N:H 

.. 
.. .... 
H 

base 

.. 
:C1: H .. 

H+ + :o:H--H:o:H 
.. .. 
.. 

acid base 
.. 

The behavior of nitr ic  acid  in  various  solvents i s  a striking 
example of the  re la t ive  nature  of acidic  character. In a  water medium, 
the  familiar  acid behavior of t h i s  material may be  represented by: 

. . . .  
:O:N:O:H + ...... .. 
:0: 

(one of several 
equivalent  res- 
onance forms) 

.. 

.. 
H 

( 31) 

:0: 
(One of several 
equivalent  res- 
onance forms) 

In concentrated  sulfuric  acid, on the  other hand, n i t r i c  acid, 
being  a weaker acid  than  the former, behaves as  a base  (reference 15). 

:0: .. + ...... . . . .  . . . .  
H:O:S:O:H + :O:W:O:H =L:O:N:O:d  + ...... ...... .. 

: 0: :0: 
.. ...... t : - =  0: 1 

:0: 
- 

...... 
(32) ...... .. 

:0: 

Frequently, the  products of such neutralizations are reactive 
units ( u s u a l l y  ions) which are capable of polymerization, of rearrange- 
ment,  of spontaneous  decomposition, o r  of some other  reaction. The 
application of the  acid-base  reaction t o  the  various a s s e s  of  common 
rocket  fuels is discussed  subsequently. The various  reactions of the  
neutralization  products, however, a r e  not  discussed as such. 
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Reactions w i t h  ammonia derivatives. - The behavior of ammonia, 
hydrazine, and amines indicates that the nitrogen atom involved has an 
unshared pair  of electrons. These unshared electrons  lend  basic  charac- 
t e r   t o  aslmonia and i ts  derivatives. 

H + 
H:N: ..  .. + H* +[i:i 

acid 
base 

E:N:N:H + E+ - ~ ~ ~ ~ ~ : I j  +H+ 

.. . . 
.. .. 
H H  acid 

.... f 
8:N:N:HI .. .. 

base 

H .. 
R:N: +- H+ - (35) .. E acid 1 1 
base 

I n  the presence of an acid that can accommodate another  electron pair 
i n  i ts  orbits,  ammonia or  its derivatives w i l l  donate its unshared 
electrons  to  the  sett ing up of a donor-acceptor bond with  electron- 
deficient  species, such as a proton derived from an oxidizing  acid. 
This would represent an acid-base  reaction in t he  L e w i s  sense. Any 
suitable  proton source will bring about this  reaction. 

Reactions  with  alcohols, mercaptans,  and related compounds. - In 
certain respects,  alcohols behave as weak bases. They are capable of 
forming oxonium salts of the  type R O S  X- with a strong acid l ike  sul -  

fu r i c  acid (reference 135). The formation of such oxonium salts i s  a 
consequence of  the  two pairs  of  unshared electrons which are  associated 
with the oxygen atom i n  the  alcohol: 

r H l+ 
R:O:H + H J r Z  
.. 
.. 

Since sulfur atoms have the same  number of unshared electrons  in 
their outer  shell,  they,  too, m y  form sulfonium salts i n  acid medium:  

.. 
R:S:H + H+= 
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This reaction i s  t o  be expected of many organic  sulfur compounds - 
f o r  example, mercaptans  and sulfides. 

Tn the  case of furfuryl alcohol, the  primary attack of a proton 
may occur a t  one of two reactive  centers, the oxygen of the  hydroxyl 
radical o r  the oxygen of the ether  linkage: 

o r  

The presence of several  reactive  centers  in a f u e l  may be of par t icular  
significance i n  rocket ignition; that is, under similar conditions, one 
would ant ic ipate   react ion  to  occur more readily if the  attacking  reagent 
had several  points of attack on a f u e l  molecule rather  than one and if  
other factors such as viscosity,  molecular weight, and re lat ive  react ivi ty  
of the  functional groups involved were comparable. 

Reactions w i t h  hydrocarbons. - In the  presence of acids,  olefinic 
as well as acetylenic bonds have a tendency to polarize; that is, the 
electron  distribution  associated w i t h  a multiple bond becomes effectively 
such that one of the carbon atoms w i l l  appear to have a pair  of electrons 
unshared w i t h  any other atom and the other carbon atom w i l l  be devoid of 
a pair of electrons. Thus, t he  former carbon atom will have a. formal 
negative charge; the latter, a formal posit ive charge. An attacking 
proton from the acid can then form a new bond w i t h  the  negatively charged 
carbon atom (reference 136). 'This type of reaction is qui te  c o m n  in  
the case of additions t o  the double bond (reference 137).  

The polarization of conjugated  dienes such as  1,3-penta&Lene  occurs 
readily: 
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: CB2-CH=CH-CH-CH3 + H' Z Z  CH3-CH=CH-CH-CH3 (41) 
-6 +6 4- 

The polarization of acetylenic compounds may be represented as follows: 

R-C E CH -R-C& 
"8 -6 

R - C ~ H  + H+= R - C = C H ~  
4-6 -6 + 

.-I 
(33 
d 
tu (43) 

The case of a mixture of terpenes is somewhat  more  complex. With 
acids, a-pinene, the chief  constituent of turpentine, may react as 
follows : 

y 3  

. 

a-pinene 

In the  case of a mixture of a-pinene with the  other  constituents 
of turpentine, this reaction may release  sufficient  heat that other 
types of reactions may take  place i n  the mixture. 

Whether other  terpene-type compounds tha t  do not have olefinic 
bonds i n  the molecule are suitable for  rocket work has not  yet been 
ascertained. Several  types may be considered; fo r  example, the  straight- 
chain  €erpenes would probably behave l i ke  ordinary paraffinic hydro- 
carbons  toward ni t r ic   acid,  while aromatic  terpenes would probably behave 
analogously t o  aromatic hydrocarbons. . .  

The extent of the  solubility of proposed fuels in   ac id  may be con- 
sidered an indication of their sui tabi l i ty .  The neutralization of a fue l  
by the  oxidizing  acid  generally  increases  the  solubility of the  fuel  i n  . 
the  oxidizing  agent. The paraffinic hydrocarbons are  not too soluble in 
n i t r i c  acid;  consequently, if these fuels were t o  be used in the  rocket 
engine, the o n l y  heat produced initially would be due t o   t h e  mixing of 

. .  
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t h e   n i t r i c  acid and the paraffinic hydrocarbons.  This effect  would be 
quite smallj therefore,  the  i&ition of such a fue l  would have t o  be . 
caused  by other  reactions of similar rapidity and exothermic character 
as neutralization  reactions. 

Nitration  Reactions 

Although nitration  reactions are not sufficiently rapid t o  be of 
great importance, some discussion is warranted on the  basis  that side 
reactions of this ty-pe  may lead t o  formation of substances that can 
contribute t o   q l o s i v e   i g n i t i o n s  under  proper  conditions. The extent 
of the following  discussion on ni t ra t ion is  not  indicative of the impor- 
tance of t h i s  type of react ion  in  a rocket engine, but rather reflects 
the vast amount of literature that is available on the subject as com- 
pared  with that available  for  the  other  types of reactions  discussed 
herein. 

Nitration of a l iphat ic  compounds. - The  mechanism of the ni t ra t ion 
of paraffins is not w e l l  understood.  Since  these  reactions  generally 
take place a t  elevated  temperatures that are  often much above 250' C, 
a temperature a t  which n i t r i c  acid i s  carnpletely  dissociated,  the  reac- 
t ion seems t o  involve some of the oxides of nitrogen rather than  ni t r ic  
acid i t s e l f .  

It has been shown (reference 138) that the ni t ra t ion of saturated 
hydrocarbons is  suppressed in the presence of n i t r i c  oxide, NO, and 
accelerated by oxygen. This has led t o  the  conclusion that nitrogen 
dioxide, NO2, can represent the active  species in t h i s  reaction. The 
observation tha t  ni t ra t ion of a l iphat ic  compounds proceeds quite  readily 
in the   vicini ty  of looo C when gaseous nitrogen  dioxide i s  substituted 
f o r  nitr ic  acid  (references 139 and 140) is i n  agreement w i t h  th i s  
deduction. 

It i s  characterist ic of vapor.phase  nitration of a l iphat ic  compounds 
that complex mixtures of mononitrated  products are formed(reference 141) .  
The products  consist  not only of compounds i n  w h i c h  the n i t ro  group has 
been introduced a t  various points tn the init ial  paraffin,  but a l so  of 
products  resulting from rupture-at  various  points  along  the  paraffinic 
chain and ni t ra t ion of t he   f r aeen t s .  

Considering further that the rate of nit rat ion i s  not  materially 
affected  by  acidic  catalysts such as sulfuric acid, aluminum chloride, 
and titanium tetrachloride (reference 138) and that the products  of 
vapor phase ni t ra t ion of ethane are similar  to  those  .obtained on treat- 
ment of free ethyl radicals with nitric acid vapor (reference 142), a 
free  radical mechanism fo r  the reaction seems well  supported. 



32 ITACA RM E52J01 

- 
In  a rocket  engine, it is conceivable that cer ta in   f ree   radicals  

may be formed particularly  during the  oxidation  processes. These f r e e  
radicals may be ni t ra ted by the  oxides of nitrogen which are undoubtedly I 

present in  the  reacting  mixture a t  elevated  temperatures. It is  possible 
that this type of ni t ra t ion may then  be  propagated by a chain m e c h a n i s m  
md thus con-bribute to  the  vigor of the conibustion. On the  other hand, 
t h i s  reaction is probably of l i t t l e  significance in  ignition  processes 
since  the initial temperatures of the reactants may be too low t o  permit 
the  formation of a sufficient  concentration of free  radicals.  F 

Nitration of aromatic compounds. - Rocket fuels such as aniline, 
diethylaniline, m i x e d  xylidines, and furfuryl alcohol have pronounced 
aromatic  character.  Nitration  reactions of such compounds are of 
some importance, even though they are apparently  not  rapid enough t o  
account for   igni t ion of these materials. In the cambution  process, 
ni t ra t ion of aromatic  nuclei is  quite  unlikely. 

Studies of the  kinetics of ni t ra t ions have shown that the   ra te  of 
reaction is greatly  influencedby the nature of  the solvent used. A 
graduated  series of solvents may be set up w i t h  respect t o  the speed a t  
which the  ni t ra t ion proceeds. 21 order of their decreasing  effect on 
the  reaction  rate,   this sequence is  as follows  (references 15 and 143): 

The effect  of constitution of the aromatic compounds on t he  reac- 
t ion  order and mechanism may also  be graded  according to   the   re la t ive  
rates at  which variously  substituted  aromatic compounds would be attacked 
under comparable conditions.  order of the substi tuent  effect  i s  
approximately the same as  tha t  t o  be e a e c t e d  from considerations of the 
activation m deactivation of the benzene ring by these groups. F’rom 
competition experiments, the  following sequence has been s e t  up (refer- 
ences 15 and 143): 

CH3-, Cz%- > E- > F-, I- > C1-, Br-  > -C02Et > S O g H  > -NOz 

The highly  activating  substituent groups  such as the hydroxyl or  the 
amino group c m t  be  included i n  this series  aince nitrations of these 
compounds seem t o  proceed by more complex mechanisms (references 144 
t o  147). Reactions  involving  these groups are discussed in the latter 
part of thia  section. 

I n  an anhydrous o r  nearly anhydrous medium, n i t ra t ion  of aromatic 
compoun$s by n i t r i c   ac id  proceeds through the  formation of the nitronium 
ion, NO2. The presence of this  ion  in  concentrated  nitr ic  acid is dis- 
cussed in   the  preceding  section  (reference 15). 

d 

. .  
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In general, the n i t ra t ion  of aromatic hydrocarbons i s  a bimolecular 
reaction. The order of reaction, however, is  a function of the  solvent 
medium as w e l l  as  of concentration of  the  reactants. Thus, in an  excess 
of sulfuric  acid,  the  reaction i s  second order; i n   n i t r i c  acid, it is 
first order; and in  organic  solvents, w i t h  an excess of n i t r i c  acid, it 
varies between zero and one, depending on the  react ivi ty  of the hydro- 
carbon being  nitrated  (reference 15) . 

In the  recent  l i terature,  two over-all mechanisms f o r  aromatic 
ni t ra t ions  are  advanced. The first of  these  (references 148 t o  151) 
visualizes  the following processes, benzene being  used  here.as a simple 
example of an aromatic hydrocarbon  utldergoing ni t ra t ion.  The nitronium 
ion  attacks the benzene  molecule by a rapid reversible reaction t o  form 
a  transit ion complex. In the  presence of  a base in  the medium, t h i s  com- 
plex extracts a proton and forms nitrobenzene.  Schematically, this reac- 
t ion may be represented  as  follows: 

r 1" 

L "L 

I- l+ 

where B- represents a base. 

This mechanism has been termed "termolecular"  (reference 15) 
it involves thee   o r ig ina l   spec ie s  undergoing  covalency  changes.. 
necessary  base may be  furnished by the bisulfate o r  the n i t r a t e  ions i n  
the solution. 

(45)  

(46) 

since 
The 

The al ternat ive mechanism (reference 15) proposes that the attack 
of the  nitronium  ion on benzene o r  on other aromatic compounds is  the 
slow, rate-determining  step. The loss of the  proton from the  activated 
complex formed in this manner i s  considered a fast reaction. This 
mechanism i s  termed "bimolecular". It accounts  readily for the  various 
observations made of the effects  of solvents and smal l  amounts of  addi- 
t ives  t o  the  reaction mix t ;u re .  Furthermore, recent work on the nitra- 
t ion  of aromatic campounds containing tritium has h d i c a t e d  that the 
proton loss i s  indeed  a  reaction which does not  contribute t o  the over- 
a l l  kinetics of the reaction  (references 152 and 153). Such bimolecular 
mechaaisms may be  represented by the  equations: 
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In this case, the  ejection of a proton from the   t ransi t ion complex is 
rapid and kinetically  insignificant.  

Aromatic nitrations  are  profoundly  influenced by the  presence of 
small concentrations of other  constituents  in  the  reaction  mixture.  In 
the case of aroinatic  substances  other  than  phenol  and  aniline deriva- 
tives,  the  presence-of  nitrous  acid has an inhibi t ing  effect  on the 
react ion  ra te  even in s m a l l  concentrations. Although it affects   the 
rate of  the  reaction, it has m effec t  on the order of the  reaction. 
In   n i t r a t ion  media which are devoid of sulflric acid such as those * 

using  pure n i t r i c   a c i d  o r  nitr ic  acid  in-an  organic  solvent,   the  addi- 
t ion  of traces of sulfur ic   acid or of oth&  very  strong  -acids as a " - 

catalyst   has a profound accelerating  effect  on the  reaction  rate  without 
affecting  the order of the  reaction. 

. .  . 

" ". - 

* 

Additions of small amounts of a l k a l i  metal s a l t s  such as potassium 
chloride o r  potassium  bisulphate have o n l y  a sl ight ly   inhibi t ing inf lu-  
ence on the  reaction  rates  of the nitraticm.  In contraat;, additions of 
ni t ra tes ,   par t icular ly  alkali metal   ni t ra tes  or ammonium d t ra te ,  t o  
the reaction  mixture have a very  decided  negative  catal-fiic  effect on 
the  reaction rates. These observations  are  discussed in d e t a i l  i n  
reference 15. 

. .  

- I .  . .  

. .  . .  . .  

The n i t ra t ion  of highly  reactive  aromatic compounds such a s  phenols, 
anil ine,  or their   der ivat ives  proceeds by a special  mechanism (refer-  
ences 145 and 146). Although the  reaction follows essentially  zero 
order  kinetics i n  a medium containing an excess of ni t r ic   ac id ,   the  
effect  of nitrous  acid is one  of accelerating  this  reaction whereas, as 
pointed aut previously,  this  acid ordinarily inhibi ts   n i t ra t ion.  

. ,  

In  the  case of zero  order  nitration of aromatic  hydrocarbons such 
as  toluene  in  an  excess of n i t r ic   ac id ,   the   e f fec t  of nitrous  acid on 
the rate constant i s  given by: 
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where the  constants  a and b represent complex functions of the 
nitric  acid  concentration and of the temperature  (reference 143). 

The n i t ra t ion  of phenols. and aromatic amines in an  excess of n i t r i c  
acid seems t o  require the presence  of nitrous  acid. The e f fec t  of 
nitrous  acid  concentration on the  rate  constant i s  given in the  l imiting 
cases by: 

r a t e  = K [&-HI [Hw02] ( 5 0 )  

The complexity of  the  kinet ics  of these  nitrations Etrises from a 
superimposition of these two expressions. The mechanisms of these 
reactions  are  discussed  in  references 144 and 147. 

Ln a rocket  engine, it i s  unlikely tbt aromatic  nitrations  are 
significant in the  re la t ively low-temperature preignition  reactions 
unless  the t i m e  of contact  prior t o  ignition  (ignition  delay) is qui te  
long. In  the latter case, it is  possible that some n i t ro  compounds a re  
formed which may subsequent-ly  detonate. 

In the combustion process, it i s  also  unlikely that aromatic  nitra- 
t ion is significant compared with  oxidation  since it is d i f f i cu l t  t o  
prevent oxidation of phenols and aromatic amines by concentratedni t r ic  
acid even a t  temperatures much lower than the  combustion temperatures. 

Oxidation  Reactions 

In the  case of nitr ic  acid  oxidation,  the nature of the  material 
oxidized and the  exact  conditions of the  reaction have a profound influ- 
ence on the composition of the  products  derived from the  acid.  In order 
of decreasing  degree of oxidation,  the  following  substances may be 
among the  products: 

A generalized  discussion o f  the  subject is d i f f i c u l t  because the 
oxidation of each compound differs i n  many significant  respects even 
among members of the same general  class. For example, problems a r i s e  
as t o  the  order in w h i c h  various atoms In the molecule may be  attacked 
by the  oxidizing  agent. Even in  a homologous ser ies  of compounds, 
questions  arise such as: (1) at  which carbon atom does the  attack 
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., 
begin, ( 2 )  a t  what stage of the  oxidation does attack of  various  mnc- 
t ional  groups  occur, (3) a t  what time  does the  carbon skeleton break 
down, (4) into w h a t  units does this  skeleton  break down, (5) how reac- 
tive  are  these  smaller  units, and (6 )  how rapidly do they  react  further 
with  the  oxidizing  agent  to  afford  the  ultimate  oxidation  products of 
pure organic compounds. 

- 

The complexity of the problem of evaluating  the  factors that con- 
cern  the  determination of the  reaction rates i n  oxidation-reduction 
reactions has  been indicated  in  reference 154. According to   t h i s   r e f e r -  rl 

Q, 

ence, the  ra te  of  oxidation i s  dependent not only on the  nature and cu 3 

constitutions of the  oxidizing  agent and reducing  agent,  but  also on 
(1) the  solvent; ( 2 )  the pH of the  solution, which may be  interpreted 
in  a nonaqueous system as the Hammett acidity  funcrtion (€IO) of the 
solution  (reference 137) j (3) the temperature; (4)  the  effects of can- 
centrations of the  various  reagents; (5) the  difference in the  oxidation- 
reduction  potential of the  reagents; (6) the  influence of certain added 
ions tha t  may bring about catalytic  effects;  and ( 7 )  the  influence of 
the  dissociation of various reactants. In an aqueous system, oxidation- 
reduction  potentials  usually  permit  prediction as to   the   poss ib i l i ty  of 
a reaction; however, they do not  predict  the  rate .at which the  reaction 
w i l l  proceed, i f  a t  a l l .  The term  oxidation-reduction  potential  refers - 
usually  to  reversible chemical reactions.  In many cases  in a rocket 
engine, the molecules are completely  destroyed t o  form smaller units. 
The final oxidation  steps  are  therefore of an irreversible  nature; con- 
sequently,  ordinary  oxidation-reduction  potentials for rocket  processes 
may be o r  questionable  value. The processes which form the ultimte 
oxidation  products of organic compounds, that is, carbon  dioxide, water, 
nitrogen and. i t s  oxides, are   suff ic ient ly   subject   to   debate   in   the 
l i t e ra ture  that no positive  eyaluation can be made a t   t h i s  time. 

." I 

In  recent  years, a large amount of evidence has been  accumulated 
t o  show that several  oxidation  reactions have the. removal of atomic 
hydrogen o r  the  addition of neutral  hydroxyl radicals as ini t ia l   s tages;  
that  is, they  are of a nonionic o r  free  radical  character  (reference 155). 
Such free  radical  reactions may  become chain  reactions. A simple example 
is the  autoxidation of benzaldehyde in  the  presence of oxygen. In this 
process, a benzaldehyde  molecule loses  one hydrogen  atom. The resultant 
radical  reacts  in such a manner as t o  regenerate  the  reactive  radical 
along  with  other  products. The process  thus becomes 8 chain  reaction 
(reference 156). 
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Analogous oxidation  reactions may be writ ten f o r  l iquid hydrocarbons as 
w e l l  as f o r  aldehydes. This type of mechanism  seems t o  be par t icular ly  
sui table  t o  explain  the  action of oxidizing  agents such as   lead tetra- 
acetate, chromic oxide,  potassium permanganate, and periodic  acid. 
Whether it is  applicable t o  oxidizing  agents such as n i t r i c   a c i d  cannot 
be  aqcertained  positively from the   l i t e ra ture .  Oxides may ac t  a8 
abstractors of hydrogen In oxidation  reactions only if they  contain 
double  covalent bonds and no coordinate links (reference 155). Since 
n i t r i c   ac id  i s  usually  considered  to  contain a coordinate  link, it is  
possible that th is   ac id  would behave different ly  in  oxidations. 

In free radical  oxidations,  the  formation of carbon dioxide and 
water may be assumed t o  proceed by  such steps  as  these: A t  some stage 
of the  oxidation, a  carboxylic  acid, which is the  highest  oxidation 
s-tage of a carbon atom in  a  molecule pr ior   to   rupture  of the  carbon 
linkage, i s  formed. The interaction of a carboxylic  acid  with a hydroxyl 
radical  w i l l  form carbon  dioxide and water (reference 157). 

P 
R-C-OH + OH* "ROH + *COOH (56) 

'COOH + OH. -Hz0 + C02 (57) 

Alcohols, ethers, and ketones also may be oxidized by reagents  like 
chromic oxide. The primary attack on the  organic molecule i s  probably 
on the  functional groups i n  the  cases of alcohols and ethers. The 
oxidative  cleavage of ketones  probably  takes  place at the  activated 
methylene  groups m a c e n t  to the  carbonyl group. The mechanism of these 
reactions may involve the intermediate formation of f ree   radicals   ( ref  - 
erence 158) . 

0 
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In general, t he  oxidation of olefins will involve  rupture of the 
carbon  chains a t  or near the point of unsaturation in  thg original  
molecule. The exact details of  a l l  intermediate  stages depend  on the 
structure of  the  olefin,  the  specific  oxidizing  agent employed, and the 
temperature. . .  

." " 

N 

P Aromatic hydrocarbons containing  aliphatic sLde chains may be % 
oxidized  in two stages. The first stage i s  the severance of the  side 
chain in  such a manner that the product isolated Ls invariably  benzoic 
acid. Under usual laboratory  conditions, the  remnant of' the side chafn 
oxidizes completely to  carbon dioxide  and water. 

( 0 )  OCH~CH~CH~ - Q-CD2H + 2C02 + 3H20 (58) 

The oxidation of  benzoic  acid,  leading t o  the rupture of the 
aromatic  nucleus, is the second  and more .Wficul t   s tage.  Only the 
mst vigorous  conditions w i l l  suffice. If other  reactive  substituents 
are  present  in  the  aromatic  ring system, oxidation of the  r ing may be 
f ac i l i t a t ed  considerably. 

Aromatic amines are  oxidized  quite  readily. The process, however, 
is of a highly complex nature. The oxidation of ani l ine,   for  example, 
has been studied in great  detai l  (references 159 and 160). These studies 
have shown that the nature of the  oxidizing  agent i s  of par t icular  impor- 
tance. For example, oxidizing  agents  like hydrogen peroxide and per- 
monosulfuric acid, H2S05, donate oxygen t o  the ani l ine molecule, while 
a second c l sss  of oxidizing  agents, which contains   the  mjori ty  of the 
oxidizing  agents used in  .technical  procedures  for  .the  oxidation of 
ani l ine,   act  by the extraction of  hydrogen from the amino group t o  firm 
free  radicals.  Typical examples of reagents of t h i s  second class are: 
chromic oxide, perd isu lmic   ac id ,  and lead peroxide. . 

. . I  

By boiling w i t h  concentrated ni t r ic   acid,  mercaptans a re  oxidized 
to   the  corresponding  sulfonic  acids: 

It i s  qui te  probable that this process  proceeds  step-wise w i t h  the addi- 
t ion of one  oxygen  atom at a time. If reaction  conditions become even 
more vigorous, the sulfur atom may s p l i t  away in   the form of sulfur 
dioxide or sulfur trioxide. The organic remnant w i l l  probably undergo 
oxidation similar t o  analogous fragments-obtained in the  oxidation  of 
alcohols. 

-. 
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The oxidation of mercaptans can be promoted effectively by the 
presence of catalyt ic  amounts of copper- o r  iron-containing compounds 
(reference 161). The oxidation of aniline  derivatives is also promoted 
by compounds of cop-per and of mercury (reference 162). Either copper 
sulfate  o r  mercuric sulfate  may be used,  each having a definite catalyt ic  
effect  on the  oxidation of anil ine.  In the presence of a mixture of 
cupric and mercuric  sulfates,  the  catalytic  effect is considerably 
enhanced. This  catalytic  effect  i s  not m e r e  the sum of the  effects 
expected from the quantit ies of the  individual catalysts  added but i s  
definitely  synergistic.  

Although the  oxidation of many of the substances  used in a rocket 
engine has been studied, the information  available on the  use of n i t r i c  
acid  as  the  oxidizing  agent i s  limited. Further research is needed t o  
es tabl ish  the  ra tes  of oxidition of concentrated nitric acid  with various 
classes of fuels. Dete-tion of the  effects of reaction chamber 
volume, surface  condition,  catalysts, and turbulence on the   ra te  of 
reaction  should  be =de. Study is also needed on means for  preventing 
detonations in  the  reaction  mixtures,  possibly through identification 
of intermediate  products. 

Lewis Flight  Propulsion  Laboratory 

Cleveland, Ohio 
National Advisory Committee f o r  Aeronautics 
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WLl3 I - CORROSION RATES OF TYPES 347 AND 347 EXTRA-LOW-CBRBON 

STA-S STEELS IN BOILING 65-PEXEXF N I T R I C  ACID 

(FEFEXENCE 47) 

Averages of f ive 48-hr tests "?37 
History of material 

Hea t  treatment 

2400' F 1/2  hr; water quench 

240° F 112 hr; water quench 

1950° F 112 hr; water quench 

1750' F 112 hr; water quench 

2400' F 1/2 hrj water  quachi 
1200' F 2 hr; air  cooled 

2400' F 112 hr; water quench; 
1200° F 2 hr; a i r  cooled 

1950' F 112 hr; w a t e r  quench; 
z o o o  F 2 hr; air  cooled 

1750' F 112 hr; water quench; 1200' F 2 hr; a i r  cooled 

Atmosphere 
during  heating 

A i r  

Argon 

Air 

A i r  

Air 

Argon 

A i r  

A i r  

CO 

347 

10 

9 

19 

13 

330 

94 

34 

Yosion rate 

:arbon 

6 

5 

5 

5 

14 

9 

24 

9 
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TABLE I1 - EFFECT OF HYDRATED A L u "  NITRATE ADDITION ON CORROSION 

OF TYPE 347 S-SS STEEL I N  mD FUMWG N I T R I C   A C I D  

AT 160° F (REF%RBTCE 45) 

Sample condition 

aAa welded 

bWelded + 2 hr at 12W0 F 

&W.elded + 1/2 plr a t  1650' F 

Additive 
(percent by wt) 

0.01 o.ooo1l 0.01 f l .0  

205 162 11 

860 835  28 

206 178  13 

aExhibited  general corrosion 
bExhibited  severe  intergranular  attack  except in  the 

case of 1.0 percent  additive 
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TAB- I11 - ETFECT OF ADDITION OF m m D  A L U "  NITRATE OR 

NrPRATE ON CORROSION RATE OF TYPE 347 STAINI;EsS STEEL 

AT 160' F (-E 47) 

[Averages of five 48-hour tests 1 . - q j g 7  

I I 
I T e s t  solution I Corrosion r a t e  

1. WFNA + 1 percent  hydrated aluminum n i t r a t e  

130 5. WFNA (m addltive) 

20 4. RFNA + water equivalent i n  solution 3 

53 3. RFNll + 1 percent  hydrated aluminum n i t r a t e  

40 2. WFNA + water  equivalent in   solut ion 1 

47 
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TABLE IV - ACID PRESSURES IN GLASS AF'PARAWS AT 122' F 

Ini t ia l   acid  compsi t ion 
HNo3 I Hz0 I N02 

(percent) 

100 

0 1.4 98.6 

0 0.8 99.2 

0 0 100 

0 0 

82.4 0 17.6 

Ullage  
(percent) 

6.3 

12.5 

7.8 

10.5 

3.8 

10.9 320 1230 

8.2 400 900 

2.1 950 89 3 

1.6 300 514 

6.5 450 47 3 

.. 
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Evaporator 
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T - I  

U Li""i-rr, 
Cooler 

W8 

'!E-+- + 
Air e- 

Air 
Compressor  Filter 

er 

I Waste gases 

Absorber 

Nitric acid 
(61-65 percent) 

Figure 1. - Ammonia  oxidation  process  (reference 4). 
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Figure 3. - Cammerclal production of’nitric acid (reference6 4 and 10). 
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H204, percent by weight 

(b) HN%, H204(reference 25). 

Figure 4. - Concluded. Phase diagram. - 
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ENO3, percent by weight -597 
(a) V a p o r  pressures at 250 C. 

Figure 8. - Vapor pressure, boiling  points, and vapor couawsitione for 
mO3, H2804, Hz0 system (reference 19). 
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(b) bung points at 760 a i m e t e r s  of mercury pressure. 

Figure 8. - Continued. Vapor pressure, boiling points, and vapor conpositions for 
mo5, %804, system (reference 19). 
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(c )  Vapor compositions at 760 millimeters of mercury pressure. 

Figure 8. - Concluded. Vapor preesure, boillng pointe, and vapor cornpositloas 
for mO3, %804, Hz0 system (reference 1 9 ) .  
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mOgr percent by weight 

(a) m03, %o. 

Figure 9 .  - Densities for various systems. 
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(b) HH03, N204, 5 0  (reference 28). 

Figure 9. - Continued. Densities for VariOuS sSFst-* 
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(c) HNO3, HzSO4, Hz0 (reference 33). Temperature, 150 C. 

Figure 9 .  - Concluded. Densities for various systems.  
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Figure 10. - Viscosities f o r  HN03, HzO system. 
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50 percent %O 

HNO3, percent by weight 

(b) Temperature, 250 C. 

F i w e  11. - Continued. Viscosities  for €NO3,  H.$O4, Hz0 system (reference 3 5 ) .  
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(c) Temperature, 500 c. 
Figure ll. - Continued. Viscosities for FIN%, %SO4, QO system (reference 35). 
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(a) Temperature, 7 5 O  C. 
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Figure Xi. - Concluded. Viscosities for H1BOg, %SO4, E# system (reference 35). 
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Temperature, OK 

Figure 12. - Specific heats of so l id  and l iquid  nitric  acid and its mono- ' 

and trihydrates  (reference 22). 
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Figure 14. - Specific electric conductances at 0' C for  
m03, ~204, &O system (reference 38). 
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Figure 15. - Effect of additives on corrosion 
rate of mild steel in 16-percent  red fuming 
nitric  acid  (reference 51). 
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Figure 16. - Effect of nitric  acid  concentration on corrosion 
rates  of 99.3-percent and 2S-H aluminum a t   a b i e n t  terqpera- 
ture. 



84 

240 

200 

160 

120 

80 

40 

0 
60 1 

' NACA RM E52J01 

Fuming n i t r i c  Refer- 
acid enc e 

Red 4a 
Whit e 48 
R e d  ( l iquid) 39 
Red (liquid and 39 
vapor ) 

" p e  steel 

- 

I 304 I 

0 
~~ 

140 180 0 
Temgerature, *F 

Figure 1 7 .  - Effect of temperature on corrosion  rates of 
ty-pes 304 and 347 stainless steel  la white and red 
fuming nit r ic   acida.  
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(a) Aluminum al loys in 6.5-percent red 
fuming ni t r ic  axid (reference 39). 

Figure 18. - Comparison of corrosion rates of 
several alloys at &lent temperature. 
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(b) Several AIS1 type s ta inless   s teels  in 6.5-percent 
red fuming nitric  acid  (reference 39) . 

Figure 18. - Continued. Cornpaxieon of  corrosion  rates 
of several alloys at  ambient temperature. 
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( c )  Comparison of a stainless  steel with three 
aluminum a l l o y s  in mixed acid (reference 56).  

Figure 18. - Concluded. Comparison of corrosion rates 
of several al loys at ambient  temperature. 
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= w e  19. - Theoretical relative equilibrium decomposition pressures of 
n i t r i c  acid with various m u n t s  of water ana nitrogen  dioxide  (refer- 
ence 81). - 
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Figure 20. - Initial rates of pressure rise of severa l  nitric acids with 
various ul lages in  glass apparatus at 1220 F (reference 82) .  
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Figure 21. - Equilibrium pressures of fuming nitric acids in 
glass  apparatus (reference 83). 
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Figure 22. - Time required for w h i t e  fuming n i t r ic  acid t o  
reach  equilibrium as a function of temperature (refer- 
ence 83). 
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(a) Red fuming nitric acid (reference 8 4 )  . I 

Figure 23. - Bubble point presaures in glass  apparatus. . 
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(b) White fumlng nitric  acid (reference 85). Temperature 13900 F.  

Figure 23. - Concluded- Bubble point pressures in apparatus. 
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Figure 24. - Effect of a temporary temperature increase on equilibrium 
pressure at 122' F of red fumw nitric acid x i t h  3.8 percent ul lage  
(reference 82). 
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