
(fiC 3 (¿2-0 
ARI 64-107 

THE CONSTANT PRESSURE DECOMPOSITION OF 

NITROUS OXIDE, N,0 + -88N, AND N,0 + 

AIR MIXTURES AT 11.2 ATMOSPHERES AND 

INITIAL TEMPERATURES FROM 772 TO 12332( 

¿Ô.SV 

J. ». NICHCXSON 
E. S. FISHBURNE 

R. EOSE 

THE OHIO STATE UNIVERSITY 
ROCKET RESEARCH LABORATORY 

COLUMBUS. OHIO 

JUNE 1964 

Controct AF 33(657)-1931 
Propel 7063 
Totli 7065-01 

AEROSPACE RESEARCH LABORATORIES 

OFFICE OF AEROSPACE RESEARCH 

UNITED STATES AIR FORCE 

WRIGHT-PATTERSON AIR FORCE BASE. OHIO 



Whan Covaramant drawings, apacilcattoin, or other data arc uaed for any purpoae than In 
ouanoeUan with a dainítafy relatad Government procurement operation, the United States Government 
thaofcy incur» on responsibility nor any obUgation whatsoever, and the fart that the Government may 
hart formula tad, furnished, or In any way supplied the said drawings, spedications, or data, ia 
aat te ba regarded by Iwplhnfkm or otherwise as in any manner licensing the holder or any othar 
parson or corporation, or conveying any limits or permissioa to mnnufacture, use, or sell any patented 
iavsiltan that may In aay way be related thereto. 

Quelled requeetes mey obtain copies of this report from the Defame Documentation Center, (DDQ, 
---AI_J-s _ ti>a_> a ' n \Mmrm Mraaa» Aiexanana, vtrgtzui. 

Ihn report hee ban relamed to the OAoa of Technical Serviem, U. S Department of Conmien». 
WsAtagma B, D. C. for sale to the 9sneral public 

Hack avaflable at OTI $ _ 

Capá« of ARL Tocbnioal 
Is raqtdmd by 

should not bo laturaod to 

obbptions or 

4CD - Jdf 1MI - Ui-47-M 



FOREWORD 

ftli Inter!« technical documentary report va* prepared J- R* 
Hlcholaon, E. 8. Flahbume and R. Bdae of the Department of Aeronautical 
and Aatronautical Engineering of the Ohio State Ihiveraity on Contrae 
¡wber AF 33(657)-0951, Project 7065, Aeroepace SuaUation Techniques 
Research, Thsk 7065-OI, Fluid Dyna^cs Facilities ^!"*earC 
on this task vas administered under the direction of the Aerospace 
Research Laboratories, Office of Aerospace March, ^Ited States Mr 
POrce, with Mr. John Ooresh, Fluid Ibrna«lcs IScilities laboratory, as 

Contract Monitor. 



ABSTRACT 

The therml deconpoaition of NgO, N2O ♦ .86H2, ^2° ♦ AIR haa 
been inveatlgated In a f loving aya ten. Theae studies were conducted 
at 11.2 a toospherea over the tenperature range from 772°K to 1233°K# 
and total flow rates fron 1.0 to 3*76 liters/aec. Total residence tinea 
in the heated section range fron approximately .1 to 2.$ sec. A naslwnw 
reacted gas temperature of 1506°K was obtained. Chromatographic analysis 
of the products of decomposition shoved that the maximum nitrogen dioxide 
yield vas k.kkf for the NgO ♦ AIR mixture, 5*09^ for the 1^0 4 .88 

mixture, 7*55^ for the pure 1^0 decomposition. Spectrographlc observations 

of the emitted radiation from the decomposition reactions shoved the 
presence of nitrogen dioxide in the reaction. Nitrogen dioxide absorption 
bands were found. There vas no evidence of any discrete bands in emission. 

A reaction rate constant of 4.15 * 1010 exp /* 1 was calculated 
1 (R T J 

for the decomposition of nitrous oxide in the N2O 4 .88M2 
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SECTION I 

INTRODUCTION 

The advent of hypersonic flight and re-entry flight into the earth's 
atmosphere has introduced experimental difficulties in adequate simulation 
of the aerodynamic characteristics for these conditions. Current materials 
technology has limited the maximum stagnation temperature to which air can 
beheated by conventional methods on a steady state basis to approximately 
2000°K. Transient tests with zirconia pebble bed heat exchangers have been 
conducted with stagnation temperatures to approximately 2500°K; however, it 
is desirable to establish steady state conditions for extended periods of 
time so that more reliable measurements in the test cabin can be made. Pbr 
the complete simulation of hypersonic flow characteristics, stagnation 
temperatures and pressures must be sufficiently high to permit not only 
Macn number simulation but also adequate Reynolds number simulation. Due 
to the high expansion ratio of the high Mach number nozzles, the static 
temperature of the exit gas is quite lovy and in some cases, the gas (i.e., 
nitrogen and oxygen) may liquify. Obviously this phenomenon prevents us 
from achieving homogeneous flow. 

l&e primary interest for the use of nitrous oxide as a wind tunnel 
testing medium results from the fact that the heat of reaction from the 
decomposition of nitrous oxide is approximately 20,000 cal/mole, assuming 
complete decomposition. Based on the results presented in Ref. 1 through 
3, it appears that a completely self-sustaining decomposition of nitrous 
oxide is practical and possible. The resulting products of decomposition 
of nitrous oxide are 66£ nitrogen and 33^ oxygen for the complete decom¬ 
position. The adiabatic temperature rise for the pure nitrous oxide decom¬ 
position based on theoretical calculations (Appendix l) is approximately 
l600°K. Assuming a preheat temperature of 1200°K, final gas temperatures 
of 2800°K are possible. Current state-of-the-art techniques allow heating 
pure nitrogen to a temperature of approximately 3000°K with graphite heaters. 
Ihe temperature of the resulting mixture will be approximately 2900°K. This 
permits the attainment of steady state stagnation temperatures considerably 
higher than the highest currently being employed in the simulation of 
hypersonic conditions. ft>r the complete decomposition reaction, NgO * 
.88N2# the products are 1.88 N2 .50 C^. This composition duplicates 

that of air. 

The decomposition reaction of nitrous oxide has been investigated 
rather extensively by constant volume bomb methods; however, this does not 
provide adequate infonaation for a flowing system or a constant pressure 
decomposition. The fundamental purpose in the design of this system was 
to permit the investigation of the decomposition reaction of nitrous oxide 
for constant pressure conditions. It is necessary, therefore, to determine 
the conditions which lead to complete decomposition of nitrous oxide, the 
species concentration and maximum achievable temperatures. 
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fte con*Unt pressure decomposition of nitrous oxide has been 
investigated (Refs. 1-3, 12). Investigation of the constant voliae 
deconposition of nitrous oxide has been conducted by various inves¬ 
tigators (Refs, 4 through 12). m general, the primary Interest has 
been in the c*.'*a of the constant volume reaction. Investigations into 
the processes of decomposition during the constant pressure process at 
elevated pressures has not been investigated in deUil. It is also of 
interest to determine the temperature of the reaction and the effects 
of the beating medium and the vail surfaces. It has been determined by 
other investigators (Refs. 1, 9-H) that nitric oxide is a fundamental 
product of the decomposition reaction. Since this occurs as a product 
of one of the steps of the reaction, it is most probable that any system 
using nitrous oxide must accept the existence of the nitric oxide; 
hovever, it would be expected that certain experimental techniques could 
be utilised to minimise the formation of nitric oxide. 

Various methods of initiating the decomposition reaction were 
considered. Among these were electrothermal heat addition, electric 
arc energy addition, or by the addition of a nitrous oxide stream 
(heated to Just belov the decomposition temperature) to a high temper¬ 
ature stresm of nitrogen. It vas decided that the appropriate approach 
to this experimental program vas to obtain the results from direct 
electrothermal heat addition to the nitrous oxide. The effects of 
various additives to the gas are considered (i.e., nitrogen end air), 
fte latter approach considered will be the approach taken in a future 
investigation at this laboratory. 

SBCnOH II 

EXPERIMKlf£AL APPARATUS 

B»e experimental apparatus utilised in this investigation vas 
discussed in detail in Ref. 8. A brief discussion of the apparatus 
will be Included. 

Äe reaction vessel is illustrated in Pig. 1. »is vessel is aide 
of stainless steal pipe, 8-1/2" I. D. x 1-1/8" van thickness, 10 feet 
long. It vas designed to withstand a aaxlmia working pressure of up to 
200 eta. fte flanges on each end provide ready excess to the internal 
heaters in the reaction chamber section. 

»e heaters are constructed of 1" I. D. alumina tube with a l/B" 
wan. »e tubes are wrapped with approximately 90 turns of .040" 
Kanthai A-l resistance vire, »e aaTlmni operating temperature of 
this beater la approximately l600°K. a coating of alumina cament vas 
placed on the outer surface of the tube to provide structural support 
toths resistance vire and to increase the heat transfer coefficient 
from the vire to the tube. Bach of the four sections of the heater have 
a power dissipation of 3 kilowatts at 220 volts AC. It vas found that 
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this power input was completely adequate and in n»st cases created therm«! 

Heater temperature control was obtained with four Simolvtrol thermo 

in Hi “ ÎJe Är/r C0^llen‘ thematic dl^íL is shown' 
Mg. 2. The chrome 1/alumel thermocouples for control of the wall 

l,n thC °UUr ^faCC 0f the cerLîÏeceLnt t^! ^ / ^ downstream and of the heater. The percentage on-time of 
e heaters is controlled by means of conventional percentage timers 

TMs permitted control of the average rate of pover^^o ^ 
system at a constant supply of voltaee heininw , 
of thermal overshoot. ^ ’ h'lplng 40 «innate the effect. 

are a^S^ f°r ^ reacUon “ction- ^re 
that the first four orti " Ü!? paction zone. Hie original concept vas 
nrSL““/. Î f“ur »«tions which are heated sections would act as a 

írrcc:ihíet 

the zjvitti'Ltx?: 
bvCthemdined Cffe^t3 0f lncreaßed temperature and volume floi rate caused 

to mlntal^a^cons tantán torna]“1*6 C0Uld n0t ^ ^ lately contmlled 

* ~p"ne—îzra 

toe ^ - within r2 psi^f 

upatr^m0n^tIOÍLTlndOW IV* ‘ V áimeteT openlne 1» located on toe upstream flange. This provides visual observation of the reaction and 
toeheaters. It was originally anticipated that optical p££a£? 
temperature measurements of toe probe might be made; hoveverduTto the 

n^r.l0í ^ reaCtl0n’ U ““ topoaaible to otoeríe toe’p^ £ 
utÎï^ed ^oi^e^’d“ rnd0W ““i °f Hercullt< E1“0« 1-lA" thick, was 
““‘„i í0WV'r' d‘Jflne 0o,»c of toe spectrographlc measurements, a 

rfL^gTons to ellalnat< the e"«ta ln chort 

s^n1*W‘t^r0Ol'iPr0be 18 u“d ^ obt,llT1 eaa temperatures and gas 
\PrÜ?* Can ^ throughout the entire length of 

lockl^, ^eí.Cí“'bÍr arK) he,lter assembly. The positioning arrangent and 
locklng^ncchanlsn for toe probe la Illustrated In Fig. 1 The gSes removed 
temtiSn™ .r l,“*nched the Internal water cooling. Since toe water 

n ï ?° '«coded 120°F, the quenching effect was quite 
Qu . Original design of toe thermocouple probe Incorporated a 
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tungsten/tungsten-26)( rhénium thermocouple for temperature measurement# 
above 2000°K. Since the obaexved temperature# were veil vithln the 
temperature range of chromel/alumel thermocouples, a sheathed chrome1/ 
alumel thermocouple va# used in place of the tungsten/tungsten-26^ rhenium 
thermocouple. Better measurement accuracy vas obtained In the lover 
temperature region observed. 

Gas samples are vithdravn from the reaction tube Into evacuated 250 ml 
Pyrex flasks. Ihese flasks are connected to the vacuum pump until the 
sample Is obtained. A three-vay solenoid valve is used to divert the 
sampling stream fron a vent Into the sampling flasks. The flasks are then 
flushed approximately 15 to 25 seconds for a total volume change of 
approximately 10 to 15 times. This virtually eliminates the presence of 
Impurities In the sample. These flasks are evacuated to an absolute 
pressure of approximately 100 microns before the samples are taken. 

An P and M Scientific Corporation Model 500 Unear Temperature 
Programmed Gam Chromatograph is used to analyxe the gas samples. A 
molecular sieve 5A column, Inches long is used. Various methods of 
determining the composition of mixtures of nitrogen, oxygen and the 
oxides of nitrogen (i.e ., nitric oxide, nitrogen dioxide and nitrous 
oxide) are given in Ref. 13 through l6. Since the mixture of the oxides 
of nitrogen in the presence of oxygen is very reactive at room temperature, 
this Mikes the complete analysis of these gases extremely difficult by 
gss chromatography. Bovever, vhen analyzing mixtures containing nitrogen, 
oxygen, nitrogen dioxide and nitrous oxide, it vas observed that there 
vere fc distinct indications of the various constituents. Comparisons 
vitfa mixtures of nitrogen, oxygen, nitrous oxide shoved that three of 
the peaks could definitely be identified as produced by these constituents. 
The fourth peak vas considered to be that corresponding to the composite 
of the equilibrium mixture of the oxides of nitrogen at room temperature. 
In an attempt to obtain a direct calibration for the percentage of the 
oxides of nitrogen, equilibrium mixtures of nitric oxide and air were 
made. At room temperature nitric oxide in the presence of a large excess 
of oxygen reacts nearly completely to form an equilibrium mixture of 
nitrogen dioxide and nitrogen tetroxide. Equilibrium constants for the 
reaction 

2 NOp N204 

vere obtained from Ref. I?. At room temperature (20°C) and a very small 
concentration of nitrogen dioxide, this reaction is almost completely 
shifted to the left side. According to the Le Cha te lier principle, high 
pressures vi 11 shift the reaction to the right. Increasing temperatures 
will shift the reaction to the left. Fbr total percentages of the oxides 
of nitrogen leas than 5*, the reaction is shifted approximately 95* to 
the left. 

Calibration of the detector response to various percentages of the 
oxides of nitrogen vere performed to determine if the total percentage 
could be determined directly. Quite interestingly enough, the height of 
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the c«poslte peak was linearly related to the number of moles of the 
equilibrium aloture of the oxides of nltregen anH^ ho^v" It^rv 

ÍLucíSv ,lûpe 0f toe «^™tlon curve sh^d q^te 
sensitivity of the detector to extremely .e.n 

tLTfnr lTj, nltr08en “ ver)r ^ Pressures vL ^ 
then for higher percentages. Bile was corroborated by observations®^ 
--¡ir V thC “^‘“re® of nitrous oxide which had obviously not 

decomposed. In some cases where there vas &nnm»imntssw i 

o^r1 ¿ ‘ P^ wJ^bs^d^ro^ ^fnnroS®'" 
reaction^ ^ equlllbrium instant at room temperature for the 

NO ♦ 1/2 02 «02 

ï îS ^ s;““H 
the reuennn ÎÎ 1 felt' , that if nitric oxide is formed in 

le“ ““ Calibration for the 
s nitrogen, oxygen and nitrous oxide) 

™ ^ ^ h,lgh pre‘,ure *ir “d a calibration gas which 
In Ref 8 a ~fí0d oxy8en> nitrogen, and nitrous oxide, 

sample‘was òu”w .T?? °f nltr0gen “i0*1“' ^ the 

out the nitrogen dl-lS ‘^^rMu^'ÄronT « ™“ 

irÄtrr: ^ r? 
determination of fh-i. a to 5^) lead to rather serious errors in the 

^ Percentage. The analysis for the mixture of the 
nit^n. ov?í 6611 ^ conducted as described above. In addition the 
of M ïîo«^, P!rcent<,g' ““ ^»ined directly. Bie total percentage 
. ,. .T08?” pluB °Wn vas then determined by difference, and the 
ratio« Percentages of nitrogen and oxygen were determined by area 

Cíweeñ thíet^ProPrlatC COrrcction for ^rml conductivity differences between the two gases was applied to the area ratio. 

basic^ecíTor^í^n^b;1?^8,11^“4 ^ thC 8tad^ ^Ived four _ ” equipment. Initial observât ion« were made with » email 
ts^n »nd tomb hand spectroscope, those observstlons clearly reveîtod 

hand systems. Pbr a more refined ^tííl ^y.u 

utilized 3-lA”qx 4 l/î"18? Bpecirograph ““ used- *1» Instrument 
ïo the chÜcterîsïr1 or®^8 ^8^ K ““ f0Und’ h0Mever> ^ d“« 

ééSTéJ léééSí?, Tr81 abOV' 1,500 X- ih' <ü8Parslon of thiquartz 
Subseau.nt.lv i^1 ”2 P®”1“ “V «Equate Interpretation of the spectra 
Subsequently, a Bausch and tomb Medium Cornu Snectrowranh wm ,,..h W.,. 
spectrogram was ptoced Izmmdl.tely ^jsccnï lh® 

céééoTtoléT U8M Prlmrliy 40 d'Umln* 08 «i»*"« »i the continuum 
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Greater resolution vu obtained with a Jarrell-Ash 21-foot Gratin« 
Spectrograph. Various filu and plates were used. Eastman Kodak Tri-X 

Spectroscopic 35» filu vere used. Type I-Jí, II-F. 
10 gl“i 4180 u»^- 'B»* geometric arrangement of the light path is shown in Fig. 3. ^ 

SBCTTOK HI 

EXPERIMENTAL RESULTS 

(l) Pure H2O Decosçosition 

The decomposition reaction of pure nitrous oxide vas investigated at 
a pressure level of 11.2 atmosphere. Flov rates of 1.0 to 2.0 liters per 
second were used. Initial temperature levels from 772°K to n3ß°K were 
investigated. The results are tabulated in Tables I through ill. 

Initial experiments were conducted with an air purge to stabilize 
the t*BP‘ir*ture of the heaters. It vu found, however, that the samples 
were taken before the nitrous oxide had completely eliminated the air 
from the test section. Subsequent experiments were conducted with pure 
nitrogen u the stabilizing medium. Air leaks into the reaction chamber 

cooiin8 âir ~ TXIL.U 
The procedure followed during these experiments vas to stablllre the 

temperature level with pure nitrogen at a flov rate of 
approximately 1.0 liters/aec. After the temperature had stabilized, the 
nitrogen flov vu terminated, and the nitrous oxide flov vu started 
immediately. There vu a rather long lag time (approximately 15 seconds) 
ïeÎSîî "“ÎtoirîîkSï WV.obferve<1- B*1* ^ occurred at all temperature 

J**1 llk*^ Î?1- ^ ^ by the long distance (approximately 
^ floV contro1 and the reaction vessel, and the 

hlgh concentr*tion of nitrogen in the reaction chamber. Approxi¬ 
mately 30 seconds after the nitrous oxide flov vu started, the sample vac 
taksn. Approximately 15 to 25 seconds were needed to Insure adequate 
flushing of the sample flmsk. upon completion of sapling, the nitrous 
oxide flov vu terminated and nitrogen vu introduced. 

T1“ ^ nltrou* mther Infrestl«« 
^ lu^no»lt)f rrt* ti» rtKtlon genemliy »ppeared to 

uîfJÜ !f,K FT “'“O”- “O *“« very rmpld^Tmelrt 
back to the are. of the Injector* and obaenratlon window, visual obeervatlon 
of the color of the emitted radiation shoved that there are apparently two 

S71** °f r*dlfttlon- Ä^i^g the "initiation period", 
J^tveen the first indication of a reaction and the transition into 

a stable decomposition reaction, the color ia a brilliant yellov. After the 
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reaction 1« atabiliied, the color la aore reddish-orange. The result* of 

£úr^r'*1C ,tUdl" 1,111 c^uifînTïiur 

«i-«« «tT^rñn100 0f T nltro“* 
*.«01.^ Vlth the -tr^itlon-Xä:» dlic“ 
virtual lapossibillty of obtaining a partial deronmn.???I ' 
taken shoved that the nitrous oide either did^T^ 1U ,ÄBPle8 
reaction h* go« virtuaU^ to co^^tS' 001 ’ °r «“ 

than lodlcatêd^by 
température rise for thi■-^ awiaoatic decomposition 

(Appendix I and or the 

Ärii^L^^^rr04*'iucb ^ 
the ayete. will lower 
results tabulated in Tables t.ttt «hov th*t Ík^ rature. ExperimenUl 
rise vas 668^ or abo^ of the ÏLomÎc^vT^T" 
was observed at the outlet of the first better section mî ÏT 
rate of 2.0 liters/second. »ection, with a total flow 

The data on the results with the pure nitrous oxide svst«. *r* 
.°r^ acattered; however, the formation of nitrogen dioxide in this 

£v^a£r“e8 ^ ^ temperature*and^vith*increasing 

Reference 10 presents a set of reactions aa follows 

«2°♦ 0 

0 ♦ 1^0-^ ♦ Og 

0 ♦ 1^0-^2 NO 

0 ♦ J»0 ♦ M —►llOp + M 

0 + 0 + Wall—^02 ♦ Wall 

WO2 ♦ NgO —► H2 ♦ ♦ W0 

(1) AHg 

(2) AHg 

(3) ah8 

M AHg 

(5) 

(6) AH§ 

♦ 36.3 kcal 

- 78.9 kcal 

- 35.9 kcal 

- 71.U kcal 

• 7*5 kcal 

where ah8 * heat of formation at 0°JC 

postulated that the set of activation equations are 
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l^O ♦ l^O-► HgCf ♦ l^O (La) 

1*20* ♦ NgO -► »20** ♦ Ä20 (lb) 

H2<f-^ H20^ (2a) 

JfccP ♦ »2O-^1120311 ♦ B2O (>) 

(U«) 

l^cf* ♦ H20-^ ♦ »20 (5a) 

H2O3*—► »2 ♦ ^ i6*) 

♦ (f (7a) 

where f iA f* are the hi and state«, although not necessarily In 
that order, and the symbols * snd ** are used to designate an excited 
state. Assuming that nitrous oxide decomposes according to reactions 
(l) through (6), and that the unlmolecular decomposition reaction of 
nitrous oxide occurs as Indicated In (la) through (?a), reaction (l) 
will be modified to 

M2O-+112 4 0* 

Assuming that excited atomic oxygen atoms are formed, equation (U) can 
be written as 

cf ♦ NO ♦ M-+NO2* ♦ M 

The radiation would then originate from the excited nitrogen dioxide 
molecule 

N02#—►HO? ♦ bv 

where h - Planck's constant 

V ■ Frequency of the emitted radiation 

Based on the observed experimental results, it is expected that the 
rate of reaction Í3) Increases faster with increasing temperature than 
that of equation (2). 

As determined by other Investigators (Ref. 10), nitric oxide is 
formed during the early stage of the reaction and subsequently inhibits 
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the fbrmmtion of addltionAl nitric oxide. These results are in greener * 
vlth the results obtained for increasim? flow rate i ^ ««reeaent 
of nitrogen dioxide foroed. 1#*' ***** «»»unts 

¿“r rhí? “°sí of heat 

vÄ“£ :rz "ST,10 th' 
OÄTT SZu^Æ“10« -- 

were TJSwSTSLT ÎîJbuSSSl^etbTôb^ÎSî'vS'Î^St 

occurre, a* ÎJTÎ! ^ occurln« ^»tre«, of the probe. Since thl. 

[v1V'r r14" '^*TTn^SSSe.PrT Tt^cSd" 

T cStdTS sT*’ PI?adUCed ‘ ^<*>“*Hl^T«cUon SSn SeT. 

further SLtioS. oT SlnSiaT' ReTa"! oVSf* d^^‘ltlon- “= 
the surface of the probe led S T,’.,? Î pr0b* *"d ™POU»hing 
into the reactlS tSbe Initiation of a reaction when re-lnserted 

InltlXTAT °n S' SUrflCe of th' -»at probably lead to the 
as a 4SL hnS ie*Ctl0?; howev'r> th' possibility of the probe acting 
SrTT ♦ L ttlS° pU^ «" ^portant role in this effect 
Corroaponding to these effecU is the low temperature required for 

TeTrsfheTTT S'" th' Pr0be ““ P°sttioned at the outlet 
i the first heater. Characteristics of the vortex flow mav also 

thelow observed temperature required for initiation. Sl^í the leSth^ 

probably Tt lZÚT^ S 24' 8 develop<d turbulent Tlov if 
Ls stro^, 1 T1 hed‘ Urge temperature gradients may exist in the gas stream under these conditions. 

During visual observations of the reaction, it was notl-ed that » 
pulsation in the luminosity occurred. The freqiency^ tte «clTiô- 

c%"e“te'íyTTTÍnf T TV“4 lndeed> th' luninous'tone'extended completely to the inner surface of the window. The presence of the 
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radiation at the window la quite difficult to understand, since the gas 
teaperature In this region Is not higher than 450 - 500°K. This observation 
can possibly be explained by a catalytic effect. The origin of the 
pulsations Is not clear. 

To consider the factors leading to the pulsation, the characteristics 
of the flow sust be analysed. The injectors are designed to create a 
vortex flow necessary to provide ■axlmos heat transfer to the gas. One 
of the four injectors Is bent so that direct Impingement of the gas on the 
window is effected to eliminate a possible "pocket" of cold reacted gases. 
Due to the high tangential peripheral velocity, a stagnant region In the 
center of the tube will exist for a short distance downstream of the Inlet. 
In this region, which Is somewhat cooler than the gases at the periphery 
due to the lower.heat transfer rate, the reaction will occur at a slower 
rate. Products of the reaction zone around the periphery of the tube surface 
will be carried Into the center of the tube, accelerating the reaction In 
the center. After completion of the reaction, the effect of the inert 
diluents (nitrogen and oxygen) In the center of the tube will be transported 
downstres», being continually replenished with fresh nitrous oxide. When 
the composition of the gases along the centerline of the tube becomes 
suitable, rapid reactions will again occur. This will then lead to a 
periodic rev.tlon along the centerline of the tube. 

(2) Ä2O 4 .Sôîlg 

Experiments were conducted with mixtures of N2O 4 .ÔÔNg, In a similar 

manner as described previously for the pure nitrous oxide experiments. 
The results are presented In Tables IV through VI. The maximum amount of 
nitrogen dioxide found during this Investigation was 5«O*#, although t In 
general, the amount determined was somewhat less than found In the pure 
nitrous oxide experiments. A larger temperature rise was obtained with 
the N2O 4 .86N2 mixture for flow rates corresponding to the pure nitrous 

oxide decomposition. In addition, since the theoretical temperature rise 
for the N2O 4 .86N2 aijc'ture approximately lOOCnC (compared to 1500°K for 

the pure nitrous oxide decomposition), the percentage of the theoretical 
teaperature rise for the 1^0 4 .86Ng mixture was always greater than that 

observed for the pure nitrous oxide reaction. 

Difficulties In obtaining a stable partial decomposition reaction 
were also encountered with this mixture. With the exception of three 
cases, the reaction vent nearly 100 per cent to completion. Evaluation 
of the partial reactions permitted the calculation of a reaction rate 
constant. 

The calculation of the first-order reaction rate constant Is given 
ln Appendix II; the value obtained Is 
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k - k.15 X 1010 exp{- } 

The flret-order reaction rate is of the form 

k - c exp {- E*/ ft t| 

where 

c » frequency factor ■ 4.15 x 1010 sec"1 

Ea - activation energy - 51,000 cal/nole 

T » initial température 

This first-order reaction rate agrees rather well with the data obtained 
in Ref. Iß. The activation energy is somewhat lower than values obtained 
jy other Investigators, ftiis is probably due to the effects of the wall 
reactions. The frequency factor which was determined is also low. This 
Is In agreement with the data obtained by many other investigators. 

Visual observations of the reaction vessel showed that the radiation 
was i.early optically transparent, as compared to the pure nitrous oxide 
decomposition which was optically opaque. In addition, the color of the 
gas was much more yellow. These results can be explained by the decreased 
nitrogen dioxide formation. 

(3) NsO ♦ AIR 

Results of the experiments with NgO ♦ AIR are presented in Thble VII. 
A tai gas flow rates of 2.0 and 3.0 liters/sec were used, with the probe 
positioned at the outlet of the fourth heater. The maximum temperature 
rise for this particular position and flow rate is higher than that 
obtained either with the pure nitrous oxide or the 1^0 ♦ .881*2 reactions. 
It is therefore concluded that the reaction rates follow the following 
scheme: 

So > So * -88¾ > So + AIR 

At the maximum flow rate, and temperatures considered, no decomposition 
was obtained for this mixture. 

Visually, the radiation from this reaction appeared to be similar to 
that obtained with ♦ .88¾ mixtures. 
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(U) Spectrographle Observation« 

Initial Investigations of the radiation from the decomposition 

reaction of pure nitrous oxide were made using a small hand spectroscope. 

Hie results of these Investigations indicated that it would be worthwhile 

to attempt to identify the origin of the radiation, ffcr this purpose, a 

rather elaborate optical path was constructed, shown in Fig. 3, to utilize 

the Jarrell-Ash 21-foot grating spectrograph. Since there appeared to be 

two distinctly different colors (i.e., bright yellow during the starting 

process and reddish-orange during stable decomposition) attempts were made 

to obtain the spectra of each phase. Figure 4 shows the spectra obtained 

with Eastman Kodak Tri-X film. Although the film sensitivity decreased 

quite rapidly fgr wavelengths longer than 6500 A, in the region of primary 
interest (5500 A), it was sufficient to obtain the spectrum. 

The radiation during the starting process was photographed by repeated 

exposures. No bands in absorption were found in this phase of the reaction 

however, the steady state reaction produced a band spectrum in absorption 

as shown in Fig. 4. In both cases, however, a continuum background was 

observed. The intensity of the continuum was apparently much greater for 

the case of the steady state reaction. 

To identify the system observed, it was necessary to obtain a 
reference spectrum of possible constituents. A small absorption cell, 

with a path length of 1" was filled with either nitrous oxide, nitric 

oxide or nitric oxide plus excess air. Light from a tungsten filament 

blackbody source was passed through the cell. Virtually no absorption 

was observed with the nitrous oxide and very slight absorption around 

4000 A was observed with the nitric oxide; however, the equilibrium 

mixture of nitric oxide plus excess air at approximately 100 psig resulted 

in a very complex absorption system. Comparison of the absorption spectra 

obtained from the reaction vessel with the reference spectra, indicated 

that the nitrogen dioxide molecule gave rise to the observed absorption 
spectra. 

To obtain an absorption spectrum, the presence of a background 

source is necessary. Great care was taken to eliminate the blackbody 

radiation of the heater walls as a source of the continuum background. 

Repeated exposures for very short intervals (10 seconds), produced 

similar results to the longer exposures, i.e., identical absorption 

bands were observed with a continuum background. It is, therefore, 

concluded that the observed continuum was produced in the reaction rather 

than being caused by the blackbody radiation of the heaters. 

A Bausch and Lomb Medium Cornu Spectrograph was positioned directly 

at the reaction vessel to determine if the apparent continuum had a cut¬ 

off at any particular wavelength. Fbr cumulative exposure times of 90 

seconds at 15 seconds per exposure, slit widths of 10, 50 and 200 microns, 
and type IV-0 spectroscopic plates, a continuum was observed down to 

approximately 3200 A; however, no discrete cut-off point was observed. 
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A spectrogram of the stable decomposition reaction obtained by this 
spectrograph is shown in Pig. 5* Since the recombination continuum of 

the NO ♦ 0 ïf02 reaction should cut-off at about 4000 A, it is believed 

that this reaction is not the principle reason for the radiation. 
Kaufman, et al (Ref. 10) have postulated that the radiation is caused 
by chemiiumineaence rather than thermal nitrogen dioxide molecule 
radiation. Since the nitrogen dioxide lines have been identified, the 
absorption bands are most probably due to self-absorption phenomena. 

The mechanism of chemlluminesence of the NO ♦ 0 recombination 
reaction was studied by Clyne and Thrush (Ref. 19). The absorption 
spectra of an equilibrium mixture of nitrogen dioxide and nitrogen 

tetroxide in the spectral region from 2400 to 5000 A was determined by 
Hall and Blacet (Ref. 20). Fluorescence spectra of the nitrogen dioxide 

molecule were investigated in the region above 4000 A by Neuberger and 
Duncan (Ref. 21) using Raman spectrum techniques. The results obtained 
by Ref. 20 and 21 are of considerable Interest in confirmation of the 
observed spectra. 

The absorption spectra of nitrogen dioxide has a maximum at approxi¬ 

mately 4000 A with decreasing absorptivity towards longer and shorter 

wavelengths. The spectra showed the presence of some fine structure. 
The intensity of the absorption decreases continually with decreasing 

wavelgngths down to approximately 2500 A, although thg absorptivity at 

4000 A is approximately 45 times as great as at 2500 A; on the other hand, 

the absorptivity at 4000 1 is approximately 2-1/2 times as great as at 
5000 A. Neuberger and Duncan (Ref. 21) indicate that an absorption spectrum 
against a continuum background was obtained for relatively low nitrogen 
dioxide pressures (approximately 12 microns). 

The observed results are in agreement with Refs, go and 21. Since 

the observed continuum extended to approximately 3200 A, this may be 
caused by the radiation of the hot nitrogen dioxide molecule. Based 
on the absorption characteristics of nitrogen dioxide, similar emission 
characteristics due to thermal effects should be possible. The precise 
shape and position of the curve would probably be different due not only 
to different transition probabilities, but also due to the higher temper¬ 
atures encountered in this investigation, 1000 - 1200°K, as compared to 
300°K in Ref. 20. The higher vibration levels will be more highly populated 
due to the increased temperature level; thereby, shifting the maximum of 
the curve. The curve should also be flattened providing a more nearly 
constant emission spectra, over a broader spectral range. 

This is, in fact, in agreement with the observed spectra. Since 
nitrogen tetroxide will be non-existent at the temperature levels obtained, 
no effect due to the short wavelength absorption will be encountered, and 
nitrogen dioxide will be the only source of the observed spectrum. It is 
somewhat questionable as to whether the total spectrum is only a function 
of the hot nitrogen dioxide radiation, or whether fluorencence may also 

account for some of the radiation in the region above 4000 A (Ref. 21). 
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(5) Conelu»lona 

Itoe use of nitrou» oxide as s working medium for a hypersonic wind 

tunnel requires a maylmun total temperature rise (minimum heat loss) with 
a minimum formation of nitric oxide and nitrogen diox*de. Due to the 

characteristics of the decomposition reaction, it was impossible to achieve 

reaction temperatures approaching the theoretical values. This is primarily 

due to the effects of the wall on the reaction. Since, for nearly all 

cases, virtually complete decomposition was obtained in this temperature 

range and pressure level, acceleration of the reaction does not appear to 

be a significant problem. On the other hand, a more severe problem is 

encountered in equipment design due to the relative inability to control 

the reaction; however, for several experiments with pure nitrous oxide, 

a completely self-sustaining reaction was obtained without the use of any 
type of auxiliary reactor. 

Experiments with NgO ♦ .601^ indicate that the amount of nitrogen 

dioxide formation may not be significantly great to prevent further 

consideration for use in a wind tunnel. Further experiments should be 

conducted for cases of more nearly adiabatic conditions to maximize the 
reaction tempeiature. 

The observed spectra from the décomposition reaction show the presence 

of a continuum background, with the presence of absorption bands. The 

absorption bands correspond to nitrogen dioxide absorption, while the 

continuum is due either in total to the hot nitrogen dioxide radiation 

or a combination of hot nitrogen dioxide radiation and nitrogen dioxide 
fluorescence. 

The reaction rates for nitrous oxide, + .ÖÖN^, based N2O AIR 

appear to follow the following scheme 

kll20 > kl«20 ♦ .88¾ > kn2o ♦ AIR 

based on indirect observations of the temperature rise during the reactions. 
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APPENDIX I 

The adiabatic flame temperature for the equilibrium reaction 

NpO —^ N2 ♦ & Op ♦ b 0 

wae calculated for pressures of 1, 10, 100 atmospheres and for the case 

b « 0, a - Por an adiabatic system, ve have 

b Ti> NpO a TiJ 
HNgO AHf ’ ^ ni » 0 

T/Tb AHf 

t 
% 

AH »20> Tb 1. AHf. 

‘ 2\kTl 
- 0 

where 

b 
"NpO 

'N 

n., 

Tb 

AHfT»1 

n‘ 

is the mole fraction 

is the specific molality of species i( ■ lnc>^es 0;—1-—,.\ 
\ gram of mixture / 

is the temperature before reaction (°k) 

is the temperature after reaction 

is the heat of formation of species 1 at the indicated 

temperature (-—lo-rles-\ 
V gram of mixture ' 

The equilibrium reaction for the dissociation of 0« iß 

1/2 Dg—►O 
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fcnd the equilibrium constant can be given as 

Ko 

The values for U*e thermodynamic function used in these calculations 
were obtained from Refs. 22 and 23- Ibis method leads to an iterative or 
r rupMeal type solution for the temperature, based on the equilibrium 
products at the various pressures and temperatures. 

The adiabatic decomposition temperature vas calculated also for the 
reaction 

H20 ♦ .ÔÔRg—►l.ôÔNg ♦ .5 

by evaluating the equation 

The results of these calculations are presented in Fig. 6. It can 
be seen that the theoretical temperature rise for the case of no 
dissociation for the pure HgO décomposition is approximately l600°K, 
while for the reaction, I^O ♦ -ÔÔNg* the temperature rise is approximately 
1000°K. 

APPENDIX II 

CA1CULATI0N OF RESIDENCE TIME AND RATE CONSTANT 

The approximate residence time of the gas in the heater can be 
calculated as shown below 

Tr - I (»«=) (1) 

where 

'Y'fl i* the residence time 

L is the length of the heater 

tT la the average linear gas velocity 
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By continuity, 

P A 

where 

m is the macs flow rate 

F is the average density 

A is the cross-sectional area 

and 

P 

or 

(3) 

N 

u-. 
22.1* p A (—) xsec/ (5) 

where 
V 

V is the volume flow rate at standard conditions (liters/sec) 

T is the average temperature (°K) 

is the Universal gas constant - 02.06 

p is the pressure 

, (cm3) 

(gm mole) (°K) 

(atm) 

Ftar a pressure level of 11.2 atmospheres and a tube diameter of 2.5 
cm, the expression for the average velocity is 

& * .0655 V T 
Vsec/ (6) 
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A flow r»te of 3*76 11 ter«/second, tube length of 91.5 cm, and 
temperatures of 1009 and H58°K leads to residence times of .3Ú and 
.32 seconds, respectively. The corresponding concentration ratios 

(¾°). 
^'0y'" of N20 after and before the reaction for the above conditions 

is .269 and .03^2, respectively. 

by 
Assuming a first order reaction, the decomposition of N2O is given 

d O%0) 
dt 

- * (1^0) 

or 

* - k dt 

Integration leads to 

d («go) 

(NjO) 

In 
(HzO)« 

("2°)b k Tr 

where a, b refer to after and before, respectively. 

At Tx - 1069^, 

k^ - 2.65 (sec“1) 

At T2 - n50°Kf 

kg * 10.8 (sec“1) 

The reaction rate constant is given by the expression 

. - Ea/ft T k - ce ^ 

or 

é ■ expif (è ’ k*} m cxpi| 

(7) 

(8) 
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Evaluation of (8 ) gives 

Ea - 51,000 cal/nole 

Substituting back into (7) and solving for c yields 

c - 4.15 X 1010 

and the final result is 
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