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GENERAL OBJECTIVES OF TASK R

Many of the wide variety of problems associated with the use of materials
at high temperatures occur in connection with advanced propulsion systems, and of
these, some of the most critical and complex are encountered in high performance
rocket motors. Present trends in rocket design and propellant formulation re-
sulting in gas flows of increased temperature, pressure, and corrosiveness may
be expected to aggravate the materials situation. It seems self-evident that
future, long-range solutions to these problems must rely on more sophisticated
approaches and broader knowledge of the behavior of materials in high temperature
gas environments than is characteristic of the usual "quick-fix", or expensive
cut-and-try test procedures., It also seems likely that improvement in structural
materials themselves (i.e., higher strength at high temperature, higher melting
point, etc.) has reached the point of diminishing returns, so that various .other
subterfuges must be tried,

Research performed under Task R ai the Applied Physics Laboratory or its
subcontracting ageacies is intended to provide some of the fundamental knowledge
necessary for a rational understanding of the behavior of materials at high
temperatures, This is a very broad and very complex field involving many dif.
ferent scientific disciplines, Vhile no attempt is made to rigidly limit the
scope of Task R, the general emphasis is on appropriate research in the flow
and physical chemistry of high temperature gases such as are characteristic of
advanced solid propellant rocket motors, and the phenomena basic to heat transfer
and cooling techniques in such environments, rather than in the properties of

materials themselves,

A, A, Westenberg
Program Coordinator
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SUKMARY

High Temperaturc Chemical Kinetics in Laminar Flames . . . . . . Pagel

The approach taken in this project is to obtain high
temperature chemical kinetic information by means of the
detailed analysis of laminar flame structure., Net rates of
appearance or disappearance for all the stable species found
in the 1/10 atmosphere CH¥~O flame are presented as profiles
through the flame zone. The expected relations between these
rates are given and shown to be borne out by the data. The
over-all rate constant for the oxidation of CO is evaluated
in terms of an empirical mechanism and shown to be essentially
temperature - independent in the range 1650- 1950 K. Comparisons
with other work are made,

Thermal Conductivity of Gases by a New Technique . . « « . . » » Page 11

Extension of a method previously developed at APL for
the accurate measurement of high temperature molecular
diffusion coefficients to the measurement of thermal
conductivity is being attempted, Improvements in both
the line heat source and the wake temperature measuring
equipment are described, Previously noted difficulties
with the perturbation caused by the velocity wake of the
source wire appear to have been solved satisfactorily.
These wake corrections are described and results on room
temperature Ny and He of considerable precision are given,
These compare well with values measured by the conventional
technique,

Transport Property Studies in Dissociated Gases » « « « . . . . » Page 19

Methods of measuring diffusion coefficients and thermal
conductivity in gases composed of labile atoms and their present
molecules are being explored, A proposed diffusion experiment
is described; as are some preliminary experiments being per-
formed to gain experience in generating and detecting
dissociated atoms,

High Temperature Chemical Kinetics from a Reacting Point Source , Page 23

The idea in this work is to derive chemical kinetic
data by analyzing the concentration wake downstream of a
point source trace gas injected into a laminar flow of a
second gas with which it reacts, The theory of the technique
is discussed; and the apparatus being tried out is described.



SUMMARY (Cont'd)

v. Rocket Nozzle Fluid Dynamics « « « « ¢ « « o ¢ ¢« ¢ o s« « « « » » Page 27

This nroject aims at careful experimental measurements
of the flow properties in a rocket nozzle employing a typical
solid propellant, Pitot pressure surveys in nozzles of 12,5°
and 26° total divergence angle of stations corresponding to
the same expansicn ratio show appreciable differences which
are attributed to chemical non-equilibrium effects, Some
prelimirary results with a fast-scanning infrared spectrometer
to measure relative gas composition in the nozzles are given,

AAVI/ccl



I. HIGH TEMPERATURE CHEMICAL RINETICS IN LAMINAR FLAMES

(R. M, Fristrom, C. Grunfelder, S. Favin, A. A. Westenberg)

Objective

The effect of chemical reactions is one of the important problems in the
dynamics of high temperature, high speed gas flow, Chemistry ami aerodymamics
(ard sometimes molecular transport processes) are strengly coupled in various
nozzle flow and boundary layer phenomena, Advances in understanding in these
areas cannot be made without a great deal more knowledge of high temperature
chemical kinetics than is presently available, The important reactions are
extremely rapid and lie in temperature regions where materials present problems.
Therefore, conventionai exrerimental techniques are not generally applicable,
and the extrapolation of infcrmation from lower temperature reaction rate studies
is not satisfactory. Several experimental techniques have been devised to sur.-
mount these difficulties, Shock tube studies are useful for very simple reaction
systems, Molecular beam studies of chemical kinetics (inelastic scattering) are
in their infancy, but of fer interesting and exciting possibilities, The approach
taken in this project is to study high temperature kinetics by a detailed quanti-
tative analysis of laminar flame structure, From this analysis it is hoped that
eventually the kinetices of elementary combustion reactions can be obtained, The
present work allows the determination of the rates of appearance or disappearance
of all of the stable species in a flame as a function of position (or time),
temperature, and chemical composition, This is the same type of data obtained

in conventional kinetic studies, and a much wider temperature range is accessible,



-

Exporimental Techniques

The experimental techniques used to obtain the temperature, composition,
and aerodynamic profiles through lamimar flame zores are described in Quarterly

Progress Report No. 1 (Ref. 1).

Kinetic Analysis of the 1/10 Atmosphere Cil -0p Flane

The set of data obtained in a flat CHL“O? flame (initial mole fractiuns:

X, + 0,035, X
CH) * %o,

Quarterly Progresg Reports (Refs. 1,2), as were the analyses of these data in

= 0,91L) at 1/10 atmosphere pressure were presented in earlier

terms of conservation of matter and energy. During the present report period,
emphasis has been on interpreting the data in terms of chemical kinetics.

It has been convenient to use the quantity Gi defined by the relation

£f; (v+V,
1‘“1—‘(7‘"}‘) (1)
where fi is the mass fraction of species i at any point in the flame, V, the
diffusion velocity, and v the macroscopic gas velocity (mass average velocity).
G; thus represents the fraction of the total mass flux at any point due to species
i, and includes the effect of diffusion, It may then be shown from elementary

species continuity considerations that Ki’ the volumetric net rate of appearance

or disappearance of i due to chemical reaction is given by

dG;
i Mi . dz /

where p is gas density, M.1 is molecular weight, and z the distance coordinate

normal to the flame front, When the usual cgs units are used, Ki has the units

- -1
of moles cm ~ sec ~,

-



The rate variable Ki was calculated for all stable species at regular
intervals throughout the flame by means of Eq. (2), using the previously derived
Gi profiles, The differentiation was done numerically, Since the evaluation of

the G, required a numerical differentiation of the original composition profiles,

i
the determination of the Ki involves implicitly a second derivative of the experi-
rmental data, This is an obvious and unavoidable source of error. Since errors
may be expected to roughly double upon each differentiation, this whole procedure
probably rltiplies original errors in composition by a factor of about four,

It is estimated that the precision (reproducibility) of the composition data

is about 2-3%, so that precision in the K, after the data analysis may be about

i
10%, This says nothing about other sources of error, which are discussed in
detail elsewhere (Ref. 3). The K; profiles derived in this way are given in

Fig., I-1, The profiie for 02 is not included since it is not an independently
derived quantity, while that for HCHO is not shown because it is quantitatively
negligible compared to the others. The rates are not plotted to zero value at

the cold boundary side of the figure because reliable derivatives of the Gi curves
could not be obtained from the data all the way to their asymptotic values, The
rates approach zero rapidly to the left of the first plotted points of the curves,
however, It should be noted that the free radicals actually present in the flame
are not analvzed for by present techniques, and show up in the stable species

concentrations, Thus their influence on the rate profiles cannot be assessed

quantitatively as yet.
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Some interesting qualitative observations can be made from these rate
profiles first of all, It will be noted that the flame can b conveniently
divided into three zones, The first, extending from the screen (z = 0) to
approximately z = 0.2 cn, corresponds tuv a region where all changes in compo-
sition and temporature are due sinmply to transport processes. There is
essentially no chemical reaction until a temperature of about 1300Pis reached,
The second zone, covering the approximate range z = 0,2 - 0.3 cm, is where most
of the fast reactions occur, Here the CHh largely disappears with formation of

most of the H,0, CO, and HZ' The third zone, from 2 =0.,3 cm on out to the hot

2
boundary at z=0.9 cm (far beyond the limit shown on Fig, I-1), is a slow re-
action zone where CO is converted to C02. This is the CO "afterburning® region
previously noted by others (Ref. L),
From a quantitative viewpoint, the data may be used to derive considerable
information, These are noted as follows:
i) Without specifying any details of the actual mechanism which may pre-
vail in the flame the various rates should be related to one another
in a predictable way, Since atoms of a particular element are neither

created nor destroyed in the combustion process, it is possible to write

in general that

)i, n K, =0 (3)

where n, is the number of atoms of an element in a molecule of species i.
Eq. (3) should be obeyed for each element throughout the flame, Thus for
carbon

Koo = = Kory, - Koo, ** Konyo (L)




ii)

-

Figure I-2 shows a comparison of these experimental quantities, i.e.,
Koo and (*Kcﬂh - Kcoa). The contribution of KCHZO was neglected, The
agreement is generally very good. The two curves have similar shapes,
have their maxima and minima at about the same spatial positions, and
the absolute magnitudes agree quite well - especially in the long; CO
afterburning region where KCHL has vanished, Similarly, for hydrogen,
Eq. (3) yiolds

K ... 2K
HZO

- Ky Koy o ()

Hy 2

CHh

and the comparisor of the two sides of Eq. (5) is given in Fig. I--3
(neglecting KCHZO)' Again the agreement is generally good, The worst
deviations occur, as usual, in the region of most rapid reaction, which
might be expected, The fact that the requirements of element conservation
are met reasonably well by the data shows that they are internally con-
sistent and the analytical treatment used to derive the rates is sound,
For use in practical calculations (such as in the case of nonequilibrium
nozzle flow), it is often necessary to have data on the over-all kinetics
of a given reactant, Even in the rare case where a reasonable kinetic
mechanism is available, it is usually so complex as to be impractical

to use in calculations which are already very involved, From the over-
all (also sometimes denoted by the execrable term “global) viewpoint,
nothing whatever is implied about the actual elementary reaction steps

in the process. A rate expression is set up which involves the concen-

trations of the reactants and an adjustable proportionality constant
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(i.e., a rate constant - function of temperature in general), ard
the experimental data are fitted to this expression, It is strictly
an empirical procedure, justified only if it is useful.

The methane-oxygen flame data can be treated in this way. The

CO oxidatior provides a good example. Let us write the expression

A e K. =k (C0)0,) =k N X X (6)
&t " Moo, *F 2 %o %o, e

”3, N is the

where the parentheses indicate concentration in moles cm
total molar concentration, and the X's are mole fractions. k is an

3 mole"]‘ secul.

empirical second order rate constant having units of cm
We presume that such an expression holds when there is considerable H?_O

present, since the rate of oxddation of CO with very little H20 is strongly
dependent on the H,0 concentration. It is better to write Eq. (5) in

terms of the appearance rate of 002 rather than the disappearance rate

of CO, since the latter is not directly determined experimentally except

in the afterburning region (see Eq. (3)). Using the experimental values

of KCOQ‘ N, and the mole fractions, the rate constant k was determined |
throughout the region where there were valid KCO data, i.,e., z = 0,27

-~ 0,60 cm corresponding to temperatures 1650-1940%K, The values of k

so obtained were essentially independent of temperature and centered

around the value

k~8 x 10° cm nole™t sec
The temperature-independence presumably is an indication that the CO
oxidation actually is a free radical reaction of low or zero activation

energy.



It is of interest to compare this value with those obtainad by other
werkers. Fenimore and Jones (Ref. 5), using flames of several different
hydrocarbons at atmospheric pressure, concluded that the rate constant defined

? in a similar temperature range. They

in Eq. (5) had a value of about 1-2x10
atiributed an Arrhonius-type tenmperaturc dependence to k, however, and assigned
an activation energy. Friedman and Cyphers (def. 6), using a propane-air flame
at L6 mm pressure, obtained data which can be corrected to conform to our
definition of k. The result at :600% was about Lxlog. For a flame of CO
and 02 with several percent of HZO present burning at 30 mm pressure, Friedman

9

and Nugent (Ref. 7) obtained data which yields a value of about 1x10” at lBOOOK,

while with H, in the original mixture burning to give the same amount of 4,0

2 2
the values cf k computed are 2-} times higher than this. These various experi.-

mental rate constants are summarized in Table I-1,

Table I-1., Comparison of over-all rate constants for the CO-Oy reaction from
work of various authors, Excess HZO present,

Author Flame Type k (cm3mole"lsec“1)
This work CH,-0, at 76 mn 8:10° (1650-1940°K)
Fenimore & Jones Hydrocarbon-air 1-210° (1700-1900°K)
(Ref. 5) at one atm,
Friedman & Cyphers C3H8nair at L6 mm bxlO9 (1600%) (corrected)
(Ref. 6)
Friedman & Nugent C0-0,-H,0 at 30 mn 1-3x10° (1800%K)
(Ref. 7) (corrected)

A1l of these data were obtained by flame structural studies. No other data by

other techniques are known to us, although such a comparison would be very
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valuable. In any case, the data given in Table I-1 appear in reasonable agree-
ment - quite remarkable agreement considering the wide variety of experimental
pressures, reactants, and technical details of sampling, aralysis, correction for
diffusion, evc. Accerdingly, it seems likely that the over-zll rate constant

for the reaction defined as in Bq. (S) 15 quite reliably established in the indi-
cated temperature range, and could be used in practical conmputations for wiich

it is appropriate,

Heat Releass Rates in the 1/10 Atmasphere Cﬁb~02 Flars

It 15 of some interest to compute the volumetric heat release rate profile
from the experimental data. There are two ways of doing this, which can then be
checked against each other, If we define Q as the rate of heat evolution (a

positive quantity). the: tne simplest way to compute it is by way of the relation
Q= L H K (7)
where Hi is the absolute molar enthalpy of species 1., The negative sign is
necessary to conform to the above sign convention, which 1s contrary to the
usual thermodynamic convention, The alternative approach is to use the energy |
conservation and species continuity equations which may be combined to give

B e v R U BT
Q = pv dz b;- M - A dz (AfA dZ (8)

where Ci is the molar heat capacity at constant pressure, A is the streamtube
area ratio relative to some reference value, and N is the gas thermal conduce

tivity,
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The method of computing Q from 8q. (6) involves only the chemical rates
and the corresponding enthalpies, so it is a direct mmasure of the rate of
enthalpy change per unit volume due to reaction. The methoed of Eq. (7) regards
Q as a source term in the enthalpy flux conservation equation and involves the
tenperature and Gi profiles. The results of both approaches are shown plotted
in Fig. I-L. Tvpically, the worst deviations occur in the fast reaction zona,
This may be due to neglect of free radical effects, since presumably if these
could be sampled and their rates Ki (positive quantities in this region) de-
termined, they would contribute positive enthalpy Hi to the sum in Eq. (6) and
thus lower the value of Q obtained, bringing it more nearly in agreement with
the curve determined from Eq. (7). The two curves agree very well in the CO

af terburning region,

The 1/20 Atmosphere CH,-0, Flame

The experimental data on this flame have now been obtained and are being
analyzea, Results o1 this work will be described in the next Quarterly Progress

Report.
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II, TIERMAL CONDUCTIVITY O GASES BY A NEW TSCHNIQUE

(R. . Walker, M. deifaas, A. A. Westenborg)

Cbjective

The analysis of the problen of convective heat transfer both in the laminar
and turbulent flow regires requares that the properties of the gases involved be
quantitatively urderstood. The coelficient of thermal conductivity is one such
oroperty. HMeasurement of thermal conductivity of gases has not been a forsaken
field of research, and several common gases have been investigated up to tempera-
tures approaching reaction motor temperatures. The primary shortcomings of past
ard present research in the study of thermal conductivity of gases for applicaticn
to such heat transfer problems are: a) inability to apply present experimental
methods to temperatures avove about 1006°K (most measurements are made at sub-
stantially lower temperatures than this), b) the complexity and difficulty in
using the usual apparatus for this measurement (thermal-conductivity cells).
and c¢) the lack of measurements on species (and mixtures) prewvalent in reaction
motors, Other shortcomings could be listed.

Recent measurements of molecular diffusion coefficients - a closely re~
lated transport property (Ref, 1) - of common flame gases at temperatures in
excess of 1000%K applied a simple concept (Ref, 2) that could, in principle,
be used for measuring other gas transport properties (conductivity and viscosity).
In this method; a point source of a trace gas is located in the center of a uni.
form, heated laminar jet of a second gas., A series of gas samples removed
immediately downstream of the source and quantitatively analyzed is used to
determine the molecular diffusion coefficient, The technique has good precision

(:l~2‘/3) and 1s quite adaptable to high temperatures and various gas types.,

o d

~



- 12 -

Application of this method to the measurement of thermal conductivity of
gases is an obvious extension, The source of trace gas is replaced with a point
(or line) source of heat and the temperature rise downstrean of the heat source
is measured with an appropriate technique. The method is simple, should have
good precision (+24), and can be used with a variety of gases at high ambient
temperature (appreaching flame temperatures), Thus, the objective of this re-
search is to employ the point.-source or the line-source technique in the maasure-
rnent of gas thermal conductivity and, if successful, to use the method for
obtaining data over a wide range of temperature on pure gases and mixtures of
propulsive interest.

Theory of the Method

This has been described in detail in Ref, 3.

Experimental Technique

During the period of this report a number of changes in the experimental
apparatus have been made from that originally described in Quarterly Progress
Report No. 1 (Ref. L). A description of these changes follows,

1. Line heat source., In the case of the line source, heat conduction along

the wire to the flow tube walls where it is attached may give rise to a
significant error in the determination of q. the heat dissipation per unit
length, to be used in the working equation (Ref. 3) for the determination
of the thermal conductivity of the gas. The proper q to be used in the
working equation is the q which corresponds to the central portion of the
source wire, The temperature decrease at the wire ends due to heat con-

duction to the walls decreases the resistance of the wire in this region,

=
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so that the average q for the entire wire differs from the q in the
central portion, This error may be reduced by using a wire of low

thermal conductivity and low temperature coefficient of' resistivity,

and also by attaching the voltage reasuring leads to the same wire

at some distance from the wails, In view of these facts, a line source
of 0,0005-in,-diameter platinua - 104 rhodium wire was mounted in a

3 cm flow tube and is now in use, This source wire has potential leads
of the same wire welded %o it at points approximately L rm from the walls,

2. Measurement of the temperature rise, The method of measurement of the

temperature rise downstream of the source has been improved by the use
of a high sensitivity DC breaker amplifier.* The output of the dif-
ferential thermocouple (Ref, L) is applied to the input of the amplifier
ard the output is displayed on a chart recorder. The input circuit to
the amplifier was constructed so as not to introduce harmful thermo-
electric potentials and was shielded to reduce the effect of stray fields.
A known resistance was included in the input circuit for the purpose of
applying an accurately known calibrating voltage to the amplifier, Also;
a variable negative feedback system was instvalled in the amplifier,
Adjustment of the feedback ratio changes the effective input resistance,
which then provides a check on Peltier heating of the thermocouples,

The advantages of the above system over that of using a pot.entiometerM

to measure the differential thermocouple EMF directly are briefly:

*  Beckman Instruments, Inc,, Model 1k,

** A Rubicon High Precision Type B Potentiometer,




- -

(a) Tre nrocision of -'0

“parure wit ia dnereaged ot e v o
approximately «1/20 pv, 7This =akes poussible the accurate measure-
ment of smaller tesperature differcnces and the use ol a thermo-
couple syston of lower {and =ore precisely known) thernoelectric
nowar, such as PP, ik, IU also allows lower source noating
rates to b¢ used,

(b) The total time required to rake the nuaber of neasurements noces-
sary for a thormal corductivity determination at a given temperature
is reduced by a factor of 3, This is particularly desirable in
regard to those changes in the entire system which effect the indi-
vidual thermocouple E}F's ancd are not canceled out in the two
opposing thermocouples.,

(¢) Looking forward to reasurements at higher temperatures, it may be
expected that the above-mentioned uncompensated drift may be greatly
enlarged through time and position variations in the gas temperature.
If this occurs, it may become necessary to chop the current to the

wire; thus providing a square wave heat source, 'With the thermocouples

fixed in position, adjustment for zero would be made during the time
of zero current and a single potential measurement would be made
while the current is flowing, With the currently alternately off
and on for a period of 15 seconds each, it is then required that the
uncompensated drift be small for approximately this length of time,
The present amplifier-recorder system is particularly adapted for
this method of measurement,

The reproducibility in the thermal wake temperature measurements using

the line source and instrumentation described above is better than 11/2%.
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Rosults of Measurermonts Usine the Line Source

In Quarterly Progress Report lio, 2 it was reported that the measured
thormal conductivity of nitrogen at ]DOOK using tho line source varied markedly
with the dovmstroan position (x) of the transverse profile reasurorents (see
Pig. I1-5 of Ref. 3). Uuring the period of this report it has been shown that
this variation of reasured .1 with the drofile x is due to non-uniformity in
the velocity [ield downstroan ol the wire heat source, A theoretical study of
this has pointed the way to a correction tc the data which has given measured
A's that are independent of the profile x. This will be shown in the presentation
of results for nitrogen and helium at rcoa temperature, obtained by using the
apparatus described in the previous section,

Table II-1 lists three sets of measured quantities and computed thermal
conductivities; two are for nitrogen at dilfering rates of heat release and the
third is for helium, Each set consists of raximum profile potentials, Em(naAﬂn),
measured at a number of relative downstream distances, x, and half widths of the
temperature profiles, z, corresponding to a given Em/E value at each relative x,
In the section labeled "uncorrected" there appear computed Aﬁs which were ob-

tained using the working equation

2 - q° a° . (r=x)
n 8n xE g “m fx
m log = \;

where a (= E/AT) is the thermoelectric power of the downstream thermocouple. In

this analysis of the data the relative x were displaced to make xEﬁ2 independent

of x. Fig, II-1 includes a curve of the uncorrected ;\ plotted against the

o
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TABLE I1-

Uncorrected Corrected Literature
Data Values
Set x E : A x10° x aé°) A x 10 5
() (kv) (%) (cal/cmsec®) (ma)  (wv) (cal/emec® | A %1
A | k60 28,60 ,959 6,75 »00 23,685 6,23
5,60 23.91 1.123 6,59 8,00 20.59 0,
2,50 17,71 1,331 B Lk ln.oo 17,61 0,3 5.2%: (Ref. S)
13.60 16,65 1,5L3 6,27 15.00 15,0k 603
17060 11:.65 l.?l? 6.15 -‘-9000 1301'0 __6.__2_5_
rean= 6,29
2, |8.,35 16,00 1,263 6.73 10.95 13,07 6,28
11,35 13.7k 1.L38 6.57 13.95 11,59 6.33
15,35 11.81 1,632 6,11 17.95 10,23 6,32 6.25 (Ref.S5)
20,35 10,22 1,838 5,26 22,95 9.03 6.3
23.35  9.5L 1.9L7 6.20 25.95 8.L9 6.28
mean = 6,30
C. | 3.35 9.R8 1,169 L5.2 5.85 6.80 36.9
L.35 8.78 1.290 L3.L 6,85 6.3k 37.1
6,35 7.33 1.L90 10,9 8,85 5.63 36.9
8.35 €.32 1.8L7 39,8 10.85 5.06 37.6 35.9 (Ref.6)
10,35 5.69 1,806 368,L 12,85 L.67 37.1
12035 5017 1-9211 37-? lLoBS L'033 3701
1L.35 L.76  2.060 37.3 16,85 k.05 37.3
mean= 37,1
-3 - o, m
A. N,z U=L0cm/sec, q = 9.12 x 1077 cal sec™ om ™, T = 300K, 5 = 2.00,
-3 -l -l o, Em
B, Ny: U= L0 cm/sec, q = 6,96 x 107° cal sec cm -, T = 301°K, T = 2.00,
E
C. He: U =100 cm/sec, q = 8.75 x 1073 cal sec'lcm'l, T = 298%, Tm = 1,13,
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profile x for set &, Tho "corrected" section of Table II-1 presents /\ results
which wore obtained b applying a correction which was necessitated by the vel-
ocity wvake fron the heating wire. The trecatment of the data including the wake
correction proceods as follous: i}
(1) e mpasured relative x are displaced to make (r-x)/loc\:;-z \E}.
Irdepondent of x. The new downstrean distances are designated Xoo
(2) The measured E, are ad justed according to Em(O) = E:m(l-AE‘.m). The
corstant A is obtained by requiring xcﬁéo)z to be equal to two

senarated x . values,

(3) 1l is deterrined using

(\2 . q2 a’ . (r-xc) .
f 2! E ‘
(o) m ,"c
8n lxcz;,,1 , 108; = ;
Table II-1 lists the 4 values obtained by this method along with the cor-
responding e and Er(nO) values, It is seen that the (\ values for the three sets
of data are no longer dependent on the profile x value and that the average

compares favorably with the measurements of others. Fig, II-1 shows the con-

stancy of the corrected A with profile x for data sets A and B,

It is also to be noted that the origin of the heat source is nearly the
same for the three sets of data, which is as expected, This is in contrast to
the uncorrected data where the origins differ by more than a millimeter among
the sets, (Compare the x's corresponding to x, = 11.00, 10,95, and 10,85 of the

three sets,)

¥ In almost all cases it is sufficient to replace this quantity by (r-x) and
in a number of cases z is small enough that the quantity may be replaced by

z2/2x.
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The corraction on Sn, which is equivalent to

ate) . i1 (1-A10T, )

was derived from a theoretical consideration of the velocity profile downstrean
of a wive, This was made alonz the lines prosented by S. I, Pai (Hef. 7) for
two-dirensional Jet nixing, replacin; the jet in a uniform stream by an obstacle
(wire) ir a uniforn stream, The constant A' in the above equation is a function
c{ the thermal conductivity and temperature of the gas, the heat release rate of
the wire and the drag on the wire. Since the drag on the wire is not known, A'

(thus A) is determined by requiring A to be the same at two separated x values,
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I1I, TRANSPUMT PuOPZaTY STUCIES IN DISSCCIATED GASES

(R, E, “alker and A, A, Westenberg)

Objective

Convective heat transfer from dissociated gases to a catalytic wall is
significantly affected hy the chemical kinetics, the nature of the catalytic
surface, and the transport propoerties of the mixture, Although gas phase
kinetics for dissociated gases have been studied separately in shock tube
experiments, attempts to measure the catalytic nature of a surface have re-
vealed that it is difficult to separate the catalytic effects from those due
to diffusion, Until very recently (Ref, 1) no separate measurements of dif-
fusion coefficients had been made, so that gross estimates of this transport
property are generally required to obtain catalytic activity of various surfaces.
Additional diffusion measurements for a variety of dissociated gases are de-
sirable for this reason,

In addition, measurements of diffusion coefficients as a function of
temperature is an excellent way of determining intermolecular forces between
unlike molecules, For dissociated gases, the (labile) atom-(parent) molecule
intermolecular forces could be obtained in this manner and subsequently be used
to predict other related transport coefficients, (These intermolecular forces
can be determined from first principles for only the simplest interactions
(H-H, H~H2, H-He).) Measurements of thermal conductivity and/or heat transfer
coefficients in dissociated gases are also of considerable intrinsic and prac-
tical interest, The present project is aimed at exploring and using various

methods of experimental measurement of transport properties in dissociated gases,

w
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Zxvorizental Technique

Experimontal effort thus far has Leen restricted to elementary experi-
=ants with dissociated gases crcated by a radio frequency (H¥) discharge. &
discussion of thesc preliminary experimoents is piven below,

Prelinminary Sxperironts

In order to obtain a "feel® for the concentration of atons that can be
produced by an K discharge and the lifetimes of these atoms, the simple flow
systen shown in Fig, III-1 has been used, Atoms are generated by passing a
diatomic gas (02 and H? have been used) through the inductance of a tuned tank
circuit coupled to an RF transmitter capable of s0 watts input to final stage
(EICO #720)." Atoms are detected downstream of the discharge by a fine platinum
vir. (.00l in, dia.) maintained at a fixed temperature by a variable heating
current. The chance in heat dissipation with and without the discharge is a
measure of heat release through catalysis (atom recombination on the surface
of the wire) and the changes in convective and conductive heat transfer. The
convective and conductive heat transfer is eliminated by using a similarly
heated platinum wire that is coated with silica to render it non-catalytic.
The heat release through catalysis; Q, can then be related to the number of
atoms by the expression

1=fnialn (1)

2

where n is the number of atoms per unit volume, Ce ( is the mean

8_1‘2)1/
mm
molecular speed, a is the surface area of the wire, ) is the surface catalytic
activity for atom recombination (i.e., the percentage of atoms striking the

surface which recombine) and h is the dissociation energy per molecule,

* A total of 500 watts is now available by the addition of a recently purchased
RF amplifier (Viking Courier).

-
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Preliminary expariments have boen restricted to oxygen gas and the effects
of pressure at different [low rates. A swmary of the data is given in Sig, Iil-2,
At pressures below about 0.l mn Hig the efficiency of tne R¥ discharge is quite
poor. At the elevated pressures the discharge is also less efficient, and in
addition, atoms are presumably lost by wall recombination, Additional refined

experiments along this line are planned,

Proposed Experiment for Diffusion Heasurements of Dissociated Species

The usual method of measuring the efficiency of a surface for atom recom-
bination is to place the catalytic surface at the closed end of a side-arm
attached to a tube containing a flowing dissociated gas (Hef, 2). The net flow
in the side arm is zero and the flux of labile species to the catalytic surface
is controlled by the diffusion through the gas mixture, By measuring the heat
release at the surface (via a temperature rise) a measure of the flux is obtained,
and by varying the depth of the side arm the ratio of cataiytic activity to dif-
fusion coefficient can be determined, A possible refinement of this method is
to alter the atom flux by imposing a counterflow (see Fig, III-3), The concen-

tration of atoms is then given by

c Ve c Ve , l
C+ 17 * CL+TU— exp [-ﬁ(L-z)] (2)

where Co and CL are atom mole fractions at z = O and z = L, respectively, U is
the countercurrent gas velocity, and D is the diffusion coefficient. In deriving
Eq. (2) loss of atoms to the wall of the tube by heterogeneous reactions and by

gas-phase reaction has been neglected and it is assumed that C<=<l, For small
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values of UL/D Eq. (2) expands to give

y Yel
() o O (

c_=(C - —_—

o o'l L ) L. Yo1 | 3)
- /
For some cases, %%I-‘-’ﬂ so that Fa. (3) reduces to
~ UL

C, = (c°)u-o (1-25), (k)

although this condition need not necessarily apply. By measuring a quantity that
is proportional to the concentration of atoms at the surface (say, a temperature
rise) and by accurately metering the countercurrent flow, the diffusion coefricient
can be measured,

At the low flow rates encountered in an experiment of this type, the flow
may consist entirely of boundary layer and the simple mathematics surely will not
apply. To avoid boundary layer problems, it may be desirable to use spherical
geometry for which an expression similar to Eq. (3) can be developed, Both geo-
metrical arrangements are presently receiving attention as possible methods of

measuring diffusion coefficients of dissociated gases,
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(. L, Snow and A, A. Westanberg)

Objectivo

One of the difficulties in the way ol adequate urderstanding of the aerce
dynamics of high temperature, high spead pas flow has been the lack of information
about the chemical kinetics involved, Obtaining this information has been dif-
ficult, especially ir those cases where premixing the reactants before bringing
them to reaction temperature is impossible because of the rapidity with which
the reaction proceeds. Laminar flame studies such as are discussed in Section I,
are one way of acquiring high tenperature kineti1 data if Lhe reactants can be
premixed. another apyrcas: 5 © o adapt are olilize the pelnt Source tecanigue
(Ref. 1) used for the reasurement of diffusion coefficients. a method which shoulc
be especially useful when premixing 1s ampcssible, This technique will allow
preheating of the reactants befcre mixing. steady-state operation, a fair tem-
perature range, and simple psuedo-first order kinetics for amalysis. Thus it
can be seen that information obtained by this method migh® be a useful supplement

to that obtained in the laminar flame work.,

Theory of the Method

Figure IV-1l is a schematic representation of the principle it is proposed
to use, Here a trace amount of one reactant is continuously injected into the
center of a laminar stream of a second reactant, Under conditions of constant

temperature, pressure; and uniform carrier gas velocity U, and when the mixture
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is so dilute in trace gas that the density is essentially constant, the

equation governing the corcentration C (mole rraction) of trace gas is

Re _UVJC kC

Vie-53%- T *¢ (1)
where D is the binary diffusion coefficient (constant) and k is the pseudo-
first order rate constant for the disappearance of trace gas, i.e., the

chemical rate expression is taken to be

$e-kc (2)

in view of the large excess of carrier. At a given temperature, 9. (1) may

be solved to give

U o) |
C'E_B—nqr exp(ﬁ(x-—r\lo—l? )I (3)

where Q is the volumetric flow rate of trace gas frcm the source,

To obtain k, one would measure C first at a series of position on the
axis where x = r, and second, at a series of positions r along a transverse ]
profile of fixed x.

For the first case, one may show that

b o Dm12 < Uny (L)
vhere m is the slope of the line obtained from plotting
C, x
log : versus (x2 = xl) )
1M
where C = Ci for x = X{ o

.Ei?w -
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For the second case,

k= Dnee - U3/ (s)

C,r
where R, is the slope obtained by plotting log Eg?f versus (rl-rz) ’
1

where C = C1 forr = r .

Thus, if ¢ and U are unknown but constant, it is possible to determine
the rate constant k if the ciffusion coefficient has Leen previously detersined,
An important point is that only ratios of concentrations are required, so no
calibrations are necessary.

Experimental

One system of interest in combustion is the oxidation of carbon monoxide,
Inasmuch as the diffusion coefficient of CO into oxvgen had already been
determined with precision (Ref., 2) and some rate data were available from laminar
flame studies, this pair was chosen for the initial work,

A thermal conductivity cell is used to analyze the gas mixture, However,
the thermal conductivity of €@ is too close to that of 02 for the method to be
very accurate, Consequently, the following scheme was devised, The gas mixture
drawn into the probe is first passed through a liquid nitrogen trap to remove
any carbon dioxide which has been formed, The mixture is then passed through
a heated platinum catalyst to oxidize the previously unreacted CO, and this
mixture of CO2 and O2 goes into one side of the T~C cell, The gas then passes
through a second 1liquid nitrogen trap, removing the CO2 and allowing pure oxygen,
the reference gas, to flow into the other side of the T-C cell. This continuous

flow system thus gives a record of the CO concentration at any given time,
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It i5 apparert that the reacting sample drawvn into the probe at any
point rust be quenchad effectively in ordor for meaningful rmeasuremonts to
bo zade, The sanpling probes used will e sinilar to these used in flame
studies (Ref, 1), whare sonic flov and rapid drop in pressure on entoring

the probe are reliod on to quench reactions,

Rosults
As of the resent tine, the equipment has been asserbled and most of
the operating difficulties oliminated. However, a fow still remain and so no
results of any conjequence have yet been obtained.
References
1) R. B. Walker and A, A, Westenberg, J. Chem, Phys, 29, 1139 (1958).
2) R. E. Walker and A. A. Westenberg, J. Chem. Phys. (to be published
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V, RCCKET NOZZLE FLUID DYHAMICS

(¥, K. Hil), M, A. ¥allskog, and H. J. Unger)

Obioctivo

The investigations carried out in this problem are concerned with
the dynamics of the high speed gas flows occurring ir solid propellarnt
rocket nozzles. 'With high temperatures and large mass flow rates and with
rapid expansion of the gas through the nozzle, it is important to describe
tre fluid properties taking into acccunt non-equilibrium and non-ideal gas
conditions, Experimental data pertinent to an accurate description of the
gas are the first objective so that an adeguate theory of the fluid dymamic

behavior may be formulated,

In order to provide realis‘ic and representative testing conditions
for the experiment a dcuble-base sclid propellant {ARP)™ has been chosen
which provides the five basic constituents common to most high impulse
propellants. These are hydrogen, nitrogen, carbon monoxide, carbon
dioxide and water vapor, Impurities of the order of 2 to 3% are present

as ig the case in all propel-ants and it is possible to add in well con-

trolled amounts and sizes solid particles for future extensions of the

* The propellant is manufactured and proof tested at Allegany Ballistics
Laboratory.

-
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experimental studies, To begin with it is believed advisable to keep
the problems as uncomplicated as possible while still retaining the
fundarmental aspects of the phenomera under irnvestigation, Combustion
pressure and temperature of the grain are 10UV psi, nominal and 2SUO°H,
respectively; end buraing is emplored for eitier l10-sccom or j0-second
operation., These conditions are sufficient to introduce measurable
effects due to the variable gas properties as the gas expands Hwough
the nozzle, gas non-equilibrium conditions in the expanded flow and

heat transfer and nozzle divergence angle effects., Associated phenomena,
such as erosion and deposition of solid narticles, are also present for

observations providing additional data.

It is anticicated that as the work progresses higher srecific
impulse propellants will be utilized providing “emperatures in the
BOOGOK to Loov%k range, and that investigaticns of the effects of
metal additives to the grain will be carried out, Cooling and heat
transfer measurements to the nozzle walls will be made and some pro-
perties of materials directly associated with the rocket gases may be

undertaken,
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Introduction

As described in earlier reports (Refs. 1,2), ome of the problems to be
undertaken was the determination of the actuval flow prorerties in a rocket
nozzle and their comparison with the calculated properties based on gas equi-
librium assumptions, It was evident that with high inpulse propellants which,
during burning, produce a high enthalpy gas mixture, the rate of conversion
of this thermal energy to kiretic energy must govern the over-all efficiency
as well as the environmental conditions of the nozzle and associated equipment,
Any non-equilibrium condition, e.g., the relaxation of excited states, or any
chemical reactions which occur during the expansion process in the nozzle may
be significant in the ultimate kinetic energy of the exhaust gases, Inter-
related with these processes are surface phenomena of the containing walls,
including heat transfer and possible efficient methods of cooling and/or
insulation,

Nozzle Surveys

The experimental work was directed toward making accurate aerodynamic
surveys of the flow Mach number and pressure distribution in the nozzle where
both the gas density and static temperature were relatively high., Two series
of tests were made using nozzles of 12,5° and 26° total divergence angles, so
that the flow or transit time of the gas from throat to survey station was varied
by a factor of two, whereas Mach number and flow velocity would be approximately
the same, Because of the severe environmental conditions, fixed probes were used
and not all of the data obtained were valid due to mechanical failures. However,

although one or two tests remain for the 12,5° nozzle, the survey in both nozzles

L'

-
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at the M= 3 station are sufliciently complete to provide a si;nificant comparisen.
The data are shown in the top part of Fig, V-1 with on2 set for the 12.5° nozzle
and two sets for the 26° nozzle. The tests with the 26° nozzle were carried out
first, and only one nozzle was used in which there was a progressive enlargerent
of the throat diameter ( 0,001" per 10 second run), Consequently, there was a
slight docrease in area ratio as the tests progressed; also, from experience
irprovements were made in the mechanical support ol the proves, The line

through the lower data represents the Iirst tests and the upper line the final
tests, which are believed to be a more accurate description of the 26° nozzle
flow, Mevertheless, because a comparison between the two nozzles of differing
divergence angle is to be made, the conservative view is to take the lower curve
for the 26° nozzle, The data displayed in graphical form are the pitot-to-supply.-
pressure ratios, Ph/Po, as a function of distance from the nozzle axis. The data

shown in Table I are obtained from the wall static pressure measurements P_.

TABLE 1
Nozzle Test PS/Po M
26° 58 0.0225 2,99
66 0.02L 2.95
68 0,023 2,98
12,5° 76 0.02L, 2.95
77 0,025 2,93
78 0.02L 2,95

This measurement provides the expansion ratio and enables the local Mach number

to be determined, The Mach numbers as tabulated and as indicated in Fig, V.1



are calculated from the pressure ratios assuming that thernodynarmic equilibriue
obtains throughout the expansion process, and that the conposition is frozen

at proportions computed for 1500°%% and is in local equilibriun at highor tempora-
tures, Within the accuracy of measurerment the Hach numbers and expansion ratios
in the two nozzles are comparable, but with a slignt trend toward higher Mach
numbers for the larger divergence angle,

In order to compare the pitot jressure distribution data, the data are
shown in the bottum part of Fig. V-l as the change in pitot pressure ratios re-
sulting from the change in divergence angle, It is noted that there is a change
in measured pitot pressure of nearly 6% in the central region of the flow for
these surveys conducted at equal geometric expansion ratios. The lower curve
labeled "ideal conical flow" is the pitot pressure difference that would be
expected on the basis of pure, simple conical flow, The difference between
these two curves, approximately 1.8% (P.n /Po) at the centerline, may be attributed
to non-equilibrium effects, Had the upper line of data for the 26° nozzle been
used, they would have indicated a difference over the conical flow effects of
approximately 5% at the centerline,

It may be noted that in the calculation of the flow properties of the
gas mixture as it expands through the nozzle, the composition of the gas has
been assumed to be in equilibrium down to 1500°K and frozen thereafter. The
contribution of heat released (or absorbed) by chemical reactions is not taken
into account, In this particular case, if the gas does in fact maintain equi--

librium, the water gas equation

Hy0 + C0 = H, + CO, (1)
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indicates that from the throat (temperature~ 2250%) to downstream position
wiere the temporature is ISOOOK, a heat release of some Tl BTU/sec would occur.
This is of the order of L.SK of the kinetic energy of the strean, UWhether or
not this occurs depends on the reaction rates., Just downstream of' the thiroat
the gas velocity is approximstely 0.2 inch/p sec and at the survey station
avout 0,1/isec. Thus, the significant tire scale is of the order of 10-5 sec,
since the distance travelled by the gas is several inches from throat to
survey station, For the corditions which are imposed by the proprellant in
this case, it is expected, therefore, that effects due to chemical non-
equilibrium will be restricted to orders of a few per cent, ‘ith higher
energy propellants where the combustion temperatures range up to b00~0°K,

it is expected that non-equilibrium effects may be much more pronounced

and that their accurate determination may be of importance in the nozzle
design, in the materials used to contain the gases, and in the heat transfer
properties.

The pressure surveys to date have been limited to a single transverse
plane, and for this reason, it is difficult to say whether the measured net
difference is entirely due to non-equilibrium chemical or thermal effects or
perhaps due to different degrees of distortion from ideal conical flow, Ad-
ditional surveys are planned at two more stations in the nozzle as well as an
effort tc determine any flow distortion effects of throat and nozzle contour

in the subsonic area,
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Gas Composition

Very closely connectad with non-eguilibrium conditions is the gas compo-
sition in terms of the concantration of the various species present and their
state, A determimation of the composition from point to point along the noz:le
axis requires essentiallw an instantancous measurement, so the conventional !
sanpling techniques are not yractical. Spectrographic techniques, on the other
hand, appear premising, and soveral of the species are known to have absorption
bands in the infrared. As a result, it was decided to use a scanning spec..
tromoter to attempt a quantitative determination of the concentration of those
species with absorption bands in the lp to 15: region. The instrumentation

problem was believed to lie mainly in accommodating the required optical and

electric equipment to the environmental conditions and in developing suitable
techniques for quantitative nmeasurements. A high airborne sound level, large
non-uniform temperature gradients, short time exposure, and remote operation
constituted the environmental nroblems, Since no suiteble instrument was
available commercially, the work required the adaptation and modification of
basic components to an apparatus which could survive the conditions imposed
and display the information gathered in a readily usable form, Since the rocket,
gas is a mixture of 1‘12, 1{2, ca, COZ’ and [{20, three of these gases should pre
vide measurable absorption bands in the infrared, Furthermore, since the
relative abundance of NZ does not change during the expansion process, the
quantitative measurement of the three I-R absorbers swould lead to a determi-
nation of the relative amounts of all five gas species,

In all, nine environmental tests have been run with the scanning spec-

trometer (Ref. 3) built at APL several years ago., There have been a succession



of nodifications rade as the tasts pro.ressed, until at the presesnt tive the
arrangement of equipment is as shown scheratically in Fig, V-2, The carlier
tests did not obtain spectra of the rocket gases, because they were designed
only to operate the equipment looking at a dummy source (Nernst glower) when
the systen was oxposed to the 150 db noise level, The last four tests provided
spectra of the gas, and sanmples of the results obtained are . iven in #ig, V-3,
As indicated in rfig. V-2, a ore-half inch, nemispherically tipped cylinder model
was heated by the stream to incandescence, and then ermitted radiation which
traversed the gas flowing around it and passed through the tunnel window to

the spectrometer. Since nao ard 602 are present in the atrmosphere, the optical
path for test section to spectrometer is covered with a tube and flushed with

dry N Similarly, the optical system of the spectrometer is sealed and flushed

o
with N2. The dual radiation pyrometer also monitored the radiation from the
model on the opposite side, so that a time history of its temperature was ob-
tained and is shown at the bottom of Fig, V-3, The model rises in temperature
with time as shown in the temperature record and by the magnitude of the conti-
nuous spectral background as shown in the traces for both T/N 72 and 72,

The upper traces in Fig, V-3 were copied from polaroid photographs of
the C,R.,0, trace during Test 71, and while these traces have lost in definition
due to the copying process, the originals were sufficiently detailed to permit
the identification of the bands shown, For Test 72, the resolving power of the
spectrometer was increased by cutting the entrant slit width in half, and the

results are shown in the sketches taken from 35mm movie records made throughout

the run, The double trace seen in this test was due to the fact that the camera
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Fig. V-3 SPECTROMETER TRACES RECORDED FOR TESTS 71 AND 7%.
TEMPERATURE RECORD OF SOURCE FOR TEST 72.
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shutter was operating at 12 frares/sec, whereas the scanning rate was ol cps,
Thore was also some cvidence ol microphonics in these traces, which must be
climinated before tiw absorption bands can bo clearly resclved, It should be
reronbered that the total runnin: time for these tests was 10 secords, The
quartz test section window and a quartz collimating lens limit the wave length
to about 3,5 p. It is planned to replace the test section window with a more
transparent medium in the infrared (}NaCl or sapphire) and 1o uge a mirror systen
for collimation, In order to provide a constant energy badiground with wave ,
length, it is also planned to program the slit width, The resuits of these
tests so far have
a) established the feasibility of this absorption technique,
b) indicated several improvements which must be rade for
quantitative data on the composition, and
c) shown the necessity for acoustic shielding to reduce micro-
phonics in the electronic system, whereas mechanical stability
of the optical system seems to be satisfactory.,

Fabrication

During this period the new rocket combustion chamber, test stands, and

adjustable optical benches were completed and installed in the test cell, This
equipment was designed to provide a greater degree of safety and to permit the
accurate alignment of optical equipment for the tests. These new combustion
chambers are undergoing proof testing at Allegany Ballistics Lab and have not
been used as yet, It is expected that the new equipment will considerably

facilitate the preparation and conduct of the testing work,



References

1) Task R Quarterly Progress Report No, 1, 1 April - 30 June 1959,
The Johns iopkins University, Applied Physics Laboratory Repost
TG-331-1,

2) Task R Quarterly Progress Report Yo, 2, 1 July - 30 September 1959,
The Johns Hopidns University, Applied Physics Laboratory Report
T6-331-2,

3) Bullock, B, W, and Silverran, S., J, Op. Soc. L0, 9 (1950),

The distribution of this document has been
made in accordance with a list on file in the
Johns Hopkins Uuiversity, applied Physics Lawvora-
tory Reports Group.

=Xy



l

UNCLASSIFIED
]

P — = A -

— - e ) - o = —

| Reproduced
Mlmed Services Technical Information fgency

ARLINGTON HALL STATION; ARLINGTON 12 VIRGINIA

—
NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR

OTHER DATA ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION
WITH A DEFINITELY RELATED GOVERNMENT ROCUREMENT OPERATION,
THE U. S. GOVERNMENT THEREBY INCURS NO RESPONSIBILITY, NOR ANY
OBLIGATION.WHATSOEVER; AND THE FACT THAT THE GOVERNMENT MAY
HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE SAID
DRAWINGS, SPECIFICATIONS OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNZR LICENSING THE HOLDER
OR ANY OTHER PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR
PERMISSION TO MANUFACTURE, USE OR SELL ANY PATENTED INVENTION
THAT MAY IN ANY WAY BE RELATED THERET().

UNCLASSIFIED




