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ABSTRACT

Part 1l

I

II

The rate of the homogeneous thermal decomposition of NH3 in
NHB-Ar mixtures has been measured in a shock tube by monitoring
the radiation emitted by the NH3 in the 3 micron wavelength region.
For the temperature range 2000-3000°K an apparent activation

energy of about 52 Kcal was found.

The vibrational relaxation of isothermal, dilute gas mixtures after
excitation by an external radiation field has been investigated,

leading to a proposed experiment for the measurement of collision

. transition probabilities,

Part 2

I

11

A review of recent papers in the field of combustion has been

prepared for the 1960 Edition of Annual Reviews of Physical

Chemistry.,

An approximate theoretical performance evaluation for a diverging
rocket has been performed. A paper describing the evaluation has

been published in Astronautica Acta.
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PART 1. AN INVESTIGATION OF RELAXATION PROCESSES

The process by which a physical system adjusts itself upon
disturbance so as to approach a state of equilibrium is termed relaxation.
In Section I we report on our investigation of a particular chemical
relaxation process; ammonia, initially at room temperature, is suddenly
heated to a temperature of 2000-3000°K and proceeds to decompose,
approaching an equilibrium state in which it has reverted to its
elemental constituents., In Section II the vibrational relaxation of an
absorbing gas, when suddenly immersed or removed from a radiation
field is considered.

I. SHOCK TUBE MEASUREMENTS OF THE RATE OF HOMOGENEQUS
DECOMPOSITION OF NH3 in NH3-—Ar MIXTURES

A, Introduction

The kinetics of the heterogeneous thermal decomposition of NH3
have been studied in great detail and a voluminous literature is available
on this subject,ql) Little information is available, however, concerning
the homogeneous reaction rates. In an early paper, Hinshelwood and

Burk(z)

investigated the homogeneous decomposition and noted that no
measurable reaction occurred up to temperatures of about 1500°K.

More recently Sage, (\3) using a ballistic piston, has observed the reaction
to proceed at temperatures between 1500 and 4500°K although no rate

data were derived from these measurements.

The advent of the shock tube and "fast' infrared detectors has now

made possible a method for the measurement of the homogeneous de-



composition rate. In this paper we report the results of preliminary

activation energy measurements for the homogeneous decomposition of

NHB"
The use of the shock tube for emission measurements has been

(4-8)

described by several authors. The present investigations are
probably the first published data on reaction-rate measurements using
infrared emission, Many shock tube rate measurements have, however,
been made by monitorihg light intensities in the visible and ultraviolet

(9-14)

regions of the spectrum. If it is assumed that radiative equili-
b.rium is attained in times short compared with the chemical decompo-
sition times after the passage of the shock wave and, furthermore, that
the NH3 belhaves as a transparent gas, then it is possible to measure

the change in NH, concentration directly by following the infrared emission

3
intensity as a function of time. Radiation of intermediates may be
minimized by measuring only the initial concentration changes.

Rough calculations, based on the absolute intensity data of McKean
and Schatz(15) iﬁdicate that the most advantageous band for a shock tube
study, considering available detectors and window materials, is the one
centered at 3 microns. For judiciously chosen optical depths, the
assumption of transparency mayr‘then be shown to be quite reasonable.

Because of the low specific heat ratic of NH3, it is impossible to
achieve sufficiently high temperatures for initiation of the decomposition
by shock-wave heating of the pure gas. For our rate studies 1% NH, -

3
99% Ar and 8% NH3 - 92% Ar mixtures were used.



B. Experimental Equipment

1. The shock tube and gas-manifolding systems

The basic features of the shock tube used for experimental
measurements are indicated in Figs. 1 and 2.

The low pressure end of the tube was constructed of commercial
square tubing (3-1/4 inches on a side internally and 5/8 inch thick). The
length from the plane of the diaphragm to the end plate was originally
114 inches but this was later increased to 142 inches in an effort to extend
the testing time. The interior of the tube was sand blasted but no
further effort was expended in obtaining a smooth surface. However,
shock velocity measurements made using four thin-film heat gages
showed that shock wave attenuation in the range of Mach numbers from
5 to 6 was only about 3% over a distance of approximately 70 cm.

The high-pressure section of the shock tube was constructed from
commercial thick-walled, round tubing of 4-1/2 inches inside diameter.
The 1ength of this section was 74 inches. In a transition section approxi-
mately 2 inches long, the round cross section was tapered to a square
cross section that matched the low pressure end of the shock tube. This
section of the shock tube was hydraulically tested to 3000 psi.

The individual component sections of the shock tube were flanged at
both ends; sealing between mating flanges was accomplished by means of
O-rings lubricated with Apiezon type M vacuum grease. The entire ex-
terior surface of the shock tube was painted with red lead primer paint

to minimize rust accumulation,
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Accommodations for observation windows and thin-film heat gages
were provided at several positions along the low-pressure end of the
tube, Fig., 3 is illustrative of a typical window mount. Windows
were constructed from synthetic sapphire (AQZO?)) and periclase (MgO).
These materials Wlere selected for their good transmission character-
istics throughout a wide range of the spectrum. An end plate was con-
structed with a sapphire window for axial observation in the shock tube.
Epibond No. 104 furane resin was used to cement the windows to the
mounts,

Provision was made in the high-pressure section for the mechanical
piercing of diaphragms; however, this method of shock initiation, which
was intended to be used with copper diaphragms, was not employed,
After considerable experimentation it was decided to abandon copper in
favor of some material that would not require careful scribing for con-
sistent results and that would produce less scratching and abrasion of
observation windows. The material finally selected was DuPont Mylar
which was available in thicknesses ranging from .00l to . 010 inch and
which could be stacked to obtain any desired thickness and strength,
Mylar diaphragms were not scribed, and bursting was accomplished
simply by raising the driver pressure. Shock velocity measurements
showed that Mylar gave results that could be reproduced with a precision
of better than 1/2%.

The gas manifold for the low pressure end of the tube was designed
for handling of test gases and evacuation of the system., It §vas fabricated
from Mueller Brass Company solder fittings and copper tubing. A

saturated aqueous solution of ZnC,QZ was used as a solder flux with no
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adverse effects being experienced at high vacua. Circle Seal plug
valves were used throughout the manifold, A Norris-Thermador CO2
cylinder served as a gas mixing bottle and a Marshalltown Manufacturing
Company vacuum gage was used as a guide to the quantity of a gas intro-
duced into the bottle. A direct outlet from the shock tube was provided
for taking samples of mixed gases for chemical analysis.

The vacuum pumping system centered about a Consolidated Vacuum
Corporation type MCF-60 oil diffusion pump using Dow Corning 703
silicone oil, which was attached, by means of 3/4 inch o.d. copper line,
to the top of the shock tube. The diffusion pump was backed by a Kinney
type KC-8 double-stage mechanical vacuum pump. A piping system
conveyed the Kinney pump discharge and test gases to a chemical hood.

The pressure in the manifold was measured by means of a Consoli-
dated Vacuum Corporation Phillips gage, type PHG-09. The calibration
of this gage was checked against a McLeod gage. Test gas pressures for
an experimental run were measured with a Wallace and Tiernan 0 to 50
mm absolute pressure gage which was connected directly to the shock
tube. Wallace and Tiernan absolute pressure gages are individually
calibrated at the factory; however, as a precaution against any possible
change in calibration during shipment this gage was checked against a
precision mercury manometer, The ultimate vacuum in the gas manifold
systerm was 5 x 10_5 mm of Hg, while the shock tube could be pumped/"co
10~4 mm of Hg. The measured leak rate for the entire system was of
the order of 0.1 micron of Hg per minute.

The high pressure manifold was assembled using 1/4 inch o.d. copper



tubing and Parker high pressure flare fittings. Grove O-ring seat
needle-valves were used throughout. The manifold was connected to
the shock tube by Parker high-pressure flexible hose. A connection
was provided for evacuating the high pressure section. Ashcroft-15 to

400 and O to 2000 psi gages were used for pressure measurements,

2. Shock velocity measurement
Thin-film platinufn heat gages similar to those described by

(16)

Rabinowicz were employed for shock velocity measurements. Figs.
4 and 5 are illustrative of the heat gage construction and associate’d
electronic circuitry. A great deal of effort was expended in arriving at
this system which functioned reliably and gave reproducible results.
The heat gages were stationed 67.5 cm apart. The voltage output
from each gage was fed through a Technology Instrument Co. Type 500A,
1000-gain wide-band amplifier to a Berkeley Model 7360 counter. The
first heat gage served both to start the counter and also to trigger the
oscilloscope sweep. The trigger circuit of the Tektronix oscilloscope
functioned erratically for the low voltage output of the gages {approxi-
mately 1-10 mv)., A study of this problem culminated in the construction
of the extremely high-gain transistorized trigger amplifier depicted in
Fig. 6. This amplifier was balanced to give a sharp spike for square
wave input as indicated in Fig. 7. By setting the oscilloscope to trigger
at 5v, a level at which its performance was quite consistent, the sweep
was delayed not more than 2 microseconds as a result of the trigger

amplifier,
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The minimum count of the Berkeley counter was 1 microsecond.
An average transit time of the shock wave across the face of a heat gage
was about 1 microsecond. Thus, for typical shock yelocity measure-
ments, which were of the order of 400 microseconds, the uncertainty

was less than 1/2%.

3. Chemical analysis of test-gas mixtures

In order to observe the homogeneous thermal decomposition of
NH3 temperatures in excess of 2000°K were required. Because of the
low specific heat ratio of NHB’ temperatures of this order could not be
achieved in our tube by shock wave heating of the pure gas. It was there-
fore necessary to dilute the NH3 with a more suitable gas and argon was
the logical selection. In order to make certain that the decomposition
proceeds in a nearly isothermal manner, a large excess of argon was
employed. Mixtures of 1 to 10% NH3 in Ar were used during the experi-
mental program.

In order to determine the exact composition of the test-gas mixture
and minimize uncertainties resulting from surface adsorption in the gas
manifold and mixing bottle, a sample of gas for chemical analysis was
taken directly from the low-pressure section of the shock tube prior to
each experimental run. Spectroscopic analysis directly in the shock tube
was not feasible because of the extremely low optical path lengths of the

NH The gas sample was collected in the large bulb of the container

36
shown schematically in Fig. 8. This bulb, which had an accurately known
volume, was pumped down along with the shock tube and was filled with

test gas while the tube was being filled., The pressure in the bulb was
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thﬁs the samé as that measured in the shock tube, Just pl.;ior to an
experifﬁe:gltal run, the bulﬁ was closed off and the gas thus trapped was
a.tllalyz;ed at ‘the conclusion of the run, |

“ Becaﬁse the quantity of NH3 in the sample container was so small,
titration of the gas (suitably absorbed in a liquid vehicle) with a standard
acid solution could not serve as a means of analysis, Instead, a
colormet'ri‘c analysis was performed using a Fisher electrophotometer.
The method used is essentially the Folin and Wu(”) technique for de-
- termination of non-protein nitrogen.

To absorb the NH3, 50 ml of 5% aqueous solution of HCﬂ were
introduced into the small bulb of the sample container with a volumetric
pipette. By means of the stopcock separating the two bulbs, the HCQ
solution was brought into contact with the gas mixture and the container
was agitated for 4 or 5 minutes. An accurate volume of this mixture was
then drawn off and Folin-Nessler's solution was added rendering the
mixture a yellow color. The percentage of light transmission was
compared to distilled water and an identical quantity of Nessler's solution,
using the electrophotometer. This measurement yielded the mass of
NH3 in the sample'container.

Calibration of the electrophotometer was accomplished by means of
a standard solution of NH4Cﬂ . A calibration curve was prepared showing
the percentage of light transmission as a function of the number of
milligrams of nitrogen. With a reading frém the electrophotometer and
the knowledge of the pressure, temperature and volume of the gas mixture,

the fraction of NH3 pi'esent could be determined. Repeated experi-
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ments indicatéd a precision of approximately 3% for this analytical
' pr‘oced‘u’reh.

| Anhydréus grade NH,, minimum purity 99.99%, and standard grade
Ar,‘” minir'num'purity 99.998%, supplied by the Matheson Co., were used
to prepare the test gas mixtures. No attempt was made to perform an
exact analysis of the impurities; however, from the supplier's literature
it would ap‘pear‘that the principal impurities in the gases used were

oxygen, hydrogen and nitrogen.

-4, Infrared detectdrs

Since the shock tube program undertaken reqﬁired radiation measure-
ments in the near infrared portion of the spectrum, it was necessary to
investigafe in some detail the characteristics of detectors a%rail'able for
this wavelength region,

In recent years the U.S., Government has sponsored a significant
research effort in infrared detection, primarily in connection with
missile detection systems, and as a result of this effort there are now
available on the commercial market a number of infrared detectors of
high sensitivity and very short time response suitable for shock tube
~ research. The principles and practices of these devices have been

(19) (20)

di,scuss'ed in considerable detail by Smith et al(ls), Moss , Jones’

and others(z'l).
In spite of the abundance of literature on the subject, the adaptation
of particular detectors for the shock tube program required a good deal

of experimentation. Of paramount importance was the elimination of

spurious atmospheric electrical disturbances, and the minimization of
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stray ca.pacita;nce in the electronic circuits so that the ultimate time
re spon's'e ;:ould be achieved with a given detector.

| During the course of our experimental work, two photoconductive
infrared éells were used. In the early survey work, a 3anta Barbara
PbSe cell with a useful range of wavelengths from 1 to 5 microns and
with a cell time constant of about 20 microseconds was employed. Later
in our program, when actual quantitative runs were undertaken, a
Westinghouse gold-doped germanium cell became available. This cell
covered the wavelength region from about 2 to 9 microns with a cell
time constant of 0.2 microseconds.

Since photoconductive cells operate by a change in resistance when
irradiated;-a load resistor-biasing arrangement was called for. The
simplest biasing scheme that could be employed is illustrated in Fig. 9a.
Examination of this figure reveals that the circuit time constant, irre-
spective of the detector time constant, is the product of the load resistance
and the stray plus amplifier imput capacitances, presuming, of course,
that the load resistance is small compared to the detector resistance.

In order fo achieve the ultimate time response of the detector, the circuit
time constant must be made small compared with the detector time
constant, This caﬁ be accomplished simply by decreasing the load re-
sistance. There is, however, a lower lirr;it to this decrease. Although
the detector signal-to-detector noise is independent of the value of the
load resistancve, the detector signal-to-amplifier noise increases with a
decreasing load. Our broad band amplifiers had an output noise level of

5 mv for a gain of 100. This, then, represented the limiting signal voltage
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for detection. \ Experiments indicated that NH3 radiation behind the
sﬁock front was not of sufficient intensity to be measured unequivocally
with this arfangement with the load resistance set low enough to attain
thelvminim'um required time constant. It should be pointed out that the
5 mv figure quoted above was further aggravated by the stray pickup of
this relatively high-impedance system.,

The alternative avenue of approach involved decreasing the value of
ground-shunted capacitance and using a cathode follower circuit. In
Fig. 9b we have indicated the circuit used for the PbSe cell; for the gold-
doped germanium cell we used the same circuit except for the intro-
duction of a separate 30 v bé.ttery for the cell bias supply. The
measured input capacitance to this cathode follower was 5 micro-
microfarads. Thus, for the full 1 megohm load, this portion of the
circuit had a fnaximum time constant of 5 microseconds. This circuit
represented‘a factor of five or six gain over the simple circuit, with the
added advantage that the low output impedance of the cathode follower
minimized stray pickup. Radiatibn emitted from NH3 was successfully
detected ﬁth this system.

The phot‘oconductiv'e cells were mounted in the same chassis box as
the vacuum tube ana located as close as possible to the tube input grid.
Tﬁe components that were housed together are indicated by phantom lines
in Fig. 9b.

Two methods were employed to measﬁre the time responise of a
detector assembly. In Fig. 10 we have illustrated what may be called

the oscilloscope method in which the detector '"looked at'" the face of one
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. :
oséilloscope (CRT) while its output was measured on a second oscillo-
scope. ’B)"r masking the face of the CRT which the detector observed,
it’ was possfble to obtain a step input of light with extremely fast rise
timé. Thé CRT face does not emit infrared radiation, as was determined
by insei’ting a series of Corning Glass filters in the optical path, but
rather radiation at wavelengths shorter than about 0.55 microns. A
measurement could be attempted then only in the visible region of the
spectrum where, unfortunately, the detector sensitivity was extremely
low. With the PbSe cell a measurement was possible since with its high
time constant a fairly large load resistance could be used with the cathode
follower., The measured value was about 20 microseconds. For the
gold-doped Ge cell, an overall time constant of about 1 microsecond
was sought and for this value the load had to be reduced below the point
where visible radiation could be detected.

The shock tube itself was employed in our other method for time
constant measurements. By using a gas with a fast vibrational relax-
ation time, a '"'step of light" could be p,rociuced by the passage of the
shock wa‘ve. Pure NH3 was employed for this purpose. With the load
resistance set at about 1050, the measured overall time constant of
the gold-doped Ge .assembly was approxixﬁately 0.7 microseconds.

Both of the aforementioned cells were operated at the temperature
of liquid nitrogen. The Santa Barbara cell employed a miniature
cryostat which manufactured its own liquid nitrogen from a lﬁgh pressure
bottle of N2 gas. The Westinghouse cell had a reservoir into which

liquid nitrogen could be poured.
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5. Optical éystems for measurement of radiation behind shock fronts

Our studies indicated that the spectral region most easily accessible
for an investigation of the decomposition of NH3 centered about a wave-
léngth of 3 microns. To isolate this region, a monochromator was
required. A prerequisite for the radiation measurements was an optical
systém with adequate light-gathering power which would focus the light
on the monochromator slits.

The first optical bench constructed used quartz optics, since the
manufacturers' literature indicated that the spectral transmission of
quartz extended beyond 3 microns. Fig. 1l contains a schematic
diagram of the arrangement. The light source was used to focus the lenses
accurately on the center line of the tube. Although measurements showed
that light transmission for this system extended to about 3.4 microns,
the fairly sharp decrease in intensity beyond 2.8 microns was felt to
be too limiting for our purposes.

In Fig. 12 is depicted the system actually used for the experiments.
With MgO windows in the tube, spectral transmission was flat to about
6 microns, being limited here by the absorption of the LiF lens. By use
of an . aperture plate, the f-number of the system was adjusted to £/12,

a value which mafched the f-number of the monochromator used and still
gave a calculated time resolution of about 2 microseconds at the window
of the shock tube.

The monochromator from a Beckman IR-2 spectrograph was
employed for spectral resolution., The dispersing element was rock
salt. The monochromator with the infrared detector assembly in place

is shown in Fig. 13, Accuracy of the wavelength scale was tested by
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Fig. 13, View of the monochromator and associated cotical egulyiment
[he Santa Barbara PhSe detector assemonly is i
to the lefi of the monocuraomator,
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means of a caiibrated strip of polystyrene. and the presence of short
wavelehgt}; scattered light Was éhecked by inserting a germanium
inférference‘ filter with a sharp 2 micron rise in the aligning light beam.
In the speétral region of interest, the scattere‘d light intensity was

found to be negligibly small.

C. Experimental Results

The initial rate of decomposition of NH3 in Ar has been measured
between 2000 and 3000°K by following the rate of decrease of emission
intensity in the 2.7 to 3.2 micron wavelength region. A typical ex-
perimental record is shown in Fig. 14. As was pointed out earlier, the
intensity of the emission is assumed proportional to the concentration
of NH3. From the record it may be seen that thé emission intensity
jumps very rapidly to a maximum value after passage of the shock wave
and then decays, approaching the zero level asymptotically.

In order to study our records it was first necessary to determine
the state of the gas mixture aftgr the passage of the shock. The required
thermodynamic parameters were calculated from the measured initial
conditions and shock velocity uéiﬁg tﬁé well known conservation equations.
_ Since the kinétic studies were to be restricted to initial rate measure-
rnents,. only properties immediately behind the shock front were re-

quired. For the mixture containing 1% NH,,, the calculations were

3’
performed neglecting the presence of the NH3. Calc‘:ulationsvfor the 8%
mixture were carried out by assuming equilibrium before and after the

shock wave with respect to the internal degrees of freedom but not with

respect to chemical composition. Enthalpies for NH, were computed in
P P P 3 P
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“the 2000-3000°K range using standard methods. (22)

For reduction of the kinetic data it was assumed that

| ‘d(NH3)
T Tat ?k(NH3NM) (1)

where (M) represents either Ar or NH3.

In terms of the NH3 partial pressure PNH.’ and mole fractions

. 3
Xy and XNHg’ Eq. (1) may be written as
dp
-RT M e @)
< 2 dt M’
NH,PT ‘

Here Pp is the total pressure and T the temperature after the passage of
the shock; t represents the actual time for the decomposition reaction
and may be obtained from the "oscilloscope time' by multiplying by an
appropriéte density ratio, For transparént gases, PNH3 is directly pro-
portional to the emission intensity and, with properly designed electronic
circuits, directly proportional to the oscilloscope voltage V registered
by the detector. Hence,

V = const. pyy , _ (3)

3
_or

av_ . P,
at = const. —‘-a—t—— .

The constant of proportionality may be evaluated at t = 0 from the
oscilloscope trace and the known partial pressure of NH3 imrhediately
behind the shock front, Thus in terms of the initial voltage Vv and mole
fraction Xc])f\IH , and with an assumed Arrhenius temperature dependence,

‘ 3
Eq. (2) becomes
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~ \
dp -x° d —
-RT NH; " NH;  pp  y° _ _E/RT |
= =Be . (4)
. o 2 a X H pp 4t
NH3PT 3

- For the initial stages of the reaction, T and pp are approximately

\

constant and X« X « On this basis, an activation energy has
NH3 NH3

been determined from Eq. (4). The logarithm of the left-hand side of
Eq; (4) has been plotted against 1/ T for our measurements and the
resulting graph is shown in Fig. 15. Least square straight line fits of
these data yield apparent activation energies of 51 Kcal/mole for the
mixture éontaining 1% NH3 and 53 Kcal/mole_for the mixture containing

8% NH The pre-exponential factor B of the Arrhenius function was

3.

found to be of the order 10]'2 liter/mole-sec.

D. Conclusions

It is natural to assume that the initial step in the homogeneous de-

composition of NH3 is

NH;, + M—>NH, + H+ M - (5)

where M 'is either Ar or NH3. Comparing our measured activation

energy of about 52 Kcal/mole with the experimental value of about 105

(24)

: Kcal/mole for the NH -H bond strength, (23)’ it is clear that our

2

data do not represent the initial decomposition rate. No doubt we are
measuring the early rate and a chain mechanism is a reasonable explan-

ation of our low activation energy. We shall not attempt to guess the

details of the actual mechanism but shall simply note that a chain with

The author is indebted to Dr. Norman Davidson for a discussion of
this point,
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bimolecular termination would involve the square root of the initial
rate constant, indicating an initial activation energy of about twice our
measured value. This result follows, at least qualitatively, from the
' aséumptibn that the reaction rate may be written(zs)

>

1/2

T.

rate of reaction o r_ |-—% ' (6)

P T
b

where rp, T, and r, are the rates of chain propagation, initiation and
breaking, respectively. For simple Arrhenius temperature dependence

the apparent activation energy of Eq. (6) would be
= 1 :
E= Ep + —2—\(Ei-Eb) (7)

where the subscripts have the same meaning as for the rates in Eq. (6).
For Ep and Eb small, we have Ei £ 2E in accord with our experimental

findings..

II. VIBRATIONAL RELAXATION IN CYLINDRICAL CHAMBERS OF
ISOTHERMAL, DILUTE MIXTURES

A. Introduction

‘We consider vibrational excitation in the presence of an external
radiati;)n field and deexcitation in the absence of the field for stationary,
dilute systems in cylindrical containers in which surface deactivation
of excited species is so effective as to réduce the concentration of
vibrationally excited molecules to zero at the bounding surfaces. The
fnathematical problem is similar to that encountered in the study of

(

isothermal explosion limits with catalytic surfaces. 26) We presume
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that the maximum fraction of viﬁrationally excited molecules is sufficient-
ly smaii tt; perxni‘f: the appl;oximation that the system remains isothermal
at tvhe tempe‘ratureT and at constant pressure p and density /0 In the
fol,lvéwing é,nalysis We'examine the rate of excitation in an external
radiation field and the subsequent rate of deexcitation when the external
radiation field is removed. The external radiation field is assumed to

be of such i;igh intensity compared with thermal radiation in the system
that the latter maylbe considered tc; be negligibly small. Internal re-

flection and scattering are neglected.

B. Derivation of the Governing Equation

1. The basic equation

Since we deal with isothermal and constant pressure systems at
constant composition, the integrated energy, momentum and continuity
equations are satisfied automatically. Only the species conservation
equations with zero mass average velocity need to be considered. Further-
more, we restrict our considerations te pure gases (e.g., CO, CO2,
NO, etc.) and small number densities of vibrationally excited molecules.
Hence only the continuity equation for the molecules in the first excited
. vibrationalvl.evel needs to be considered.  Using a binary mixture
approximatién, we find(27) that

i Bnl anl :
BT ‘Daﬁbq = 2 | (8)

where n, represents the number of molecules per cm3 in the first

vibrationally excited level, t denotes the time, D is the binary diffusion
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coefficient for diffusion of vibrationally excited molecules through
molecu'lesA in the ground sfate‘, 82/ 8x£ 8xp denotes the lL.aplacian
o'pejr‘ator in'cartesian tensor notation, -vﬁrl is the rate of removal of
vit;rationally excited molecules by gas-phase collisions and radiative
transitions, ana v'crz is the rate of production of vibrationally excited

molecules in the presence of an external radiation field. We must now

specify the functional forms of W, and of W,.

2. Excitation in an external radiation field

The sum of the rates of deexcitation -\irl and of excitation \?vz consists
of contributions made by gas-phasé collisions and by radiative transi-
tions. Rubin and Shuler(zs) have noted that the collisional transitions,

to the L.andau- Telle,r(2 9)

approximation, obey the same selection rules
as radiative transitions, viz., collisional energy exchange occurs only

between adjacent vibrational levels. Thus, considering molecules in the

ith vibrational level,

° [} . -,O » « 'Q )
—(Wl)c + (WZ)C = k1_>0 [1e ni_l—lni-(l-l-l)e gi+(1+1)ni_¥1} for i=1,2, ... @

(9)

and 0
B k) _so(my-e "ng) - - (o
Here k is the transition probability per second from the first excited

1—>0

vibrational level to the ground level and

hv ‘ :

is the character-~

represents the reduced vibrational temperature if Vi—>0
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3

istic normal vibration frequency, h denotes Planck's constant, and k is

the Boltzmann constant. The transition probability k may be written

_ 1—0 "
in the form ‘
kl 0" 12, (12)

if ZC is the mean collision f;‘eg_uency of excited molecules in the gas
phase and ’7 represents the collision efficiency (i.e., the probability of
deexcitatioﬁ on collision).

The radiative contribution to -%ifl + vﬁrz will be denoted by -(v?zl)r +
(\i«'z)r and may be evaluated by considering a radiation field with volume

density of radiant energy Py . It follows then, to the harmonic
1—0

oscillator approximation, that
“(#) + (W)= B. .n, .- (B. ...+B, . .)
1y 2'r Fv1_>0 1'_-1_)1 i-1 fvl—->0 i i+l Ti—i-l

n

D41 for i=1,2,... @ (13)

+A, _, n.+{ p B. 4 A, .
1—91-1} i Vi>0 ﬁl——)l itl—i

and

“C), (2)e = (P, | Bro* A0 £y Bo—1"0 (14)

0 0

In Egs. (13) and (14) the Biei’ and Ai——>i' identify the Einstein coefficients
- for induced and spontaneous emission, respectively. We now use the

equality

3
81rhv1’ 0

. g = et B,
i—»i! C3 ji—i?

A

and the harmonic oscillator approximations Ai—>i-1=1A1—-> 0 and Bi—»i‘ =

jisjs REXt we note that
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"3
81rhv1.__>0 1 1

., i ‘2— 1
P"l—>o o3 91 91

if th§ effective blackbody temperature for the external radiation field

is T' corresponding to

o *hv1_>0
- T kRTY T

However, under normal experimental conditions,

- .
T'> T and or — >> g .

Using this last approximation, it is readily shown that

. . cor Mot -
'(Wl)r'+(wz)r:A1—>0(1—e ) ie ni_l-ini—(l-i-l)e ni+(1+1)ni+1

fori=1,2,... o (15)
and

no). (16)

~(W) + (Wy)_= A (1-e”

In the absence of the external radiation field, the term e-gl in Eq. (15)
is to be replaced evérywhere by e—g except that all of the terms in-
) volﬁng. products of Einstein coefficients for spontaneous emission with
e are assumed to be negligibly small compared with the dominant

terms.

Combination of Egs. (9) and (15) leads to the result
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Uy

-v'v'll-i— V'VZ = [(Wl) +(W ] [(WZ) + (WZ) :\

: —or,71 . -0
= 1A1__>0Q-e ) e " +iky e n, 4

YRRl R i -0
Ay —_>>0(1-e ) |it{itl)e | tk g i+(i+l)e n,

. -1
+ I:Al__’o(l-e-gs) + kl_ﬁ)] (i+l)n, , . @7

Spec1a11zmg Eq. (17) to i=1, asswrmng that n, <<y and 1o, and neglecting

- 1
e © and e -0 in comparlson with unity, we find that

-0 -0

Ny + W, = -(A oy + AL geTT + ki, e ng. (18)

1—>0 1—>

Hence we obtain the following identifications:

ATl G P ST LY - (19)
and

» — "g' -'g r

W, = (Al—->0 e + kl—" o€ )n0 (20)

where n, may be equated to nn (nT equals the total number of molecules
per unit volume) under the specified experimental conditions.
The mathematical problem for the rate of excitation in an external

radiation field has now been reduced to the use of Eq.l (8) with v’vl de-

fined by Eq. (19) and with W, determined from Eq. (20). Thus

2 )
3n1 -D 8 !11 _ o . . \
ot BXQBXQ L B

¥ = (A, ot ko)

-0t -0

v?rz = (A1_>0e +k1_>0 e )nT ; L (21)
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the boundary conditions are (21)
nl(t, g at the Wall) =0
and
' n, (0, x) ) =0
if the steady-state concentration of n, is unobservably small prior to

illumination. In terms of the reduced variables

\

t'=t/T ,
2 v
7= L*/D, and 3 (22)
Xy = X9 /L, J
we find
Bnl 82111 '
el S R R
. : (23)
nl(t‘, Xy ' at the wall = 0), nf(O, X, Y= 0.
Here L denotes a characteristic chamber length.
The time-dependent contribution to n, is the solution of the homo-
geneous differential equation
2
on 9 n
1, t! 1, _
at' -3XQ' SXR’ * 'z\‘nl,t' = 0. (24)
The general solution to Eq. (24) may be written in the form
-(‘?‘X+wj)t' '
= %
D g Z Aje fj(XX ). -‘ (25)

j

Introduction of Eq. (25) into Eq. (24) shows that the functions fj(XX )
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and the eigenvalues w_j,, are solutions of the set of differential equations

azfj(x B | -
W +wjfj(xf ) = 0, (26)

~where, in accord with the first boundary condition specified in Eq. (23),
fj(xf‘ = values at the wall) = 0, (27)

We assume that the functions fj(X,Q‘) form a complete and orthonormal
set,

The steady-state value of n; =n is a solution of the time-

1, s.s,

independent inhomogeneous differential equation

2

9 n
l,s.s. . _ '
———;———T—axz b, -Ty D s.s. + Twz =0 . (28)
The functions n; o may be expressed in the form
- 1
B, 8.8, Z ijj(xﬂ ) (29)

where the coefficients Bj are obtained by introducing Eq. (29) into Eq.

(28) and then making use of Eq. (26). In this manner it is found that

Z BiTY+ w)flxp) = T, . (30)
j

Since the fj(xﬁ‘.) form a complete and orthonormal set, Eq. (30) may be

used to derive the expression

T,
| Bj =W j fj(XQ') P(Xﬂl) dxf‘ (31)
a



-40-
N ,
where p(x'g‘) is the appropriate weighting function with respect to which
the fj(xf‘)hare orthonormal on the interval a ﬁxx“é b.

‘The geheral solution of Eq. /(‘23) may now be written as

"(TX'*' wj)t'
- = t
nl(tt’XQl) = nl, tt‘i"nl’ S.S.—Z Aje + Bj fj{X,Q ). (32)
J
Use of the boundary condition
1}y —
nl(O, % )=0
shows that
A= -B
J ]
"whence
‘ _(wmj)t* b v
l-e
1 1y = 2 1 e 1 1 1 ;
nl(t » %y ) 'Z’WZ Z YT = fj(xjz )f fj[x9 )p(xQ )dxﬂ . (33)
J a

Consider now an infinite cylinder of radius L in which we may

neglect edge effects. Then Eq. (26) becomes

a%f.(x") af. (r")
J + pt J

PR T

2

r!

2
+ r! dA(r')y =0
T coJJ(r)

whence the orthonormal functions are

fix,") = f.(?') = —2von JO (1/w, ')

with the weighting function
plx') = r'

ro,‘n the interval 0 £r'£1, Hence
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—(T¥+w)t
1(1:‘ xx)-—n(t r')= Tw Zle’zz’-i-w \E JO(\/:%—'I”)\/E-'

since

0(’\/—_| r')ridr' = £— .

1FV_ﬂ) Jﬁ “f;;

(34)

Furthermore, the total concentration of n, per unit length of cylinder

becomes

1
[[f 1(1:, r)d?7 = 2wL f 1(t‘ r')ridr!

—(’[‘X-Pw )t!

n Tl (t'>=fff m(t, 7)AT = TiygnL? L Y+ w3,

whence

where the boundary condition specified in Eq. (27) shows that
‘ 2
1] - 3 - -
JO(‘\/ o )=0, i.e., wy = (Joj)
if JrOj denotes the roots of

JO(’X) = 0.

The steady state value of an(t') is evidently

T, Q ; 2
lss._ 47{1‘2

(ZX+JO )

whence

(35)

(36)

(37)
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2
-(Ty+ Joj )t

l-e
2 2
Tl Joj (Tr+ I3
1 = 4 \ (38)
—T3 : .
n1, 8.8 Z 1
2 2

R.efefence to Eq. (38) shows that the excitation process is domi-

nated by the term

_rger B otR o)t
e - =e s
i,e., by the time constant )
t ~ 1
exc Al——> 0+k1 —~0

On the other hand, an; ! is directly proportional to 7 . In other

words, the characteristic diffusion time LZ/ D must not be too small
since, otherwise, wall deexcitation reduces the prevailing steady-state
concentration. Thus an experimental measurement of the rate of ex-~

citation cannot be performed at too low pressures.

3. Relaxation after the light source is turned off

After the steady-state has been reached and the extefnal light
source has been turned off, the primary process is that of deexcitation
and the term v'vz in Eq. (8) disappears. Furthermore, nl(O, xx*) =
[nl(t', r')} s.s. where the steady-state value is determined from Eq. (34).

Proceeding as before, it is now readily shown for an infinite cylinder

that
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| A(Ty+ TPy
‘ | Z{:e i
o, T4 e) T 305 (74305

. : (39)

T
nl,s.s. Z 1

) 2 2
‘ : JOj (Ty+ JOj )

x

J

C. A Répresentative Calculation for CO

The infinite sums appearing in the equations for the number

densities may be evaluated as follows:

i

1 1 1

R

2, 2
ZJm(T¥+Jm) 01 02

J

= 4+ :
2.4)* (5.5)%

2

2
and JOZ

= 0,033 + 0.0019 for T¥« JOI

where the roots of Jo(x) = 0 have been taken from Jahnke and Emde.(se)

Also

Z 1 1 b 1
Z; ) .
ST (A A PP I P N o't

j o1 02
1 1
= z_ T )
(2.49)°=v  (5.5)°7¥
_ 0.17 , 0.033 2 2 |
==Y + X for ”CY>>J01 » Tgpr veee

Thus it may be seen that a reasonable approximation is obtained if only
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the first term "of the series is retained, either for very small values of
TY or ’f'orAvéry large values of T¥%.
In ‘order‘ to obtain upper limits for the radiant energy output, we
confine our attention to the case in which wall deexcitation is unimpor-
tant, i.e.,

2

’TX;x>Jol .

(40)

Equation (37) for the steady-state number density of molecules in the

first.  level becomes now

' W
n T.2 = Tw 411'L2—————!'-—— ."-'-0.7'1rL2—-—-2—
1, s.8. 2 I 2 Y ~
01 :
or _
T, -0 -0
Coy s, o 2 (Bisge Tk o)
——T—_ = 0, 7sLl" C A Tk (41)
T 1—0 1—0

.

where C is the length of the cylindrical chamber. For CO we have(31)

-1 -1 o
Al—->0 = 33 sec ~ and v, 07 2143 cm *. At a temperature of 300 K;

from the kinetic theory and from sound dispersion experiments, (32), (33)

L 7ZC—2€10—4)(5 x 109p) sec™t

and
D =1072 p-1 cmZ/sec

3\
where pis the pressure in atmospheres. Thus, in order to satisfy

the assumed inequality given in Eq. (40), we must have

10

2 2
L, L 5 2 .
5 (Al__>0+ kl—*aO) =~ P"l (33 + 5x107p) >>J'01 =5
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which yie'ldsip > 10-4, atmos for a characteristic length of about1l.5 cm.
Setting p.= 10>, we find that
| ‘ \kl—->0 =5x 102 sécul.
Since collisional deexcitatiqn is qf dominant importance for the re-
l'axation processes, it is apparent that currently available infrared
detector;.(time constants &= 10-6 sec) possess sufficiently high time
feéoluti-onlfor observation of the decay period.

We must now cofnpute the magnitude of the emitted radiation in
order to determine whether detection with available infrared cells is,
in fact, possible. The maximum intensity of radiation, Imax’_ reaching

the detector will be

I BCnT2

max 1, s.8. 210 2V

1,0 (42)

where B is the fraction of the total emitted radiation reaching the
detector, and includes collimation, lens and geometrical losses. With

the use of Eq. (41), I becomes
_ max _

Y -0
‘ A e + k e
1___=o. 7nL2 Cn, 1"2 T 10

' -0 1—0

hv, B (43)
1 R

whence for CO with T' = 900°K, B = 0.1, CL% = 10 cm?, and p = 1073

aimos,‘
I = 2x 10_6 watt.
max )
The NEP (noise-equivalent power) of a detector is defined as the incident

power required on a detector to generate a 51gna1 equal to its rms noise

level in a 1 cps band width. For larger band widths, the NEP increases
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linearly with tlf‘;e‘ square root of the band width. (34) In the wavelength
region Of_iz;terest, a typicai modern detector will possess an NEP of
abéut 1'0_10. ‘Considering a 10 ke bandpas-s as suitable for adequate

timei' resoiution in a CO relaxation measurement, and allowing a factor
of 10 in excess of thé detector noise level as a minimum for unequivocal
observatidﬁ, a signal ievél of about 10"7 watts should be detectable.
Since this estimate is smaller by a factor of 10 than the calculated signal

Tevel, it appears that an experimental measurement of relaxation time is

feasible from a study of the rate of ciiecay of infrared radiation.
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PART 2. STUDIES IN COMBUSTION

COMBUSTION AND FLAMES; A PAPER, REPRODUCED HERE
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REVIEWS OF PHYSICAL CHEMISTRY (ANNUAL REVIEWS, INC.,

PALO ALTO).
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COMBUSTION AND FLAMES

By S5 PEsser aap T\, j.\i‘t;ss

Deanicl and Flwcucr tiuggenherm 3ot Propalsum Center, California
Instiiute of Techmology, Pusadens, Lalifornig

INTRODUCTION

In combustion rescarch, as in other fields of applicd scienee. 1t is often
helpful to diffcrentiate betneen three essentially distinet categories of en-
deavor, namely (@) fundamental research designed 10 clarify basic prin-
ciples involved in flame processes, (#) applicd research that s motisated by
the urgent need to solye a practically impuortant problem, and (r) research
of an intermediate chararter that is not likely to aid in the selution of a
practically important problem and aiso does not provide new basic insight
into combustion mechanisms. In combustion research. as perhaps in no
other field of science. the investigator must continuously guard himself
against the ever present temptation 1o invent a problem that requires ex-
tensive studies for proper comprehension but is ultimately neither iltuminat- -
ing nor useful,

Basic TaroreETICAL REsEarcrm 1x CousrsTioN

All combustion prucesses involve chemical changes in flow systems. The
fundamental ingredients of the science are therefore tcomposed of (2) the .
comservation equations for multicomponent. reacting gas mixtures; (b)
explicit introduction of appropriate sets of rate laws for gas-phase and sur-
face-catalyzed reaction rates; (¢) impusition of suitable initial or boundary
conditions: and (d), what is perhaps most dificult 1o accomplish in 2 mean-
ingful manner, the mathematical formulation of a tractable problem that
contains the essential features of the physical processes under study.

Satisfactory kinetic theory formulations for the conservation equations
in reacting gas mixtures have heen given by Chapman & Cowling (1) and by
Hirschielder and his collaburators (2). The continuum theury approach is
less transparent {3, 4) although it has recently heen shown by Nachbar.
Williams & Penner {5) to yield results equivalent to those derived frum the
kinetic theory of gaves,

Formlh the problem of estimating transport properties in reacnng gas
mixtures is well understood. although significant uncertainties remain in
apy given case in so far as appmopriate estimates for interaction potentials
and effective collisivn cross sections are concerned. This last statement is
particularly true for free radicals and excited atoms or molecules of the type
that is likely to occur in regions of active combustion.

Combustion processes invohve all of the sncertainties that are impoused’
by incompliete knowledge of chemical reaction rates. The numerous publica-
tions in this feld will be mentioped in the folluwing discussion only if they
have a direct hearing on thie flame processes considered hy us in detail.
. Nevertheless, it is important to nute that some specialists in combustion
favor the opinion that basic research in combustion is essentially synony-
mous with studies un the elucidation of fundamental reaction mechanums
and rates.

Steady laminar fames in premixed gases. -Ma;u the simplest and most
fundamental problem in lame theory concerns the theoretical prediction of
the steady laminar Aame velocity in combustible gas mixtures. The studies
of Zeldovich (6}, Jost (7), Lewis & von Elbe (8). Hirschfelder e al. (9). von
Kirmin, Penner & Millin (10 to 12). Eyring ¢f al. (13). Spalding {14).
Emmons (15), and athers (16 to 10} have clarified the hasic problems to
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such an extent that general'agreement may he said 1o exist now among ac-
tive workers in this field roncerning proper methods for formulating the
differential equations. associated boundary condinons. and ctheient proce-
dures for solving the basic set of differential vquations cither punmierically or
by approximate {semi-) analytical techniques. The steady-stare assumptions
for the chain carriers (10} may often be used to advantage in deriving first
approximations to the flame speed (10 to 12) although detailed composition
profiles are not usually predicted correctly (21 to 23). The principal errors in
laminar flame theory result from the lack of knowledge concerning chemical
reaction mechanisms and rates and, to a lesser extent, from errors in the
estimates of the transport parameters. In spite of observed large deviations.
for selected chemical species in excited states. it must be concluded from
the apparent successes of laminar fame theory that the use of local uverage
properties (e.g.. temperature. velocity distribution. cte) constitutes an -
acceptable approximation.

Detailed analivtical studies by Montroll & Shuler and their collaborators
(24 to 27) of relaxation prorvesses for selected emitters in excited states
provide some insight inte the nature of the persistence of anomalous rota-
tional and vibrational tempertatures (28 1o 31). This fascinating subject is,
however. heset by experimental and analvtical difficulties in practically
important flames. It is unrealistic to expect that early advances in this field
will fead to a proper foundation for a truly molecular theory of combustion
in which significant differentiation is introduced not onls between chemtical
species but also hetween specified chemical reactants with either different
translational energies or effective population temperatures or both,

Homogeneous and heteregeneous diffusion Aames. — A\ signifcant number
of flame problems can he understeod. in good approaimation, on the assump-
tion that the chemical reaction rates occur rapidly as compared with the
transport of mass and energy. This concept has been used with good success
in homogeneous systems and alse in heterogeneous {e.g.. two-phase) systems
{32 to 37). The demonstration (38 to 41) of the practical utlity of the
diffusion-flame approximation in some liquid-fuel rocket engines suggests
the possibility of developing rational scaling procedures for these devices
(42, 43). Of considerable fundamental importance is the development of a
statistical theory of spray combustion by Williams (44 to 47) using the
diffusion-flame approximation.

The detailed description of diffusion flames is far more advanced {or
laminar processes than for the practically important turbulent reactions.
Nevertheless, useful progress {48) has also been made in the fatter field.
particularly because of the utilization of appropriate dimensionless groups
for correlating and extrapolating available experimental data.

A simplifying approximation that has been employed extensively in
recent theoretical studies on flames, particularly diffusion flames, is the
Shvab-Zeldovich procedure {49 to 51) in which the kinetic theory estimate
of unity is introduced for the dimensioniess ratio {i.e.. the W. K. Lewis ar
‘Lewis number) measuring the relative emergy transport by thermal con-
duction and by diffusion. With this assumption. the local energy in a reacting
gas mixture hbecomes independent of the occurrence of diffusion and heat’
conduction, Furthermore. the equations for the conservation of the in-
dividual chemical species hecome similar with each other and with the
energy equation in such a way that (partial) solutions may be found that
are independent of the generally poorly-understood specific reaction rate
parameters. Applications have been made of this procedure in the swlition
of such diverse comhustion problems as the burning of single fuel droplets
(51) or of statistical distributions of draplets in an oxidizing medium (#4),



s

-52-
ignition and combustion in a laminar boundary layer (52 to 5§), constant-
volume explosions (56}, laminar flame propagation (10). etc.

Burning of monopropellant dropiets.—The huraing mechanism of mono-
propellant droplets involves over-all rates that are controlied by beth
chemical reaction rates and by iransport procesees. Sigmificant theuretical
solutions to this important problem have been obtained by Williams (44. 47)
snd by Millkn & Sanz (57). A numerical solution for the burning of single
monapropellant droplets was obtained earlier by Lorell & Wise {58).

Ignition of premixed gases.—A very useful empirical correlation formula
has been developed for minimum ignition energies in premixed gaseous
systems. Early interpretation by Lewis & von Elbe (59) of the empirical
results in terms of an ‘excess enthalpy principle’” must be revised since the
“excess”’ enthalpy has been shown to he either positive, negative, or zero
depending only on the numerical value of the effective Lewis number (60 to
62).

& Ignition processes seem to involve the requirement that the minimum
energy supply is equivalent to the energy required for steady propagation
of the flame (62, 63). This fundamental idea is in accord with results ob-
served in man)y homogeneous and heterogeneous systems. A more elaborate
theory of ignition has been discussed by Rosen (64). Some interesting re-
cent experimental studies on ignition have been performed by Wolfhard (65).

Flammabikity himits.—Following the introduction by Spalding 166) of the
idea that lammability limits are determined by heat losses from a combus-
tion zone. a more transparent anaiytical treatment has been worked out by
von Kérmén (67), Maver (68) has succeeded in presenting this approach ina
form which is really useful for the correlation of experimental data.

Turbulent flames.—In view of the enormous difficulties involved in the
quantitative description of turbulent processes without combustion, it is
not surprising to find that progress in our understanding of turbulent com-
bustion Aames has been very slow, The early work of Scurlock & Grover (69)
and Karlovitz {70} appears to be beset with conceptual and interpretive
difficulties that include even experimental uncertainties {(71) concerning the
existence and magnitude of flame-generated turbulence. However, Kovaszny
{72) has recently proposed a simple and useful approach, at least to the
phenomenological description of turbulent Bame processes. which appears 1o
find immediate applications in the interpretation of measured turbulent
Aame velocities. Extensive studivs on turbulent fames have heen described
at a recent international symposium (73). Translations of representative
Russian papers in this ficld have also become available (74). Speciroscopic
studies on turbulent Bames snd their proper interpretations are still a
somewhat controversial problem {75. 76).

Chemical reactions iu supersenic fiow.—With the current interest in the
development of high- Mach number ramjets. as well as with long-standing
studies on rocket nozzle and exhaust iows, there has recently been consider-
able interest and activity relating to chemical changes in supersonic fluw,
Clever experimental arrangements have been devised by Behrens & Rossier,
{77). Nichols et al. (18, 79}, Gross ¢f ol. {80, 81}, and others (82 1o K§),
However, little progress has Leen reported on the quantitative interpreta-
tion of results although there is no basic uncertainty about the proper
utilization of characteristics calculations in supersonic fows with heat re-
lease.

Detonation phenomena.—There is probably no part of combustion re-
search in which more careful measurements or more rarcful interpretive
work has been done than on detonation phenomena. This work covers the
entire spectrum of activity: steady prupagation velocity measurements i
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order o verify or disprove the saisieace of Chapan Juugoer dessnanions
by Mistiskowsky ef al. 186 av 89}, reated theorvticn! studies by Hirkwond &
Romad (90, 997, Hirschielider ¢f 5l 189, 92 50 94). and others 159 9% 1o 100
magssremests of detonation induction distance (89, 103 two-dimensions)
phenomens by Fay {104 10 106). ges-dynamic ur phenomenslogical inter-
pretations Uy Uppesheim (1682, 107} spinning detonations bn Cha (108}
transitions from deifagraten to deteaation (B9, 03} aphericel detonations
(B9, 109, 130), cic. A brief look a7 tbe Bierarure indicaies that nose of she
interesting phesomens associztsd with desonations. vther than the therma
dynamic procedyre for caiculating steady detenation velocities a1 the upper
Chxpwman-joiguet point, hae proven amenabie lo goambigeous and un-
impeachable aaalyviical ingeeprezstion,

Constunt volume sxplosions —miariing with the convepts of thermal and
branched-chain explosione, whith were nerhaps fivst cleariy defined by
Semznov {111}, stow Bt signiheany progress has besn made in the cuantita-
pive dexcription and Dnterpretavon of many chemical provesses. We reder
G & series of recently published books for decailed discussions of thywe im-
sortant problems (8. B9, §11}, '

Lwsieady fawmes— Many interesizog famy phenomena ave gt ade
auately described by the steady-siate Guid-dynamical cquetians togeiher
with appropriate resction terms. In this connes tion, we have aleeady noted
briefly recent work un igpition and on the ransition from deflagration 1o
dewngsfon. Uther intzpesting phenaumena are connected with ibrawrn
motinn, e.f.. celluiar Banrer which appear w depend on prefevential diflusion
of Jight 2nd heavy constireents [Markstein (137} and nthersl, Non-steads
frarne plienomany have ais0 buen discusssd by Rosen (1133, Jowt ol wi. 1114) 7
and uthets. A comprehecae review of this subject i currentiy in prepara-
then {1E5)

Thremsechemicel research — Mo discuzeion of Rames s adeguany without
sotee covsiderstive of related thormochemingl studies which, in principie,
defing at least the Sual sguilibricm state after completion of cembustion.
interest in 2xotic propelants bas bed o renew ed basic studics on compoands
conteining such elenwnis 2 F, B, Be, U0, L0, 8% ete. {116 10 120}, Nignifcant
uncertaintics remain at ihe wpresent time even with regard 1o the jwoper
andard heaws of formation for sozny Dnportant oxides of light metals. 5
though the sxperimental and heoretical procrdures vsed for studive of 1hia
type way be said 1o be cessical, there is littde doubr that contirued work,
particiatly os high-tempeiaturs thermeodynamnrcs. «ifl conztitote an in-
tegrer part of yreernt and future combustion activities,

Jonigativn in Rowes~~do modern discuessivn o oxperinental and
theorsticel stadies concerned with combystion prablems is complese withous
mantion of ions ard elecirens in Pames (127 1o 128} The weight of availabde
eaperimental evidence suggests the prevalance of “encessive’ degrees of
ionization in Szmes wher 2 romparisen s made with ihe corresponding
calrulzicd egwiibriom dats. This phenomenon of “Chwmitonization’ must
be firectly related to the elementary processes producing jons and electrons
in fames zod mey thersfore be appropriaiely classihed az a special beanch
of {kigh-temperature! reaction kinetics.

SauEcTan Couevstion Paocesses Romivatsd 8 CLRegnt
Dzvesorwnst Srupas

One of the st Gifficult aske faring the specislist v combustion in-
volves the prood thzt the sesults of basic crszarch have 5 more or loss dizect
heazing or the des elupment or production of amy (ype of rombustion devize.
b aus far a5 the guthors sre alide o judge. the resulia of combustion research



can often be shown to clarify important concepts, to provide broad guide
lines for development procedures. and to facifitate the qualitative prediction
of new performance results or the scmi-quantitative correlation of asailable
dats. However, combustion research has not proved to be directly useful in
the solution of important practical problems that have arisen as a direct
consequence of engine development studies. We proceed to demanstrate the
validity of this last contention by examining four troublesnme development
problems that have provided direct motivation for a great deal of combus-
tion research. Although interesting results have been derived from thew
studies, the practical problems have certainly not been solved or cven
ameliorated by the use of research results.

Combustion and ablation in boundary layers.—In connection with the
design of nose cones for reentry studies on intercontinental and shorter range
ballistic missiles, a great deal of basic work has been done on heat rransier
through hypersonic boundary layers with and without combustion {129 to
154). Comprehensive reviews of this work have heen published by Lees
{130), Allen (131). Stalden {132). Griffith (133). and Rosner (134},

Because of large aerodynamic heating rates at hypersonic speeds and
the low heat capacity of sharp-posed bnides, interest has centered on blunt-
nosed bodies and the heating rate at the stagnation point. Of particular
interest are studies on the heating rates with recombinations of atoms. Lees
(143) and Fay & Riddell (152) have presented soiutions to the probiem em-
ploying the assumption of & binary mixture of atoms and molecules. For the
case of chemical equilibrium, their results have been substantiated by shock
tube experiments perfurmed by Rose & Stark (151) and by Rabinowicz (139),
The assumption of a fully catalvtic wall. corresponding to zero atom frac-
tion at the surface but with finite recombination rate, emploved by both of
the aforementioned authors was questioned and investigated further by
Scala (146) and Goulard (140). They showed that the atom {raction at the
wall could be small hut never zero. The case of arbitrary catalytic activity
at the wall bas been studied by Rosner (136). Chambré & Acrivos (153}, and
others. The catalytic activity of epecihic metallic and ceramic surfaces for
atom recombination has been investigated by Linnett & Marsden (154),
Rutowski {149} has considered the stagnation puint heat transfer for ionized
gases,

The theory for ablation of surfaces subjected to aerodynamic heating
has been developed by Bethe & Adams (155) and others (156 10 161). The
analytical studies developed by Lees (156) and Roberts (157) started with an
assumed velocity profile whereas Bethe & Adams assumed the form of the
temperzature profile. Carrier (159) has improved the analyses. A comparison
of these theories has been given by Sutton {168}, Apparenthy all of the
theories yield heating and melting rates that are too high.

While theoretical and experimental shock-tube studies nere in pwogress
oo hypersonic flow over bodies of various shapes, experimental flight tests
were, of course, also performed. These Bight tests have shown that a blunt,
ablating nose cone that serves as a heat sink can he constructed in such a
way that it is able to withstand the heat transfer and thermal stresses fol-
lowing almost any missile trajectory. .

Chemical changes diuring nossle flow.-—The theoretical performance dif.
ferences for rocket engines hretween nozzle fluw without composition change
{i.e., frozen or constant-compesition How) and noxee tlow with main-
tenance of compiete chemical equilibrium e, “shilting” or equilibrium
flow) are known to amount to from 2 1o perhaps 15 per cent depending on
the propellant composition and on the adiabatic Hame temperature. For
conventional. low.energy propellants (i.e . propellants with a specific im-
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pulse 1, of less than about 150 h. thrusi-sec, W mass of propellant) the
theoretical performance differences are reatively small; however. for high-
energy propellants (i.e., 1y of 275 10 400 sec.) the larger perfurmance differ-
ences are encountered. A change of a few seconds in specific impulse for &
long-range missile of conventional design gencrally corresponds to range
differences of hundreds of miles.

Because of the numerical complexities of an exact sotution of the one-
dimensional nozzle-fiow problem with chemical reactions, various approxi-
mate procedures have been developed. Early Wurk by Penner {162 to 164)
yielded criteria for near-equilibrium and near-frozen fAluws. More recently,
Bray {165) employing Lighthill's (166} ideal dissociating gas and Freeman's
{167} rare parameter has investigated the Bow of initially dissociated nitro-
gen and oxygen through a hypersenic nozzle, He found that the fow could be
described by three regions of 8ow: an initial equilibrium Row. a short transi-
tiona! region in which there is marked deviation from equilibrium, and
finally, an essentially frozen fow. This behavior may also be observed in the
complete calculations of Krieger (168} and Heims {169). Based on his study,
Bray has proposed an approikimation in which the flow is initially in eqguilib-
rium and then suddenly freezes, the puint of sudden {reezing being deter-
mined by the rate equations. Wegener, who has obLserscd experimentally
the flow of dissociated N0, in a supersonic nozzie (170. 171}, applied Bray's
approximation to his data and found good agreement {172},

In spite of the availability of procedures for analyzing nozzie-fow proh-
lems, little or no useful predictions for real rocket engines are possible be-
cause (a) reliable experimental data are not available (or high-temperature
reaction rates of propeiiant reaction products and (b) the theorerical calcula-
tions start from the premise that thermodynamic equilibrium has been
reached in the combustion chamber. This assumption is unjustified for most
propellant systems and, in particular. must be viewed with doubt for high-
energy solid propellants. For this reason, the study of refincd nozzle calcula-
tions with chemical reactions has been of no direct aid in assessing the
actual attainable engine performance which must stif be evaluated em-
pirically.

Burning rates of solid propellanis.—Folowing war-time studies on the
burning rates and decompositivn mechanism of double-hase propellants by
Daniels ef of. (173). Crawford & Parr (174), Rice & Ginell (175}, and others,
basic research in this held went through a Jong period of dormition. Recently,
the corresponding problem has been attacked with vigor for composite solid
propellants and simplified modet studies have been performed for selected:
propellant ingredients and even for specially synthesized composite powders.
References and a discussion of this work, including consideration of con-
tributions by Geckler (176, 177), Summerfield ¢¢ al. (178), Friedman ¢f ol.
{179), Nachbar (180), Schultz & Dekker (181, 182), and others, may be
found in a recently published survey paper (183). An exhaustive compilation
of basic knowledge on solid propeliants is in preparation (184),

The diverse theoretical studies on the burming mecHanism of composite
solid propellants lack a frm foundation because of the spgrsity of definitive
experimental data. The work of Schultz and colleagues (181 to 183) on
pyrolysis rates of pure oxidizers and binders has led this investigator to the
conclusion that the mean temperatures during steady burning are different
for the oxidizers and fuels. Geckler (176, 177} has been concerned with the
forumulation and solution of the gas-phase chemiral reactions by using
models and methods that are ansioguus to those empluyed in laminar Rame
theory. Summerfield and his colleagues (178 have perfurmed experimental
studies primarity on ammonium perchlorste propellants and have explored



-56-

the implications of a “granulsr diffusion flame model” in which the com-
bustion rate is controlied by both transport processes and chemical reaction
rates. Fundamental experimental studies on pure ammonium perchlorate
have recently led Friedman ef ol. (185) to the conclusion that radiative heat
lomses play an important part in determining lammability limits. Various
attempts to construct “complete’’ theories of burning are in progress and will
presumably be reviewed at the Lighth International Combustion Symposium
in 1960. .

We may justifiably start from the premise that the objective of basic
research on the burning mechanism of solid propellants must be the de-
velopment of useful, predictive procedures for designing propellants with
arbitrary, specified burning rates. However, when viewed with this objec-
tive in mind, we must assert categorically that neither the published studies
on double-base propeifanss nor the current work on composite propellants
has had. or is likely to Rave, a profound influence on propellant develop-
ment. Propellant design and development is done by specialists on the basis
of intuitive insight or of artistic notions developed through long experience.
The day when propellants can be manufactured 1o predetermined specifica-
tions by the use of scienyific principles appears to lic in the distast future.

Combustion of sprays.—Prupulsion devices utilizing liguid propetlants
pitimately involve the burning of sprays. The recognition of this fact has
provided the immediate motivation for exprrimental und theoretical studies
on the burning of single fuel droplets (32 to 37) and of droplet arrays (40,
44 to 47) in oxidizing media. These investigations have led to a satisfactory
understanding of heterogencous diffusion flames and to an acceptable first
approximation for an analytical description of the phenomenon. Experi-
ments by Kumagai & [soda (36) on burning droplets in & freely falling
apparatus constitute the culminating tests of the theory and have shown that
a steady-state theory is, in fact, not strictly applicable.

The task of integrating the knowledge derived from single-droplet studies
into a theory of spray buraing has heen pursued by Williams (44) who has
pointed out the need for developing a statistical theory and who has invented
2 Boltzmann-type equation in which the individual liquid droplets play the
same role as the molecules in the mathematical theury of nonuniform gases.
The essential validity of 1his procedure. if it requires proof, has been dem-
enstrated by guantitative calculation of the tlaminar) burning velocity in a
monodisperse, dilute spray fur which a direct comparison with experimental
data is possible.

Application of the theory of spray burning to engine combustion studics
presents difficolties of staggering magnitude. To begin with, the eflective
drop-size distribution and fow velocity in sprays produced by any injector
used in an engine are unksown. Such troublesome problems as droplet
breakup on collision. dropler generation during burning. etc., are completely
beyond our present comprehension of the behavior of heterogeneous sys-
tems. Simplified models for the combustion of liquid propellants in rocket
engines have been treated by Priem (138), Spalding (186), and Mayer (187).

In view of the impossibility of using the available spray combustion
theury for useful predictions, it is only reasonable to consider the pussibility
of employing the theory as a framework for the correlation of experimental
results. A serious test of the theory has been worked owt (40) for a diverging
liquid-fue! rocket engine with the ubvious conclusion that the precision of
correlation of experimental data depende unly on the number of adjustable
parameters employed in the analysis.



-57-

Excixg CoMBUSTION PROBLENS

In addition to strongly motivated research, examples of which have been
considered in the preceding section, it is appropriate to r‘uemiun bn'e‘ﬂ)' the
representative development problems that are of major importance in con-
nection with current developments of actual (rocket) engines.

Ligusd-fuel rocket engimes.—Perhaps the single most troublesome an‘d
costly problem encountered in liquid-fucl rocket engine dc\‘eiopment' is
associated with the uncontrofied development of high-frequency mmbustm_n
asciltations. Significant progress in unravelling the essential features of tt‘m
phenomenon has been made by Crocco (188), who has replaced the entire
complex combustion processes through a symbolic time.delay step. These
results are, however, at the present time more useful for post mortem com-
mentary than for ¢ prierf predictions and elimination of difficulties. For
more recent considerations of this controversial problem, we refer to dis-
cugsions by Zucrow & Osborn (189, 190} and Croceo of al. (191, 192).

Another approach for reducing the costly development difficulties was
initiated by Penner (43) and Crocco (42) and involves utilization of the
principles of similarity analysis for rational scaling of well designed engines
te larger sizes, This approach is also of limited utility hecause maintaining
exact similarity with respect to all of the important dimensionless groups
is impossible; furthermare, the rate-controlling combustion processes cannot
be defined property. nor is it possible to predict even the changes in over-all
conversion time as functions of injector configuration and motor size. Thus
the design of liquid-fuel rocket engines, as well as the scaling to larger sizes.
has remained an empirical art.

Soltd- Fuel rocket engines.— Among the most troublesome practical prob-
lems in solid-fuel rocket engineering is the uncontrofted development of
resonance hurning, i.c.. of large pressure maxima that may lead 1o rupture
of the engine or disintegration of the propeltant charge. Theoretical studies
by Grad (193), Smith & Sprenger (194), Green (183, 193), Gireen & Nachbar
(196), and McClure & Hart (197) have indicated pussible causes for this
phenomenon. Experiments performed by Brownlee (198) and Price &
Sofferis (199) suggest that the phenomenon, though reproducible, is an ex-
ceedingly sensitive function of propellant composition. i.e.. of combustion
rates. Resonance burning is probably also dependent on the clastic properties
of the solid and on the coupling between propellant and container walls.
Needless to say, the theories that “'predict” a discrete spectrum of unstable
operating frequencies. as well as the more elaborate and more appealing
analyses that suggest continucus regions of instability. have no current
impact on the design of propellant charges and contain so many unknown
parameters that useful predictions are not likely to be made in the near
future,

Ajr-breatking engines.— The principles of similarity analysis have proved
of some value in the design of turbojet combustors (200, 201). Furthermore,
studics on the mechanism of Aame holding behind hluff hodies (202 to 207)
have yielded useful concepts fur engine huilders although the practical de-
sign involves flamne spreading in ducts and interference between wakes.

ConcLupInG REMARKS

The preceding examination of the relation hetween combustion in flames
and practieal propulstion development leads inevitably to the conclusion
that a2 major stumbling block in understanding and utilizing combustion
processes is directhy connected with lack of information conceraing high-
temperature kinctics. Combustion research is more likely to be ultimately
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useful if it is really fundamental and thorough. and is less likely o be of
valie if confined to a specific process or procedure. All good rescarch is
justifiabie on gas-phase, tiquid-phase, and solid-phase kinetics. on traneport
propertics, on mixing in low-velocity and high-velocity streams, on the
theory of turbulence, on mass and cnergy transfer by diffusion. on flaine
spectroscopy, ete. Much greater circumspection is required, however. in the
sclection of so-called developmental research: it is so easy to invent a prab-
iem and to study the invention and so difficult to construct a meaningful
approximation to the real thing!

In the preceding survey we hayve made no offort to furnish an exhaustive
literature summary. For this reason, we present a separate lst of specialized
texts and symposium proceedings (208 to 231} which should serve as ade-
quate starting material for more complete literature coverage, particularly
on experimental problems and on the numeruus theoretical topice that we

- have not treated specifically.
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Approximate Theoretieal Performance Evaluation for a Diverging
Rocket

Bv
T. A. Jaeobs!, S. 8. Pennert, 4. Gili* and E. F. Eckel®

Absiract - Zusammenlassuny - Riécumé

Appreximate Theoretical Performance Evatuation for a Diverming Roekef. A <im-
pitfied combustion model, which i3 motivated by avadable perforninnce studies
on the diverging rocket reactor, has been used as basis for an engine performance
evaluation. Comparison with conventivnal rocket configurations shows thut an
upper performance hmit for t he diverging reactur is comparabie with performance
estimates for engines using an adiabatic work cycle. Development of the diverging
reactor fur engine applications may, however, offer sume udvantages for very hot,
high-energy, propeliant systems.

1. Introduetion

In previous publications we have discnssed application of the diverging reactor
for the determunation of overall kinetic parameters under the conditions actually
existing in rocket combustion chambers [17, (2°. In the present discussion we
shall outline ar approximate engine performance evaluation for a diverging
rocket chamber®. As basis for this evaluation we choose a simplified combustion
model that we have used previously for the computation of various dimensionless
groups ‘1.

A schematic diagram of the engine and combustion front is shown in Fig. 1.
For the sake of simplicity, we assume that all of the heat relcase occurs at the
plane I, 2 in Fig. i, that the gases behave as ideal gases with a constant ratio y
for the specific heat at constant pressure to the specific heat at constant volume,
and that isentropic, one-dimensional, expansion occurs in Lhe regions upstream
and downstream from the reaction front. We are led to the model implicit in
these approximations through the experimentally observed fact that the sonic
plane occurs very close to the injector! and that the effective reaction rates are
very fast: (with low overall activation energy) near the injector end whereas they
are relatively slow farther downstream (with large effective activation energy).
Since the Jimited available experimental data suggest that most of the reactions
are completed very close to the injector end, we may consider the present
analysis with the characteristic length L in Fig. 1 equal to zero, or at least very
small, to provide a reasonable upper limit for the performance which can be
achieved with a diverging reactor.

. Outline of Theoretieal Considerations

1. Pressure Ratio Across lhe Reaction Froml

The performance of a diverging rocket engine is a sensitive function of the
stagnation pressure ratio p,e/p,, across the reaction plane. Fortunately it turns
out that reasonable values of the heat release lead to values of p,afp., which
are practically constant at about 0.8. We shall now prove the validity of this
last statement by utilizing appropriate, simplified, versions of the conservation
equations. o "

T Ihvwun of Engimeering, Cahtorma institute of Technulogy

! Rovketdyne, Nurth American Aviation Lorporstivn
3 With appropriate changes in worling, the present analysis applies also te a
throatless motor,
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The overall conservation of mass equation at the plane L.2inFig tis
Gt = 0¥y
where g and v klentify, respectively, the density and hnear flow velocity. Mul-
tiplying and dividing by ly R, T and replacmg g by £ R T we find that

gvﬁ— lyR Tl R, . (””’l FH

where B, = RilW is the :'»p(‘mhﬁ gas constant, R denotes the molar gas constant,
W is the molecular weight of the gas mixture, 7" ~tands for the local {randomn
translational} temperature, and M wdentifies the local Macn number.  Hence
the continuity eyuation becomnes

W W
(?‘,[. !) M, = ("‘r ) pe M, (n
l s

Sinmilarly, the equation for conservation of mop:entum is
R LA T L
where

*
n L3

KRS S 4 Y Lo M2
P P(*rp}.&}.,f\,f) sl v )
whenge

Pr(E 1 M3 P (L M3, (2)
In terms of an integral over stagnation temperatures and the total heat release
per unit mass ¢, the energy equation reduces to

Iea

g = "C’ d?‘, (3}

LY
where ¢, is the specific heat at constant pressure,
The stagnation temperature 7, and the translational temperature T are
related through the expression

. . vt R, T }R ?....}
— - oo £ A1} - ; 3
T, r(l 2%7,?&.’,) }" o r} (l ) M}

since R, = ¢p — ¢, and y = ¢p/¢,. Hence Eq. (1) becomes

W\t — 1 L VAL o b \M?

-
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' irnil ‘ ' tinuity and momemum.
We may now eliminate the pressure between the con ¥
equatiehs by dividing this last relation by Eq. (). We then find that

. T W\
Ustyg. My 1= Uiy, M) ("I‘,, “?') {49
where
—1 12
)-*”-'M(l L1 ,uz)

. 1.y M*
The function 7 has been tabulated in 3! for various values of y a_mi M. ‘
For specified values of the heat release amd «,, the change in stagnation
tenperature ard, therefore, the stagnation temperature ratio, are defined by
Fq. 4. Henee By 45 may be used to determine M, for known values of' Y1 Ve
W el Wy The - tagnation prossure loss niay then be evaluated by using the

UN It
fo (P‘i -:) (}"\ ) (f’!) (P“F) (?1) (! + " Miz) (6)
Pt 29 A NP Pal VPt b~

stnce My = 1. The pressure ratios (Pes. Pa) and ¢ Pr/Ps1) are cunvemently nbtm_nert
by using existing tabulations for isentropic expansions 4 Ifur these calculations
it 1s actually pot necessary to utilize constant values of W and y. .

The staénation pressure Fatic g,p/p.; has been calculated as a iun_ctmn of the
parameter {Top/To) (W, /W, from Eq. {6} for 3, = 4= 1.3 by using Eq. 4}
for the determination of M,. The results are plotted in Fig. 2. Relerence to
Fig. 2 shows that p.o/p. = 08 for (T,o/T,y) {W,/W,) greater than about }0;
additional data may be obtained from [6).

od

(3

&I

s

s Gﬁ)(%} % L

Fiz. 2. The stagnation pressure ratio Pr2ifyy as s function of the parameter {T,2/ 7, 1) (W Wy
for a diverging rocket i = g - 1 30)

2. Difimitions of the Thrust Coefficient for Diverging and for Comvemtional
Rocket Engines '

The thrust coefficient Cr .. for a conventional rocket engine {see Fig. 3} is
defined by the expression ‘

F
Cf‘_qm p‘g ‘4. {7}
where F is the thrust on the engine, p., identifies the chamber pressure, and A,
is the cross-sectional area at the nuzzle throat. For properly expanded nozzles
with py vqual to the external pressure, -

o esva Agl vy = Agpayy MR iR}

if o demotes the (constant) heat capacity ratio for the expanding gases. We
note that in a conventional rocket :



Fig. 3. Schematic diagram ol a conventional nixlot engine

s 0= 95 3
if we neghect r‘ia%-.nmﬁzw terms during expansion and chemical reactions dunng
nozzle flow., Thus
3"3 Efsﬂi.'ﬂx .'ﬁ D}
{Pon iy
For the diverging reactor we define & ihrust coclficient by the znalogous
EXPrRESIon

{rm — ()

F yg Mg ¥ Ay Ay 0}
Cr aw = - ) 10
F.a 'ﬁ sy {E”r.iif’;g) e
Pt
f’;:i__ ﬁl‘l’» ﬁ \"I’[f‘ ‘\J if’t"“ i’!ﬁ,?l
Py Py i Mf’f \?H}’Qﬁnf
whence
Cooaie ¥s My (-ﬂ.,' - )v {1t)

{*ﬁ: Ef; ,J MEE

oo '*‘; P/
It is intevesting to observe that Eqs. (%) and (11} differ formaily only through the
orcusTence of the term (f,e/f,) I the denominator of Eq. (1) since 4, and 4,
are anaiogous quantities. This pressure ratio, in turs, has heen refaied to the
heat selease through (V,0/7,4) (/W) in the preceding Section 1 1.

3. Perjormance Fvaluations for the Diverging Reactor

it s clearly possible to make 2 number of different performance evaluations
for the diverging rocket. The performance estimale will then depend somewhat
on the predetermined design restrictions. W shell now comsider two instructive
mmmples We resirict our discussion to the representative case with p, ~ 130
anc (T,5/To1) OFy /Wt >+ 10 for which Fig. 2 shows that p,e/p, = 0.80. The
numerical work js fcilitated by constructing 2 universal plot in which g, f,,
Ay Ao, Ag/h) ., and M, are relried to the pressure ratio (ef. Fig. 4). For conven-
tional rockets this caleulation involves only the use of tabulated isentropic
functions which first yiedd A, through the Mpfes-weon

-1
;’_“”._._ {Jl; K 7_;, ﬂM z}
pr A s
wnd then 4y A, in terms of My 4,. The curve poafpy = - Profpy for the conyentional
eugine is not plotted in Fig. 4. }Fm' the diverging rocket it is convenien tocompute -
first the ratio o p, and then to cvaluste My and Ag/d, s through use of the
isentrope evpansion relations. .
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1. Comparison of Engines with Fixed Thrust and Pressure Ratio p.,/p,

Conwider a conventivnal and a diverging engine both of which deliver the
thrust F == 25,000 ths and which are designed with pressure ratios p,opy = 200.
Also assume that p, =~ 1 psia and (T.of T, (371, > W

For the conventional engine we find from Fig. 4 that M, = 40 and
Ag'Ay = 159, Hence, using Eq. (), €, .. = 1.630 it now follows from Eq. (7)
that

25 > 108

= T =653t
.64 ~ 200

A,

and _
Ay = 1694, ~ I3 int.
Simitarly, for the diverging rocket, A =- 387 4, .4, .= 133, piaiby = 162,
Cr v = 164 from Eq. (1),

25 x 104

. — 04.8in?
pas s oz T HHBIRS

A e
and
A, = 1384, — 130% n?
Using customary design estimates, the weirht ratio of the diverging nozzle
seutions for the twa eagmes '3 15 given by the relation :

(.43 1)
f_ﬂ?m- Ve poday

. i - LT,
Moo (v‘!'g 1' )
"‘t ﬁm L0y

Hence it follows that the diverging rocket will be relatively lighter provided the
chamber and converging sections of the conventional engine have moree than about
7, of the weight of 1he diverging section and the effective weight of the diverging
reactor between the injector and reaction planes is neghgibly small. We expévt
in practice that the combined weights of the motor and converging sections of
a conventional enpine will constitute about 102, of the total weight. Hence it
fedlows that optinial Je<ign of the diverging reactor will be roughly comparabie
with the usually arbieved design of a conventivnal rucket for equivalent engine
thesst aml pre<sure ratio P fy.
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V. Comparison ol Fogines with identies) Biverging Seetions bul Dilferent Provsure
Bablos PPy
Consider two engines which develop egunivalent thrust but with
Ay Ay
Ay Avp

Then, from Fig. 4, p.o - 244 psia for the diverging reactor whereas p,, — 200 psia
for the conventional engine.  The worresponding weight ratio for the pumping
equipment 3. is

LHR

Wiy _ Bodan®*

m:uny psp (Pa U}Wn\:u

Therefore, if the chamber 2nd converging section of the conventional engine weigh
about 14V, more than the pumping equipment, then the diverging rocket will be
the lighter engine if we neglect the influence of the shightly higher injector end
pressure cn the weight of the diverging reactor and, furthermore, assume again
that the chemical reactions are completed very close to the injector plane.

Comparison of the preceding twa examples suggests that the use of relatively
large pressure raties po'py fur the. diverging rocket is impractical since the
pumping equipment makes 2 major contribution to the mass of the engine.

Y. Comelnsdons

Examination of the performance data specified in the preceding paragraph
shows that diverging and conventionai rocket engines should vield comparable
facilities after optimom development of the relatively untried diverging rocket.
It is difficult to assess the practical wiility of the new device since it possesses
both an obvious advantage and an vbvious disadvantage. The advantage lies in
the possibility of utilizing very hot, high-energy, propellant systems under
conditions in which excessive temperatures and heat losses are not emcountered
because the chemical energy may be transformed directly into translational
energy and because the diverging rocket may be relatively easier to cool®. On the
other hand, in order to approximate our assumed combustion model (compare
Fig. IY, it is apparent that the diverging reactor must give very efficient combus-
tion near the injector plane, i.e., severe heat transfer and erosion should occur
when the practical performance of the device approximates optimum design.

In conclusion it is appropriate to speculate on the possible existence of high-
frequency instabilities i diverging veactors for which neither experimental nor
thearctical data are available. The nature of the design actually appears to be
racher favorable for the suppression of high-frequency instabilities: transverse
s should be damped out because of the rapidly changing cross-sectional area
of a device in which strong composition inhomogencities must accompany
rhemical changes; furthermore, it is probably impessible to sustain longitudinal
owillations because of extreme damping which must accompany diverging,
supersonic, flow with chemical reactions. On the basis of the preceding consiclera-
tions, 1t appears highly desirable fo initiate a large-scale engine program for a
high-energy tiquid propeltant misture (e.g., CHF-NgH,). [Uis unlikely that small-
seale engine tests will provide significant informaiion cither concerning the
practical diffienities tnherent in proper injector design o concerning the nature
of comimsibm mstabilities.

! & practical diverging racket design might well invelve the uee of ablating material
sear the injector end. The performance of the eagine should not suffer significantly
bivause of enlargement of cross-sectional ares near the injector assoctated with
ablation. :
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