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ABSTRACT

Two experimental lLechniques have been used Lo delermine Lhe effects of gas
motion upon the combustiion of liquid fuels under extremes of condilions resembling
those found in liquid rocket combustion chambers.

In the first technique methanol was burned as it flowed down a vertical quarte
fibre mounted in a pressure vesscl containing pure oxygen at pressures from 1.0 to
§10.2 atmospheres. The combustion rate was determined under conditions of natural
vonvection, with steady forced flow transverse to Lhe fibre; and with the fibre
held at the velocitiy loop of a very strong standing acoustic field. The applica-
tion of conventional heat and mass tranafer correlations for cylinders give theo-
retical values for combustion rate which are in fairly close agreement with the
experimentally observed data. Reynolds number (based on fuel element diameter) was
varied from 340.0 to 5300.0. Grashof number was varied from 1.3 million to 340.0
million., In the acounatic field the Reynolds number was derived from the mean gas
particle velocity.

The second technique was to burn sprays of liguid fuel in an oxygen atmosphere
in the chamnel of a shock tube through which a pressure pulse was passed. Here the
presaure, velocity, and temperature perturbatiouns of the wave affect the combustion
rate at the location of, and in the wake of the wave, and thus can act to sustain op
augment the wave to the point where it resembles a detonation., Some experiments
were conducted to determine which combinations of droplet size, initiating pulse
amplitude, pulse duration, extent of combustion completed before introduction of
the pulse, etc,, cause the wave to grow Lo detonation strength, and which allow it
to decay, (ther experiments were conducted to guantitatively infer combustion
rates as functions of wave strength, by measuring pressure histories at several
positions along the tube, In these experiments, Reynolds numbers per centimeter
ranged from about 150,000 te 1,500,000, Combustion rates increase with Reynolds
number at about the proper slope to agree with classical correlations for heat and
mass tranafer up to Reynolds numbers per centimeter of about 450,000, Heyond this
point. there appears to he a sudden increase in rate.

PUBLICATION REVIEW

This report has been reviowed and is approved,
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SUMMARY

Basic combuslion researches were conducted under Air Force Contract AF3S(010)-
3556, directed toward determining the effects of gas motion upon helerogencous cou-
bustion. The researches were performed in two consecutive Lime periods amd em-
ployed two principal types of experimental techniques. The first technigue used
was to burn methanol flowing down a quartz fibre in a pressurized vesscl. The sec-
ond technique was to burn sprays of liguid fuel in oxygen in the channei of a shock
tube. The results obtained from the first technique have been published in consgid-
erable detail in WADC TN 57-426, and thus will only be hriefly discussed here. The
investigations using the shock tube will be covered in detail.

QUARTZ FIBRE STUDIES

Experimental Techniques

The burning of a quartz cylinder wetted wilh liquid methancl in a gaseous oxy-
gen atmosphere was investigated for conditions of natural convection, steady truons-
verse oxygen flows of 200, 600, and 1,000 cm/sec, and oscillaling flows associated
with reaonant acousatic pressure oscillations in the test chamber ranging up te
thirty percent of the average gage chamber pressure. Observations were made at
chamber pressures ranging from 1.0 to 10.2 atmospheres.

A photograph of the test apparatus used in the experimental studies of hetero-
geneous burning is shown in Fig. 1,

Figure 2 is a schematic diagram of the test chamber and associated equipment,
The effects of static pressure on propellant consumption (with no through flow of
gaa) are obtained with a steady bleed of gas through the exhauat port. Steady gas
flowa through the chamber are obtained by capping off the exhaust port and placing
orifice platea in the pressure transducer boss. High-amplitude acousti¢ standing
wavea are obtained by interrupting the flow of pressurizing gas through the ex-
haust port with a perforated wheel driven by an electric motor (pulsing siren).

Figure 3 is a more detailed schematic of the fuel injection and ignition sys-
tem,

As initially envisioned, the test procedure was to burn the test fuel as a
drop suspended at the end of a quartz fibre so that there would be as close simuba-
tion as possible to a free burning droplet. 1t was found during preliminary test-
ing that it was impossible to retain a drop on the fibre when the chamber was ex-
cited with the siren. The method of uwsing the eylindrical burning surface was
then developed and has proved to be moderalely satisfactory. Even with this method
there are tests in which the burning propellanls are blown of{ the (ibre.

WADC TR-59-50 !
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Figure 3. Details of Injection and Ignition System
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The fibres uscd in the lesting vanged From 350 4o 500 microns in diameler and
the fuel [Mowing down Lhe fibre Tormed o eylinder having a Lolal diameler of Trom
500 to 700 microns. ‘fhe lenglh and diameter ol Lhe fuel eylinder were delermined
from visual obscrvalion using a telescope mounted on a calhelomeler, 1L was found
necessary Lo agsume Lhat the diameter of the fuel cylinder would be the same for
burning and nonburning conditions as lhere wig not a sullicienl vaabie tesl dor-
ation to permit aceuratle measuremenl of both length and diameler of Lthe fuel cyl-
inder before the fibre became grossly distorted. The fuel combustion rale was com-—
puted from ‘the mecasurcd length and diameter of the fuel eylinder ond Lhe predeler—
mined discharge rate of the fuel injection syringe.

Methanol was selecled as the lest fuel for these investigations hecausc of itis
ability to wet the fibre, its ignitibility, and because ita vapor predsure was suf-
ficiently low to permit it to he retained in the syringe.

TEST RESULTS

In order to compare the experimentally observed consumption rates with analyti-
cally predicted rates, a conventional model of the combustion process was assumed
a8 shown in Fig. 4 ., There are several transport operations which are related to
the consumption of fuel., leat is generated at ihe flame front, a portion of which
flowa inward, evaporating the liquid fueland heating the fuel vapor that is diffus-
ing outward. Heat flows outward from the flame front while oxidizer diffuses in-
ward to the flame front counter-current to the products of combustion which are

diffusing outward,

Under stagnant conditions ihe equilibrium temperature and position of the flame
surface and the various transport vrates are all fixed by the geometrical transport
relationghips, the product transpori properties, the flow, pressure, and the chemi-
cal composition of the fuel and gaseous oxidizer surrounding the burning fuel ele~
ment, Under flow conditions the situation becomes hopelessly complicated; however,
the average Nusselt and Sherwood numbers associaled with the heat and mass transfer
phenomenon may be expected to increase with almost identiecal functional relations
to Reynolds number or Grashof number. Thus, it should be possible to relate over-
all mass consumption rate to Reynolds or Grashof numbers even without knowing the
detailed intricacies of the individual combustion processes,

Combustion with Natural Convection

Under conditions where there was no externally forced flow in the vessel the
hot gases generated by combustion tended to rise and ventilate the funel element,
These conditions are very aimilar to natural convection around a vertical heated

cylinder (Ref. 1)

From standard correlations of heat transfer wiih Grashof number it follows for
the combustion of methanel in oxygen (Ref. 2), limited in rate by the flow of heat
necessary to evaporate the fuel, that the consumption rate per unit area of fael
surface should increase as the square root of pressure, "Thus, for our apparatus,

4 _0.50
p 5 moles/cme sec  where Nf is the number of moles of fuel evap-

Ny = 2.91 x 107
orated or burned per second per square centimeter of luel surface arca. Bxperimen-

tally it was found that Nf =1.73 x 10~k P0.52 T 0.04 moles/em” sce, The small

WADC Tli-59-50 5
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difference in coelf{icients is understandable in view of Lhe diflercnees between
combustion and noncvcactive heat transfer (Fig. 5 ).

Combustion with Steady Forced Conveclion

The mass consumption rate of an evaporating or burning fuel element is related
to several simultanecous mass and heat transfer operatlions, any one of which may bhe
used to deascribe the consumption rate. The choice of defining parameters is pgen-
erally governed by the necessity of estimating or measuring the required boundary
conditions, For the no-flow conditiona in the preceding section where the flame
gsurface may be presumed to be relatively far from the fuel surface, a heat transfer
model meems mosat appropriate, For the case of forced convection where the flame
surface may he presumed to lie very close to the fuel surface, an oxidizer diffus-
ion model appeared to be more suitable.

Two different correlations were taken from the published literature for trans-

fer processes for a cylinder with forced transverse flow (Refs. 1 and 3). These
yielded the theoretical consumption rate correlations (for methanol in oxygen):

0.26 x 107" (re)?-2®

2z
1

and

N 0.45 x 107" (Re)® 0

f

The consumption rate was experimentally determined at three pressures and three
gas velocities, The experimental values were correlated by the expression:

N, = 0.23x107° (Re):00 F 015

Thus, theory and experiment are in agreement within the range of experimental error,
These three curves are shown on Fig, 6.

Combustion in a Standing Acoustic Wave

Combustion ratea were measured while the pressure vesesel was strongly excited
in its firat longitudinal mode (1000 cps). Very high-amplitude pressure ampli-
tudes were measured at the chamber end. Maximum attainable peak-to-peak ampliw
tudes ranged from 21 percent to 25 percent of the mean absolute pressure in the
vedasel. According to classical acoustic theory the center of the chamber should be
a8 pogition of no-pressure oscillation and maximum velocity oscillation; however,
there is considerable doubt as to the applicability of classical acoustiec theory at
these high amplitudes,

If, aa a first approximation, the classicnl acoustic expresasions are used for
the chamber, it is possihle to compute a Reynolds number based upon the time-averuge

WADC TR-59-50 7
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gas particle speed,  Thus, u Lhe avernge paylicle speed ol o veloeity loop for a
ginusoidal wave is

P .
- i X
u
T op oc
where
P =  peakelo-peak predsuare amplilude
max
measured alb o pressure loop
P = a8 densily
c = local velocity of sound
Then Reynelds number is
Pﬁax de
Re =
T opoc
vwhere
de = c¢ylinder diameter
@4 = gas viscositly
A more general form is
kP de
e = max
pc

where k depends on the waveform, and is 1/# for a sinusoid, 1/& for a triangular
wave and l/é for a square wave.

When combustion rates experimentally measured in the acoustic field are corre-
lated with this Reynolds number the relation is obtained:

oo 2041 0,30
e)

Nf = 1.4% x 10

(r
Statistical analysis of the data shows a large posaible variation in the exponent.
This is due primarily to the small umount of data and can he expected to be much
amaller as additional points are obtained. These data points are plotted on Fig.
6 where it is interesting to note that they lie fairly close to the combuatien
rates obtained with steady flows at the same Reynolds numbers.

SHOGCK TUDE STUDIES

Sprays of RP-1 (a kerosene-type fuel), heavy mineral oil, and several other hy-
drocarbons and alcohols were burned in an oxygen atmosphere in a 2-inel diametler
shock tube 8 feet long. Except for the difficulty of obtaining nondetonntive

WADC TR-59-50 10
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fenition with fuels whiich are too valalile, and exeepl Tor crralic hehavior wilh
fuecls whose viscosily changes appreciably wilh ambiend Lemperiluve varialions, all
the fuels behaved aboul the same,

Igniting the spray of fuel in oxypen al & closed end of the tube or al the cen-
ler of an epen~ended tube causes sponlancous detonation,

Sprays of fine droplets were more readily detonated than sprays of coarse drop-
lets; i.e., a pulsing amplitude corresponding to approximately a 10-psi driver
pressure is required to induce detonation of o spray of relalively large droplets
produced with 3/32—inch non-impinging orifices while sprays of smaller droplets
detonate spontancously with no initiating pulse whatsoever. [f very viscous fuels
are sprayed into the lube under the same conditions as less viscous fuels, poorer
atomization is attained and higher pulse levels may be sustained without initiating
detonation. If the gas used to force the liguid through the injector is allowed to
flow appreciably after the injectors have heen emptied, causing fine gas-atomization,
the detonation occurs spontanecusly upon ignition,

Allowing an appreciable portion of the injected fuel to burn smoothly hefore
pulsing the tube reducea the amplitude of the detonation produced, and a higher
pulse amplitude is required to initiate detonalion. In these lasl iwo respects the
shoek tuvbe is similar in behavior to large liquid fueled rockel engines, When ex-~
perimental liquid fueled rocket engines are pulsed to initiate a transverse mode of
combustion instability, a larger pulse is required if it is applicd at a downstream
location where combustion is partially accomplished than if the pulse is applied
near the injector where there ia more unburned propellant. Similarly rocket motor
injectors which produce coarsely atomized propellant are leass conducive to trans-
verge acoustic modes of combustion instability than those which produce finely ato-
mized propellant,

The duration of the gas flow following the shock front (varied by changing the
Iength of shock tube driver section) was found to have only a very slight effect on
the amplitude of pulse required to initiate detonation.

Tests in which coarse, nonburning sprays of kerosene in oxygen are detonated by
initiation with an exploding portion of hydrogen-oxygen mixture, demenatrate that
it is not necesaary to have vaporized or partially combusted intermediate material
present in order to support detonation,

The effects of the wave perturbation upon combustion rate may be inferred by
examining wave histories analytically or by comparing experimental pressure pro-
files with profiles computed using a numerical teclinigue to approximaie the wave
action in the gas,

At Reynolds numbers per centimeter belween 150,080 and 450,000, speciflic com-
houstion rates measured in the shock lube appear to increase willh Reynolds numbey
with oboul the same relationship as the classical correlations for heal and mass
lransfer. At Reynolds numbers per centimeter above 450,000, specilic combusiion
rate appears le increase very rapidly, being proportional (o Reynolds mumbey vaised
to ithe 1.46 power, This rapid increase in combustion rate may he due Lo a rapid
increase in the rate ot which the droplets are being sthatberved jn the high-veloeily
gad ylream,

WADC 'TR~-59-50 11



1L s been Fomul pondible Lo consbrucl o nmerical model of Lhe wase and eom-
bustion interaclion Fonnd in Lhe shoek Gube which i8 soeluble on an clecbronic dala
processing machine.  This model may incdude Che effecls ol nondinear pressure-vol-
ume velabiouships For the gas, mass addition Following uny of sceveral funchional
relations, abtennalion due Lo shear ol Lhe wallsd, ole,

The pumerieal lechmigue s simply io regard e pos as o series ol adjacenld
free bodies, and cowpule Lhe sequential posilions and velocitics by numerical dou-
ble integration of the aceelervalions due Lo Lhe pressure peadients, drag, and
other forces, The gas slade and mass addibion may bhe any desived mathemalical June
Lion of the chosen parame bervs,  This model may evenbually be varicd o as Lo il
the experimentally measurcd pressure profiles,  The preliminary compulalions per-
formed so far have been For a tube of constont eross-section divided inbo 20 Lo 100
axial segments, Computational time intervals as small as one-hundredth of a milli-
second have heen found necessary Lo avoid undeairable arithmetical instability. The
computations are performed on an TBM 704 Elecclronie Data Processing Machine, 'The
data presentation is by printer and Wy photographing a cathode ray Lube upon which
the data are plotited in an analog presentation.
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ENTIODUCT LON

"Acoustic" modes of combustion instabilily bave been shown by many investigitors
to be most troublesome in the developmenl of large—thrust rocket engines. 'Thus, Lhe
studies under the subject contract were focused on the furlher elucidalion of the
basic physical processes capnble of initiating or sustaining the "acousiie" reson-
ances of racket thrust chambers assuming that the combustion could he consgidered us
a system of fuel droplets burning in a gaseous oxidizer. The assumed model of in-

,dividual fuel dropleis burning in gascous oxidizer was shown Lo he reagonable in

the Summary Report describing the firat phase of the current studies (Ret. 2).

Present knowledge of the phenomena which cccur in the liquid fueled rocket com-
bustion chamber indicates that the steps which act to limit and determine the com-
bustion rates are the mass and heat transfer processes which are associated with the
individual liquid propellant dropleis. Several attempts have been made with fair
success to model the steady-state combustion of liquid propellant rocket engines
using the classic knowledge of these processes (i.e., Refs. %, 5, 6, 7, 8, 9, and
10). The low-frequency instability of a rocket engine has also been modeled in o
somewhat similar manner (Ref. 11). These computations use known or assumed valucs
for drag coefficients, relation of Nusselt Number to Reynolds Number, initial drop-
let mize, evaporation coefficients, gas state equations, momentum and energy-rela-
tions, ete. Similar computations have not as yet been attempted for the oscillatory
wave action which can also occur in the thrust chamber; however, here also, the
phenomena muat follow many of the same physical relationships. The relation between
combustion rate of a homogeneous combustible material and a traveling pressure wave,
however, has been inveatigated for the purpose of modeling the initiation of deto-
nation in a solid propellant (Ref. 12), and the ignition process in the chamber of
a gun (Ref. 13).

The pagsage of a atrong pressure wave through the material in the combustion
chamber of a liquid propellant rocket engine produces ceriain changes in conditions
which may infiuence the combustion rate, Tf this alteration in the combustion rate
is of sufficient magnitude and is properly timed with respect to the presaure per-
turbation, then the wave can he sustained or enhanced. Processes which could con-
ceivably affect the rate of heterogeneous combustion are:

(1) A pressure-sensitive propellant burning rate;

(2) A velocity-sensitive burning rate, wherc the
heat and mass tranafer processes arc hastened
by gas motion pasti droplets of propellant;

(3) Velocity-sensitive shattering of propellant
droplets giving increased burning surface;

(4) Changes in local propellant distribuflion and
mixing due Lo Lhe relative displacement of

WADG TR-59-50 13



dillerenl size propellant droplets or
vapor in Lhe acoustic Field; amd

(5) Temperalure—densilive harning rale where
combuslible material reacls rapidly lol-
lowing Lhe temperature rise bheliind a shoek
witve

‘The program of sludy under the current contract has cast light on the [irst
thraée of the above items. TYTtem 4, which has been shown Lo be important in deler-
mining the sensitivity of a system {o initiation of instability and the final ampli-
tude of the oscilltations camnot be properly evaluated excepl in actual model thrust
chambers, JItem 5 is probably a small effect when compared to the first three for
thie came of helerogeneous combustion al least {for the pressure ralios of 2 to 3
(ratio of maximum {o minimwn pressure atlained in a cycle) which are observed in
unstable rocket combustion,

WADC TR-59-50 P4
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SIHOCK T'UBE

TEST APPARATUS AND ''ECIINIQUES

The shock tube shown in Figs. 7 and 8 was designed to facilitate the study of
the interaction of pressure waves and heterogeneous combustion,

The tube is a two-—inch-diemeter cylinder, eight feet long, with bossea to accan~
modate high-speed insivumentation at inlervals (l/h, 1/9, 1, 2, 4, 6, and B feet
from diaphragm) along the length of the tube. Also, along the fube are four injec~-
tors for introducing liquid sprays, One set of injectors has single 3/32 (0.938)~
inch-diameter holes, Another set of injectors has two 0.0664~inch holes each, while
a third set has four 3/64 (0.0469)-inch holes (Fig. 9 ), thus each of the injectora
has the same total hole area.

The measured amount of liquid to be injected {2 ml per injector in most of the
teats) is placed in the axial passage and then blown into the tube hy opening the
solenoid-and pilot-actuated valve leading to the small (80 cc) pressurized nitrogen
reservoir, After the experimential work wae well-advanced it was discovered that
this valve introduced conesiderahble variation into the injection process, The valve
was temperature-sensitive, allowing larger or smaller guantities of nitrogen to es-
cape through a third port which was presumably always closed. This port was even-
tually capped off, The worst variation in the injection process was associated with
"gag-atomization." Ae initially adjusted, the atomizing gas pressure decayed to in-
significance just as the last of the liquid left the injectors., When this was not
the case, a blast of gas could follow the injected liguid causing very fine atomize~
tion of the last of the liquid injected.

Such irreproducible "gas-atomization" generally caused spontaneous detonation
of the tube contents upon ignition, and in any case, was probably responsible for
the occasional fits of irreproducibility of the tube. The use of an injector hav-
ing a floating piston separating the injection gas from the fuel (Fig. 10) would
obviate such problems.

Farly high-~speed motion pictures taken of the injection process through the
#ingle-hole injectors showed that adequate atomization, without appreciable "gas-
atomization," was obtained with 100 to 110 psi pressure of nitrogen in the 80.0 cc
injection gas reservoir (Fig. 11). Under these conditions almost all of the liquid
in the injector was injected in a time interval of approximately 30 milliseconds,
Figure 12 shows the condition of the spray at a time approximately 70 milliscconds
after the electrical signal is sent to the solenoid valve., Ti js clear that there
is a clump of poorly atomized fuel at the head of the stream, followed by better
atomized waterial, This ia more apparent in Pigs. 128 and 12¢ which ave photo-
graphs of the liquid spray as it passes a fiducial mark ahoutl one Tool {rom the
injector using [P-1 injected from the single-hole injector wilh 100 to 110 paj
injection gas pressure. The reference mark is l/lh inch (15200 microns) in diame-
ter. Figure 13 illustratea the eflects of hole wmize and Tiguid
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Figure 11. Spray Formation by Fuel Injector
(one—hole injector; water, 100 psij;
injection pressure, 4.3-ms interval
between frames)
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OVERALL VIEW OF RP-1 SPRAY FROM
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Figure 12. Spray from Injectors
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Figure 13. Spray from Injectors

WADC TR-59-50 22



viscosity upon droplet atomization., A "mean droplet diameter" isg rather difficult
to define for such a transient injeclion process where many of the fuel particles
are nonspherical and where exlent of subdivision scems to depend upon both distance
from the injector and elapsed time after initiation of injecthion, A hetter method
of fuel atomization, which would evenly digtribute dropleis ef a known size diatri-
bution would make snnlysis of the ensuing processes much easicer, In fact, if the
shock tube were once calibraled with droplets of known size it could Llhen be used
to determine elffective mean sizes of unknown sprays in terms of their combustion
rates, TIf the tramsient flow atomization process used here ronewhles the more com-
wonly deseribed steady-staote atomization process, then the [inal mean droplet dia-
meters should be proportional to the orifice diameter of the injection elements, and
the mean droplet diwmeters produced by the 1-, 2-,and A--hole injectors slould atand
in the ratios of 2, /2, and 1. The 2~ and 4-hole injectors, however, appearcd
to suffer from considerable re-—apglomeration of atomized material,

If the combustion in the tube is to take place in an oxidizing atmosphere other
than air, then the desired gas is passed through the tube for a few minutes previ-
ous to injection of the fuel. 1n almost all cases the gas used was pure oxygen,

The apray of fuel droplets is ignited with a smell pyrotechnic squib which is
electrically fired at the same time the fuel is injected. The squib, and the fix~-
ture which holds it, are illustrated in Fig. 14. Two types of ignition mquiba were
used during the course of this investigation. The E-32 or EB-2 have a burning time
of only 20 or 30 milliseconds and throw a shower of hot sparkse into the tube. The
PA-1 burne quietly with a candle~like flame for 2 or 3 seconds without the ejection
of any particulate matter,

At a timed interval after injectlon and ignition, a pressure pulse or shock
wave may be passed through the burning mixture from one of several available driver
sections (Fig., 1%5).

Twe general types of driver sections are used with the shock tube., One is mare-
ly a one-inch extension to the tube which may be sealed off from the remainder of
the tube with a cellophane diaphragm. The one-inch-long cavity is filled with an
explosive mixture of oxygen and hydrogen gases which is initiated with a spark plug
and ignition coil. This means of initiation of detonation may be used without prev-
ious ignition of the fuel-oxygen mixture if desired, as it furnishes ignition as
well a8 a pressure pulse.

The other type of driver Bection used is assembled from a series of various
length extensions (to vary shock duration) which may he fitted to the end of the
detonation tube and separated from it with a sheet of cellophane or other suitable
diaphragm material. The driver section is pressurized to the desired level and at
the desired time the diaphragm is punctured by a pneumatically actuated rod (Fig.lﬁl
As the resulting pressure wave passes up the tube, a suitable triggering device may
be used to initiate the asweep of an oscilloscope which is photographed to record
the pressure history measured by a photocon pressure pickup mounted at one of the
several downstream stations. The electrical outputs of the pressure pickups are
compensated with an on-line analog computer (the DADEE) to remove the effects of
the mass and friction of the moving elements in the pickup and thus to yield a true
picture of the driving function. This effect is illustrated in Fig. 16,
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Figure 14, Squib and Fixture
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Placing the piclkup al different locotions along the tube during successive
tests permits the velocity and the growth or decay of the wave to be measured. The
recordgobtained for lhe passuge of pressure pulses (initiated by detonation of a
stoichiometric hydrogen~oxygen mixture in a driver scelion ene~inch long) through
dry air, a spray of water in air, and a spray of RP-1 (a kerosenc-type fuel) in oxy-
gen are illustrated in Figs. 17and 18. The pulse history at stations onc, (wa,
four, six, and eight feel from the diaphragm are shown. It is ohsgerved that Lhe
pulae attenuates in passing through dry air or a spray of woater in air, bui is con-
siderably enhaneed in pansing through the spray of BP-1 in oxygen. This euliance-
ment would he expected i e aetion of Uk wave were Lo morkedly accelerale come
bnstion at the powitiow, ol , and in the wake of the pressurce-veloceiiy-displocemeni-
Lempera ture pecturbalions which constitule the wave, The distonce~lbime selutions
of these waves are plotied in Figg. 19, 20, and 21. The deatter in the time—dis-
tance plots would probably be decreased if all the points were tLaken in a single
firing inastead of inm successive firings of the tube mince the oscilloscope tripgger
was not precisely reproducible,

OBSERVED PHENOMENA

When a spray of liquid fuel is burned in oxygen in the detonation tube, one of
two rather clearly defined phenomena occurs. Xither the fuel burns quietly at about
the nermal rate for single stagnant droplets or else it detonates with a loud report

producing pressures a8 high as 500 psi with the steep-fronted wave moving at veloci-
ties in excess of Mach 1,0.

Detonation may be induced by igniting any spray of fuel in oxygen at the closed
end of the tube., Having the end completely closed produces detonation as does a
partial closure having an opening area about 10 percent of that of the tube. Ignit-
ing at a closure consisting of a sheet of cellophane with a burst pressure of ten
to fifteen psi also causes detonation. By reasons of symmetry, igniting at the cen-
ter of the eight-foot tube with both ends open should produce the same effect as
igniting a closed-end four-foot tube at the closed end, i.e,, if initial fuel dis-
tribution, flame spreading, and inertial resistance to flow are symmetrical about
the ignition point, then pressure rise will also be symmetrical, giving a zero pres-
sure gradient across the ignition point, When such ignition is provided, a detona-
tion is produced.

If coarse spray from the one-hole injector is ignited at or near the open endof
the tube, however, smooth combustion results as long as & relatively nonvolatile
fuel such as kerosene or mineral oil is used. The time required to complete the
combustion in this case appears to be slightly less than a second. If the burning
time for the droplet is computed using the equation:

D 2
r = 92
k'

where D0 is asgigned a value of 1000.0 microns or .10 cm, and where .02% cme/sﬂc
is used for k! (the value reported for n~heptane burning in pure oxygnn) then

>
r - L3107 L0 aee
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Thus, the experimentally observed combustion time is the proper order of magnitude
for stagnant drops burning in oxygen-rich gas.

In the first series of tests in which fuela of lower molecular weight such as
methanol, toluene, and iso-octene were used in the tube, spontaneous detonation oc-
curred in all cases regardless of method of ignition or injector used. This was
presumably due to vaporization of encugh fuel to make a combustible vapor phase;
however, the low viscosity of these fuels and their consequent good atomization
might have been cansing the effect, as could the erratic operation of the injection
gea valve. This spontaneous detonation was absent when the tube was fired on a
colder day.

When the 4-hole injector having small diameter (3/64 inch) holes, and thus pro-
ducing fine drops was fired, spontaneous detonation was produced at the time of ig-
nition with both kerosene and heavy mineral o0il, even though ignited near the open
end of the tube. Conversely, if jellied kerosene or very viscous, cold, mineral
0il is used with the 3/32—inch, one-hole injector, very poor atomization results,
and detonations could not he produced even with strong initiating shocks.

If fuel is injected and then pulsed without previous ignition by the explosion
of a etoichiometric mixture of oxygen and hydrogen gas, a detonation is produced.
The fact that a coarse spray of nonvolatile fuel can be detonated without combustion
being established prior to the arrival of the pressure pulse, seems to indicate that
the combustion of the pristine liquid fuel is sufficiently rapid following the pass-
age of the pressure pulse to support the detonation wave, and that it is not re-
quired that either prevaporized or partially combusted material be present before
the arrival of the pulse,.

If a spray of fuel is injected into the oxygen-filled tube, ignited, and then
pulsed with a shock wave from a pressurized, oxygen-filled driver section shertly
after the establishment of stable combustion, a detonation can be produced. Whether
or not a detonation is produced depends upon the pressure used in the driver section,
and thus upon the strength of the shock wave produced., Since this threshold value
is sensitive to ambient temperature, ignition squib condition, alignment of injec~
tors, etec., it is best to compare fuels or conditione in a short period of time
without changing these factors.

For the conditions of a four-inch-long driver section, a delay between ignition
and pulaing of 200 milliseconds, an eight-milliliter total amount of fuel injected
into the tube (about three times the stoichiometric amount), the single-hole injec-
tors and 100-psi injection pressure, a driver pressure of 11 or 12 psi will gener-
ally produce detonation, while 10 psi or below generally will not. Thia same
threahold value is found for both keroseme (RP-1) and heavy mineral oil (N.F,, 150
centipoise) as long as the experiment is performed at temperatures where the min-
eral cil is reasonably fluid. :

If the initial shock properties are computed for this threshold driver pressure
agsuming that the gascous contents of the shock tube still retain the properties of
the initial charge of oxygen, it ia found that the Mach number of the wave should
be 1.15 which is 1313 feet per sBecond, The particle velocity of the gas behind the
shock should be 252 feet per second, while the pulse over-pressure should bhe 4,15
pei above the local ambient pressure of 13 psi. Such a pulse is illustrated in
Fig. 16, Under these conditions the dreplet combustion should be accelerated to
about thirty times the rate in still gas duc to (he gas veloeily paatl the droplets,
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In addition, Lhe gas lovees acting upon the larger droplets are greably in cxcess of
the minimum value necessary to cause them to break up, Tt is probably best to view
this threshold shock value only as a boundary condition, and one which would differ
if tube length, fuel amount, and olher variables were changed, 'This "lhreshold val-
ue" Bhock is the minimum perturbation which causes the pulsc to attain a high
strength before leaving a {lube B8 fecl long containing fuel aml oxidizer introduced
in a particular manner and amount,

If the delay hetween ignition and pulsing of the contents of the detonation tube
is variced, the threshold driver pressure required to initiate detonation varies al-
so (Pig.22 ). A would be expected, when 1lhe delay between ignition and puleing is
long enough to permit most of the fuel or oxygen to be consumed, a higher-atrength
pulge im required to initiate detonation. Unider such conditions the detonation
which is produced is nol as slrong as when a fresh charge is initiated,

If the length of the driver section is varied, the duration of the shock pla-
teau generated is varied accordingly. Surprisingly, varying the length of the
driver section eight-fold changes the threshold driver pressure required for deton-
ation only elightly (Fig.23 ). "This was unexpected because droplet shattering was
thought to be imporiant in enhancing combustion rates, and previous investigations
in which mingle droplets are shattered in a shock btube have shown that considerably
higher-strength shock waves are required to shatter droplets when the shock duration
becomes short, It would also be expectod that a shock wave of long duratien would -
give a longer period for the combusiion processes to respond to the effects of the
wave,
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DISCUSSION OF TEST RESULTS

When a droplet of fuel burns at steady-zstate in a stagnant oxidizing atmosphere
the diameter is found to vary with time (Refs. 14, 15, and 16): ;

¢

D = D - k't (1)

or

d D
dt

The evaporation constant, k', in this equation may be estimated from the latent
heat, thermal conductivity, flame temperature, hoiling temperature, and other prop-
erties of the appropriate materials (Refs, 14, 17, and 18). The value k' is deter-
mined by the rate at which heat is transferred from the hot combustion gases, to
the evaporating drop, and by the rate at which oxidizer gas can diffuse to the
flame. For a fuel droplet burning steadily in stagnanl pure oxypgen, a reasonably
good approximation for k' based on heat transfer alone is:

i
.. . At .
8 kg Ot L ¢
N B e Rt @
P

wvhere kg is thermal conductivity of the vapors surrounding the droplet, At is
the difference in temperature between the combustion products and the surface of
the boiling droplet, p is the density of the liquid fuel, L is the latent heat of
the fuel, and c ig the mean specific hcat of the fuel vapors. The bracketed
term involving thel vapor gpecific heat takes inte acecount the counter-current flow
of heat toward the droplet and fuel vapor absorbing heat flowing away from it. When
the oxidizer is flowed past the droplet, the heat and mass transfer processes, and
consgequently the combustion rale, are speeded up. Since the combustion process
bears the same relation to Reynolds number as the heat transfer or mass transfer
processes, the classical correlations of Nusselt or Sherwood numbers to Reynolds
number can be used to compute combustion rate. Here Reynolds number is defined:

where p is gas density, V is the relative veloecity belween gas and droplet, D
ia drupletfdiameter, and u is gas viacosity. This numerical group describes L(he
noture of the flow in the neighborhood of the droplet.

The Nusselt number determines the rate of heat transfer in a ayatem with {low—-
ing {fluida, 7The Nussell number is defined:
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h D

Nu
kg
where D is dropledl diameter, kg i8 gans thermal conductivity, and h  is the
heat tramsfer coetticient, which is the variable sought. The heat transfer coef-

Ticient is used in the equation for hent transfer:
0§ = Axhzx At

wvhere Q i8 the heat tranafer rate, A is the surface area of the ohject, such as
a droplet, to which the heat is being transferred, and At is the total temperature
difference hetween the surface of the object and the bulk temperature of the gas.

Sherwood number is defined:

vhere R is the gas constant, T is the gas temperature, D is the droplet dia-
meter, while DAB is the diffusivity for a material "A" diffusing through the

1
material "B." The value kg is the masg transfer coefficient used in the equatim
for mass transfer (where Pi ia not teoo large compared to total pressure):

]
W. = Ax kgx AP,
i i

Wi is moles per second of material i diffused from the droplet, A is the sur-
face area, and.JAPi in the difference in partial pressure of the material i bhe-

ing diffused between the droplet =surface and the main stream of gas.

Since the mass consumption rate of a droplet burning in a flowing gas stream
may reasonably be expected to be proportional to Nusselt (or Sherwood) number, and
since the value for Nusaeli numker is 2.0 for a sphere in an infinite stagnant med-
ium, it follows that for a droplet burning in a flowing gas stream:

d D2 k' Nu

——— —

. - T2 (3)

One commonly used analytic approximation of the correlation of Reynolds, Prandtl,
and Nusselt numbers for a sphere is (Ref. 19): .

Nu = 2+ .G(Pr)l/3 (Re)l/2 (1)

Far the apecial case of a sphere surrounded by a gas having a Prandt]l nwunber of
.7 (representative of the rocket conditions of interest):

N = 24 .53 (Re)'/2 (5)
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A slightly different correlation of the data and some estimate of the spread in
data may be found by comparison with Ret. 1, For spheres immersed in near-ideal
gazes, the Nusselt number and Sherwood numbers are essentially equal and bear very
closely the same relationship to Reynolds numher; therefore, it is not neceasary to
decide which of these should be used to estimate the combustion of a droplet.

If each droplet in a group behaves according to Eq. (3) it follows from substi-
tution for D in terms of M that for the group:

Moo= 3/n it (6)

D

where M is the mass of fuel in the assemhlage of droplets and where D is the
diameter of monodisperse droplets or a suitable mean diameter for a group of drop-
lets having distributed sizes. 1llere M is the mass combustion rate for the fuel.

It is the enhancement of this parameter at the proper time which can act to sus-
tain or enhance the amplitude of a pressure wave passing through the hurning media,
This enhancement in turn must come from the effect of the wave upon one of the para-
meters k', Nu, or D, The perturbation in the values for k' and Nu are related
to the perturbations of pressure, lemperature, velocity, ete., which conatitute the
wave, while a rapid change in D, the mean droplet diameter, can arise from shatter-
ing of the droplets, a process which also depends upon the action of the wave.

EFFECTS OF A SHOCK WAVE UPON COMBUSTION RATE

The increase in pressure following a shock wave increases boiling temperature
of the fuel and decreases the latent heat of evaporation of the liquid propellant.
The 4-psi over-pressure following the threshold value shock wave needed to cause
detonation in many of our experiments would increase ithe boiling temperature of
kerosene at most, 20 or 30 C, and would reduce the latent heat by a few percent,
There would thus be two effects from increased pressure, i.e., increage of boiling
temperature, with increased heat requirement for heating the droplet to the new
higher boiling peint and lower latent heat ot evaporation, which would increase k'
by a few percent. These two c¢ffects, being in opposite directions, would tend to
cancel each other out, and the resultant effect would be inappreciable.

The temperature of the gas flowing behind a shock wave is raised, owing to the
energy of compression added to it, in passing through the front. For the low pres-
gure ratioc of the threshold value shock wave, the pressure~temperature relationship
will not differ greatly from that for low-amplitude acoustic waves where the temp-
erature ratio is equal to the pressure ratio raise¢ to the (ganma minus one/gamma)
power, where gamma is the ratio of specific heatls for the gas, about 1.3 or 1.4, If
this relation holds, the temperature would increase about five or ten percent; and
if the gas surrounding the droplet was initially guite hot compared to the surface
temperature of the droplet, the k' and combustion rate could be increased by the
same five or ten pereent, The relation of temperature to pressurce ratio for higher
strength waves may he obtained from classical shock wave equations (Bee Fig. 29).

The parlicle displacement of the gas is important in enhancing mixing in a

rocket engine running unstably as k' id approximately proportional to the oxygen
concentration in the gas surrounding the droplet, and this concentration may be
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varied consgiderably as the gas is swept past the propellant streams., Thia is a
rather complex effect, however, and probably cannot readily be determined with the
detonation tube.

EFFECT OF REYNOLDS NUMBER

Reynolds number, and thus the Nusselt number, may be derived from Imowledge of
veloecity, density, etc., of the gas flowing behind the wmhock front. Ir
the droplets are large, and can be presumed to accelerate slowly, the relative vel-
ocity is just equal to the gas particle velocity, and Eq. (5) and (6) can be read-
ily evaluated. For a 1000 micron diameter droplet atanding atill in the 252 foot
per second flow velocity following the threshold value shock, the Reynolds number
is 5100. This yields a Nusselt number of 66. Thus, the effects of Reynolds number
in the gas behind the threshold value shock wave is te increase the value of the
heat and masas transport processes, and consequently the combustion rate thirty-
three fold compared to the stagnant values. This is a very considerable effect. If
the droplets are small enough to accelerate rapidly in the flowing gas stream, then
the values for relative velocity must he obtained by evaluating the droplet accel-
erations from appropriate drag coefficients, and hy integrating these accelerations
with time in order to get droplet velocity. This technique has been discussed at
some length in the literature (Refs. 4, 20, 21, and 22). The relative velocities

will, of course, never be larger than for the case where the drops remain at reat,

80 the maximum possible Heynolds number is readily computed,
EFFECT OF WEBER NUMBER

Several investigatoras have studied the effects of high-velocity gas flow upon
droplets, Most of these investigators have found that for gas flows of long durs-
tion, droplet breakup occurs when the Weber number for the droplet is equal to
about 10 or greater (Rets. 23, 24, and 25).

Weber number is defined:

e VR

We = p
wvhere p is gus density, V is relative velocity between gas and drop, R is drop
radius, and o is droplet surfuce tension. The Weber number is proportional to the
ratio of aerodynamic forces acting on the drop to cohesive surface tension forcea,
If the duration of the gas flow is very shert, i.e., lees than the natural peried
of oscillation of the drop, then a corrvespondingly higher Weber number is required
to cause droplet breakup (perhnpa ng high as 100) (Ref, 26). While this eguation
defines the conditions under which a droplet is likely to shatter, it does not,
unfortunately, tell what will he the sives of the droplets which are formed, nor
does it tell the rate at which the droplet subdivision, and distribution of the
#gmall resultant droplels takes pluce. Tt ie this information which ia of utmost
importance in defining combustion rates under the extreme conditions found in rock-
et engines having low contraction ratios, and in caombustion inatability.
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It droplets shattering in a high-velocity gas strewn are phologruphed, und ex-
amined, it is noted that al Weber numbers only slightly wbove the criticul value
for shattering, the droplet initially flattens, then forms a "parachute"-shaped bag
with a thick toroidal rim, The next steps are for the central membrane of the bag
to burst forming very small droplets, and then for the toroidal ring to pinch into
perhaps a dozen or so fairly evenly sized drops which contain most of the mass of
the initial droplet. This action may take an appreciahle fraction of a millisecond
or even several milliseconds to complete, the time depending upon the size of the
droplet and the velocity of the gas stream. If, however, the Weber number is much
higher than the critical value, there is ne such bag formation, instead, very fine
droplets are sheared off of the edges of the drop. This latter process apparenily
starts almost immediately and appears to be something which proceeds at a well-de-
fined rate, In the case illustrated in Fip, 24k the start of the disintegration of
the droplet is somewhat delayed and the droplets formed are guite coarse because of
the very low pressure ratio employed. This low pressure ratio slows down the action
and permita better photographs to be obtained.

It seems likely that it is this latter shear type of droplet breakup which is
important in stimulating combustion of drops in the shock tube., One indication of
this is that the conditions following the smallest shock capable of initiating det-
onation in RP-~1 spray from the one-hole injectors would give a Weber number of 390
(based on a 1000 micron drop) which is very far above the critical value. The
Weber number of a droplet behind the well-developed detonation wave is in turn still
much larger. Another reason to believe that it ia the rate of breakup which is im-
portant rather than the breakup threshold is that a spray of large droplets re-
guires a highcr »ovo . ob shock for initiation than a apray of small droplets,where-
as the large druoplets can be made to break up, given sufficient time, at a lower
shock strength than the smaller droplets.
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Figure 24,

WADC TR-59-50

Shear Type Breakup of a Drop Behind a Shock Wave
Initial Drop Diameter 1460 Micron. Gas Velocity
53.9 f£t/sec, .16% ms Int. ,Re=8550,We=55.5,P/P0=1.06
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ANALYTIC TECHNIQUES
STEADY-STATE PHENOMENA

Although the steady-state processes in the tube are of relatively little in-
terest compared to those associated with wave action, it is still instructive to
make some steady-state computations, both for the sake of illustrating some of the
ways in which the interaction of flow and combustion can be represented, and he-~
cause some situations are found in which it appears that the generation of wave
action would be almost inevitable,

Consider the case where the detonation tube contains a spray of fuel droplets
in oxygen and is closed at one end. 1If ite contents are now ignited and if com-~
bustion is sufficiently prolonged to reach a ateady state, then at any station a
distance x from the closed end, the combustion gas which flows past, is equal in
amount te that generated by all the burning material between the closed end where
x = 0 and the position x itself. From Eq. (5) and (6) it follows that if Y is the
mass velocity F:V) of gas at station x,

' DY 1/2] { mass of fuel ]
3k [2 + .53 (50 unit length of tube

a
dx ¥ D

If the Reynolds number'%ax is assumed to be large compared to 2, then it is poas-

8ibe {o make the approximation:

mass of fuel
) Y1/2

.

1
d Y - 3/4 x .33 k (unit length of tube
d x /e ml/e

mass of fuel )
unit length of tube

1f D, etc., are regarded as constant:

=M

|

Y _ KYI/E.

=5
™

This merely states that the rate of gas generation for a unit length of tube is
proportional to the square root of the mass velocity (and therefore Reynolda numher)
at that position in the tube. The assumption that mass of fuel per unit length of
pipe remains constant is approximately true for the early stages of combustion.
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It this equation is separated and integrated it appears that

Y = (/n) ®%°

In other words, the mass flow of combustion gas increases with the square of the
distance downstream from the closed end. This is & very rapid rate of increase

considering that the combustion rate only increased with the square root of maas
velocity.,

If the combuation rate were to increase faster than linearly with gas mass vel-
ocity, then the mass velocity Y %becomes infinite at a prescribed distance from
the closed end, with the mass flow showing a more or less hyperbolic relation to
distance, Whether the "explosive" hyperbolic form applies strictly or not, it seema
obvious that the combustion in any such case cannot remain "steady state," but will
tend to form a shock wave or pressure wave as soon as a sufficiently large value of
masg velocity is attained in the tube, This high mass velocity may be obtained
simply from a long tube with rapidly burning propellant, or posasibly by the occur-
rence of some phenomena, such as droplet shattering, which causes combustion rate
to increase as a rapidly increasing function of mass velocity, or by artificially

increasing mass velocity at some upstream point by use of a shock tube driver sec-
tion or some similar device,

WAVE PHENOMENA

While such a "stendy-state”" analysis of the shock tube is instruective in illus-
trating the relationships which can lead to initiation of explosive combustion
rates, it is not at all adequate to analyze the experimental data obtained in which
wave action is all-important. To analyze such data the wave action must be con-
gidered. Unfortunately, attempts to analytically manipulate wave equations which
consider the effects of mass and heat eddition, viscous attenuation, and nonlinear

pressure-~volume relations become so difficult as to be completely out of the gques-
tion.

Thus, one must either resort to drastically simplified analytical techniques or
base the computations on nmerical technigues suitable for machine computation,

Simplified Wave Analvais

The pressure in any short axial element of the tube may be represented:

R v M
m
where
P =  presaure
R = the gas conatant
A = tube cross-section
T =  temperature of the gas
Wm = molecular weight of the gas
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the mags of the gas phase contained in the element
the lenglh of the element
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Now, if R, A, and L remain constant, the only way the pressure in the element can be

i

altered is by changes in %— and M, This change can be occasioned by externally add-
m
ing energy to the contents of the element, by chemical aclion within the element,

or by material flowing into the element,

If a fairly low~amplitude sound pulse were traveling down the tube without
either attermation or angmentation, it would retain its initial wave form and am
plitude and would simply move down the tube at some constant velocity C. Thus, as
the wave passed each element of tube there would be enough net flow of material
inte that element of the tube to increase the pressure by the amount of the over-
pressure of the wave.

If there were combustion alse taking place in the specified element of the tube
the pressure could be increased still further by this means. In our simplified
analysis we will assume that these two actions are separable and additive. Then

P = P wave + P combustion (8)
then
Phwent, t+ AL~ Pl +@a)a (i)
where P(1 t) ig pressure measured at axial location of the tube 1, and at a time t.
H

Now if the chemical action is the combustion of a liquid hydrocarbon in an oxidizer
that was initially pure oxygen, the temperature and mol wt of the gas are related
to the amount of fuel that has been added to the oxygen. This relation is shown

in Fig. 25 where the ratio of pressure to initial oxygen pressure is plotted for
various weights of fuel added to the initial weighl of oxygen.

The curves of Fig. 26 are pressure profiles in the shock tube at times 0 m.s.,
lms.,, 2m8., 3mse., and & m,s, after initiation, They are taken from the data
of Fig.17 by cross—plotting, To readily observe the growth due to chemical action
in the 1 m.s, intervals, the curves may be superimposed as in Fig. 27, by meving
each curve a distance ¢ At, where ¢ is presumed to have the constant value 1900
feet per second. 'The difference hetween each curve and the one vertically above it
represents the extent of the combustion processes taking place in that time inter-
val. One can readily obtain combusiion rates hy use of Fig. 25 and 27(Appendix II).

With knowledge of the initial fuel mass injected into the tube, and a little
care in “"bookkeeping," the mean values for M/M can be calculated for each one of
these positions and times. In Fig. 28, the logs of these values are plotted vs
log of the mean pressure ratios. The curved lines plotted in Fig. 28 correspond
to the straight lines fitled through the plots involving Reynolds number, If the
Reynolds numbers per centimeter (p V/;L) are computed for the average pressure
rabio corresponding Lo each lime and position (Fig. 29}, then a plet of log M/M va
log Reynnlds number per centimeter can be plotted {(Fig. 30), or if the mean droplet
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/R, RATIO OF COMBUSTION PRODUCT PRESSURE TO INITIAL OXYGEN' PRESSURE
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ABSOLUTE PRESSURE, ATMOSPHERES
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ABSOLUTE PRESSURE, ATMOSPHERES
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size is estimated to be 1000 microns specific combustion rate may be plotted vs
Reynolds nuwber (Fig, 30), Because of the functional relationship between pressure
ratio and Reynolds nuwber per centimeter it is inconsistent to fit straight lines
through logarithmic plots of both M/M va pressure ratio and M/M vs Reynolds number
per centimeter, The present scattered data defines the functional relation rather
poorly, and looking at these plotted data alone it is difficult to decide whether a
single straight line or two lines on Fig., 30 or a single line on Fig. 28 would best
fit the present data points. The accumulation of additional data should resolve
this question. Reynolds number is taken from the classic shock wave equations re-
lating pressure ratio, particle veloeity, temperature, density, etc. The equations
can only approximately relate pressure ratio and the various parametera for our
shock tube, where mass addition, heat addition, etc., are important. Further work
is necessary to accurately establish the Reynolds number values,

It is seen that the portion of the curve lying between Reynolds nuwber values of
15,000 and 45,000 (Fig.30 ) exhibits a slope of about .296 £.48 which does not
differ significantly from the behavior in the experimentally known combustion region
and indicates that the increase in combustion rate behind the weuker shocks probably
is due to enhanced heal and moss transfer due to the local velocities. At Reynolds
numbers beyond 45,000, however, there appears to be a considerable increase in
gpecific combustion rate. This may be inferred from the plotied points of Fig. 30
which are somewhat sketchy, or it could be inferred equally well directly from
Fig.18 which shows rapid wave amplitude growth after the wave attains an amplitude
of 4 or 5 atmospheres, It is worthwhile to consider whether this is due to droplet
shattering. Let us consider how droplet shatter might relate to the flow variables.

DROPLET SHATTERING RATE BASED UPON A MOMENTUM TRANSFEL MODEL
At low Weber numbers when gas fluws pust w droplet, it remaina intact, and

momentum is transferred to it:

d (Mv) _ D
dt

C pV2A‘
2

- by
= M= (9)

but when Woeber number is high, the shear forces are large relative to the forces
holding the outer layers of the droplet to {he center, and thus will be expected to
strip off the outer layers.

e % p VA dv

PRS- AP A —— =1 M

a
it P dt v (10)

d dt

where Vh ie the velocity of the shed material relative to the drop,

The forces which atill tend Lv accelerale the ceontral porvtions of the droplet
will come [rom the pressure Torces and from the ghear forces transmitted from the
outer to the inner layers of droplet fluld, The shear forves (and some of the
pressure forces) will tend Lo strip off layers of 1iquid., In a rigid, nonevapora-
ting body \"[1 -&% ig 2ero; howevaer, in a boily which possesses smpall cohesive forces
relative to the nccelerating forces setting upon it (i.e., o high Weber number und
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very nonviscous liquid). The value for Vﬁ g%‘may represent an appreciable portion
of the total momentum exchange. Let us set

v & . a ()

d dt = "1 Tdt

where K. can range from 0.0 to 1,0. Then

1
C. p Ve A
o i
Vd at Kl 2 (11)

Vd may potentially range from 0.0 up to the full relative velocity between the drop
and the gas stream, Thuas, Vd = Ké V, where again K. may vary from 0,0 to 1,0, The

2
relation may now be written
dM K1 (H) p VA
dt T K, 2 (2)
2

%%' is not defined until the value of the coefficient Kl/Ké is known, and it may
potentially vary from 0.0 te ¥ ; however, one would expect neither Kl,nof K2 to

differ very far from unity, and thus the value of their ratio should not differ from
1.0 by a very large factor. The value of this factor might very well be expected to
vary with Reynolds number, Weber pumber, fuel viscosity, etc. The value for CD has

been examined for distorted liquid droplets in high-speed gas flows (where Ré varies

from 300 to 4000)(Hef. 25) and has been found to remain approximately equal to 2.0
the drag coefficient ias based upon the diameter of the initial spherical droplet.
Thus:

& ¥ x, A (13)

This is an interesting form as pVA is just the mass rate of gas approaching the
drop in the stresm tube equal to its initial wdisturbed crosa-section,

If the initial frontal area of a group of spherical drops is expressed in terms
of fuel density, droplet wmass, and diameter:

.3 M
A = 3 P D (14)

where P is tuel density.

WADC Tt-5G-50 54

fmm e EmmmmEm——————



Now lump the unknown variables together:

¥

a = -Q—“K—E—‘ (15)

Then, combining Equations 12, 14 and 15

a3 M d pv
at - 2 p, D (16)

If pV, the mags velocity, is expressed in terms of Reynolds number for the sake
of comparison with other relations containing this parameter:

-
-
I
=
[«:]
><
crt

(17)

2 (18)

(It should be cautioned that this expression does not predict any effect of gas
viscosity upon%%u It may appear to only because of the variables hidden in the
Reynolds number. )

If the material which is shed from the droplet is very fine it might be expected
to burn very rapidly following its formation. In Ref. 26 the relation between shock
tube driver pressure and diameter of shattered droplets is given., According to this
source, for the pressure ratios of interest, the material shed would have droplet
diameters on the order of 15 microns., If this is the case the fuel would be ex~
pected to be consumed in about 1/10 of a millisecond after it is shed.

When the combustion of the shed material is so rapid, the mass rate of shedding
i8 essentially equal to the mass combustion rate. Making this assumption, we can
specify a theoretical value for the specific combustion rate associated with shed-
ding of fuel from a shattering droplet (or group of droplets):

o Re
M 3 a F
MT 2 p, R (19)

Comparing this with the specific combustion rate based upon the heat transfer and
diffusion processes from Eq. (6)

k' x 0,53 (Re)M2

x 3 (20)

==
1
o=
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inserting the reasonable values: k' = 0,025, pu = 1,8 x 10,

py = 0.80 for the process of droplet shedding:
=4
i 3.4 x 10 a Re (21)
a2 2 21
M D2

while for the process of heal and diffusional mass transfer:

0.01 (Ke) 1/2

= 7 (22)

==

It now is apparent that at low values of Re ( and a )} the droplet shedding process

is a very much slower process than the noxmal burning process, even though the Weber
nunber of the drop may be far above the values where the initiation of shattering
is possible.

As the Reynolds number gets large the specific combustion rate due to droplet
shedding increases faster than the specific combustion rate due to heat and dif-
fusional mass transfer processes, and eventually the rate due to shedding will be-
come the taster and more important process. If the two processes are equated, to
determine the crogs-over point:

- 810 (23)

Re(crosa-over) al

If it is presumed that the rapid acceleration in specific combustion rate shown in
Fig,30 at a Reynolds number of about 45,000 is due to this change over in the mode
of combustion, then a value for a may be computed
2
45,000 = 870/ a (24)
a = 0.14

which seems reasonable. Thus, it is not unreasonable to assume that the increase in
specific combustion rate at Reynolds numbers above 45,000 is due to droplet shatter-

ing.

Comparison of Simple Analysis and Experiment

On Fig. 30 the theoretical curves from Eq. 21 and 22 are drawn in for comparison
with the experimental values. The slopes of the experimental and theoretical lines
are similar, but the experimental lines are smaller by roughly a factor of five.
Possible reasons for this discrepancy may be:
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1. TIncorrcct estimate of the mean droplet diameter in the shock tube., If
the droplets were assumed somewhat coarser than 1000 microns, this wonld lower the
theoretical curve.

2. Too high value used for k'. The value used, .025 cm? per second, isg
for heptane burning in pure oxygen, If the oxidizer were less than 100 percent oxy-
gen a correspondingly smaller value for k' should be used.

'3. No allowance was made tor warm—-up for the droplets. It is interesting
to note that the three experimental points which fall furthest below the line were
all for the first millisecond after the passage of the shock front.

4, The spray of fuel droplets may have been unevenly distributed or un-
available for combustion. If large clumps of fuel were formed by the injection
process, they would rapidly react with all the oxygen in the near vicinity and then
contribute no more to the combustion. Any fuel sprayed onto the walls of the tube
might not react as rapidly as droplets in the channel of the tube.

5. The effects of wave attenuation were not considered, Appreciable com-
bustion must have been required just to overcome these attenuation effects.

6. The combustion process, in order for momentum to be conserved, must
produce right and left moving wavelets of equal magnitude, Where these pass through
each other their particle velocities cancel, and thus Reynolds number is lower than
if all of the over-pressure were associated with a right-moving wave. This cancel-

lation effect was ignored in the simple model.

NUMERICAL WAVE MODEL

The detailed model of the shock and detonation processes developed during the
current studies is based upon numerical techniques., The contents of the shock tube
are initially divided axially into a convenient number of segments. Each of these
segments has a defined mass, a defined initial length (and volume), an initial pres-
sure, and may have an initial velocity. In addition to the mass of gas present in
each element there may be an initial amount of liquid fuel., The force acting to
accelerale each gas element is the alpebraic sum of the difference in pressure
forces acting on its ends, the shear forces on the walls, and the momenium flux from
mass addition from the liquid droplets (which are presumed to remain at rest)a The
mass addition rate may be any desired function of Heynolds nwmber, Weber number,
initial droplet asize, etc, The change in velocity of each element during each in-
terval of time is assumed to be just the acceleration multiplied by At. The
motion of each element during each element of time is computed as velocity mmlti-
plled by At., The pressure in each element may be computed by any one of a nuuber

of possible state equations such as:

Pv’ o« KM (25)

where M in bLhe mass of pgas in the element or P V = (v ~ 1) E where E is in-
ternal energy, or by any other desired analytice or tabular formulation. There are
geveral simplifications involved in this model of wave aclion., These are not in-

“ herent in the method but merely nre chosen to permit an answer to be ohlained in
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the computing time available. The present computing program contains several
thousand instructions and is of the maximum size which can be fitted into the 8000
magnetic memory cores of the IBM 704 Electronic Data Procesasing Machine.

For a 24-segment model of an eight-foot shock tube, ten microsecondas appears to
be a reasonable time interval, if mathematical instability is to be avoided. Thus,
if 100 computational operations are performed for each element per time interval,
there would be 24 x 100 x 100,000 or 2.4 x 10® computations for each second of model
time. Though fairly expensive, results are obtained which are completely beyond the
capabilities of any known analytic technique.

The model may be operated for any desired initial distribution of pressures,
masses, velocity, etc., along its length, and each end may be open or closed. In
addition, the two endsmay be connected to form a toroid for the purposes of compu-
tation, with material leaving one end and entering the other.

The computed resultant distributions of pressure, velocity, etc., may be re-
corded in digital form by a printer, or they may be presented in analog form by
machine plotting the points on the face of a cathode ray tube which is then photo-
graphed. Results of an early calculation are presénted in Appendix II.
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VI

CONCLUSIONS

1t appears that the effects of gas motion upon heterogencous combustion may he
determined using any of several types of experimental apparatus, each of which will
have certain advantages and disadvantages, The quartz fibre type of apparatus per-
mits absolute valucs for burning rate per unit of fuel surface to be measured, but
cannot be used at extremely high Reynolds numbers where liquid fuel is blown off
the fibre. The shock tube apparatus has no obvious Reynolds number limitation, and
further, the shock tube permits data to be pathered relative to the rate of response
of combustion to very rapid transient changes in conditions. The absolute magni-
tudes of the heat and mass transport cocfficients obtained in the ahock tube, how=-
ever, are at present somewhat in doubt, since the droplet size distribution is not
accurately known,

The combuslion data gathered so far scem to indicate that in the region of low
and moderate Reynolds number, combusbion responds to Reynolds number in the same
manner as do heat and mass transfer. At high Reynolds number, combustion of liquid
droplets may be enhanced even further duc to the shattering of the droplets. Tt
does not seem Lo matter muech whether the Reynolds number is produced by a steady
flow of gas, by the action of an acoustic standing wave, or by a shock wave.

It is reagsonably certain then that the rate determining steps in rocket engine
combustion (with liquid oxygen as the oxidizer)}, are the heat and massg transfer
processes associated with the individual! propellant droplets. Accurate lmowledge of
the relationship of these processes to Heynolda number and other pertinent para-
me ters should permit rocket engine combustion behavior to be computed for steady-
state, transient, or oscillatory conditions if sufficiently powerful computing
me thods are employed,
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VII

RECOMMENDBATIONS

It has been shown here that with suitable techniques heterogeneous combustion
may be studied under the extreme conditions typical of rockef engine combustion
(ioe., pure oxygen oxidizer, high pressure, high Reynolds numberf. Al though the
feasibility of deing this has heen demonstrated, there still remains the task of
collecting large amounts of data under systematically varied cenditions, and the im-
provement of the accuracy of the data obtained. This certainly must be done before
rocket combustion can become truly amenable to scientific methods.

Related to the problem of heterogeneous combustion of fuel sprays is the still
unsolved problem of the production of the spray, Little is at present known about
the effects of propellant stream Reynolds number, Weber number, or impingement
angles upon the droplet sizes of the spray produced by rocket injector elements,
Neither is there sufficient information about the rapidity of the atomization proc-
ess following injection or impingement, This information must be acquired before
rocket engine injectors can be rationally designed, and would be of great assistance
even in the design of scientific apparatus such as the shock tube described here.

Another closely relaced combustion process needing study is the mixing of groas
fuel-rich and fuel-lean regions in their flow through the chamber. The failure of
such mixing tc be completed has long been a recognized cause of low engine perform-
ance and engine damage. In addition it is possible that the periodic mixing of such
regions may be important in driving certain types of combustion instability, De-
spite this, very little is known about the rapidity of, and the conditions governing
this process under either smooth or unstable conditions.

The use of storable propellant systems in which one of the propellants cannot be
considered to be compietely vaporized, as was done for LOX, poses a more complex
problem., However, the use of similar types of test apparatus should provide the
type of informatien from which the processes of combustion could be delineated.

Thus it is recommended that work be continued in the study of heterogeneous com-

bustion under extreme conditions, and in addition that the related processes of lig-
uid atomization and gas phase mixing be atudied,
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APPENDIX X

CONDITIONS TO BE EXPHCTED IN ROCKET ENGINE COMBUSTION

STEADY COMBUSTION

The Reynclds nwsbers calculated in the most general sort of model of recket
engine combustion must be found by the painstaking mumerical integration of drop-
let drag forces, evaporation rates, etc., to derive the neceasary relative veloeci-
ties between droplets and gas, The maximum Reynolds nuwbers to be encountered,
however, may be readily estimated. In Reference 2 it was shown that the accelera-
tion of a large diameter droplet, say of diameter 500 to 600 micron is quite small,
and thus the droplet velocity always remains small relative to the gas. In this
case the relative velocity may bhe set equal to the gas velocity without introduc-
ing great error. The Reynolds number may then he written in the form:

ra 8 dro
Re = m
. gas
where M
P x V - KB
gas gas A

If the mass flowrate through the engine, the cross-sectional area of the thrust
chambeyr, and the fraction of total propellant which is combusted is known or

"estimated at some axial station, then the maximum Reynolds number per centimeter

of droplet diameter may be eatimated

MTotal Propellant 2

Re “Area
om

# gas

where Z is the fraction of total propellant which ia combusted and in the gna
phase, If K is taken to be 2.0 x 10 potae, thent

Do _ M
- 350,000 x Z x A

where ~%* is expressed in pounds per aquary ineh pey sacond,
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M
The mass velocity, 3 , lies between 1,0 and 10.0 pounds per square inch per
second for engines built with today's technology, Thus, for a station where Z has
a value near to one, reasonable values for—%ﬁ would lie in the range of 350,000 to

3,500,000, For 500 micron drops the corresponding Reynoclds numbers would be 17,500
to 175,000,

Agsuming that combustion is largely completed by the time the propellant flows

through the throat, it is at this point that the highest values fnr-%ﬁ' will he
attained, At the throat

where '% is expressed in pounds per square inch per second, Pc is chamber pressure

in pounds per sgquare inch, g is 32.2 feet/sec2 and C* is the characteristic veloei-
ty in feet per second.

It C¥ = 5,000 feet/aec, then at the throat:

B 2050 x P
cm ¢

when Po is expressed in pounds per aquare inch,

Thus, for any engine having a chamber pressure of 450 pai the conditions at the
throat will be such that the value of Reynolds number per centimeter will be in the
neighborhood of 1,000,000, Obvioualy, if some small fraction of the propellant,
perhaps in the form of very large drops, reachea the throat of the engine unburned,
its combuation will be greatly accelerated by the action of the high gas velocities,

Unstable Combustion

From the clameioe acoustic eguationa for a standing wave (see page 10) it may be
shown that at a velocity loop the time average value for Reynolds number per centi-
metexr imi

P
Re/cm o ——OX
wue

¥or a wave form which is sinuseoidal,
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)
If the typicual values are chosen u = 2,0 x 10 ' poise and 2 = 100,000
em/aoc for the speed of sound in the hot combustion products, then

Re/cm Pmax x 3,400

where Pmax is the peak-to-peak pressure amplitude measured at a pressure loop in
pounds per square inches, Thus if Pmax = 200 psi the mean value for Reynolds

number per centimeter would he:

Tiolom = 680,000

The maximum value for Be attoained during a cycle would be about 1,4 times thia
om
value, or:

Re/cm(max) = 950,000
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APPENDIX II
COMPUTATIONS USED TG REDUCE SIOCK TUBE DATA

Asgume that a wave disturbance is passing down an oxygen and fuel-spray filled
tube, If the pressure profile in the tube has the appearance shown in Fig,31A at
some initial time, then barring reflection, attenuation, or growth it would be ex-
pected to appear as in Fig.31B a time interval At later, i.e., it would just be
expected to have moved a distance CAt where C is the wave velocity. If instead of
8 imply translating a distance C At unchanged the wave ends up larger than it ini-
tially was, as in Fig,31C this growth must be due to combustion which takes place
at the position of the wave, and which addse to its pressure as it moves along., If
the rigorous but insoluble exact equations which describe the wave's action are ig-
nored for the sake of an answer, and it is assumed that the cross-hatched pressure-
volume in Fig3lC is derived from the combustion which took place at the location
of the wave during the time interval At, the pressure rise due to combustion
(Fig.25 ) can be related to the amount of fuel consumed. For example, assume that
the channel of the tube initially contains 2/3 gram of oxygen and 3/4 gram of fuel
per foot of length, Assume that & pulse is introduced which is about one foot long
and of 2,0 atmospheres average absolute pressure, and that after a time interval of
one millisecond the pulse has grown to 4.0 atmospheres absolute pressure. From
Fig, 25 it may be seen that a 2.0 atmosphere rise in pressure corresponds to the
combustion of about .02 grams of fuel per gram of oxygen initially present, If
only the 2/3 gram of oxygen per foot initially present in the tube before the ar-
rival. of the wave is considered, then it would appear that the pressure rise corre-
sponds to the combustion of ,0133 gram of fuel atl the position of the wave during
the one millisecond period. (If an attempt were made to base the computation upon
the oxygen initially present plus the amount presumed to have flowed in due to the
action of the wave, a very similar value would be obtained for the amount of fuel
consumed due to the nearly linear nature of the curve in the fuel-lean region.)

The absolute time-average value for the combustion rate may now be computed to be
13,3 grams of fuel per second per foot of tube. The specific combustion rate would
be computed am 17.8 grams of fuel per second per gram of fuel present. If a second
wave were immediately to pass the same point in the tube the specific combustion
rate for it would be based upon the remaining amount of fuel per foot instead of
the initial .750. Where plots of specific combustion rate versus Reynolds number
are shown the value for Reynolds number is obtained from Fig., 29, and the pressure
ratio naed was the mean value for the wave at the end of the time period under con-
gideration. On this basis the wave just discussed would be assigned a pressure
ratio of 4,0 which would correspond to a Reynolds number of about 480,000 per cen-
timeter. Rather than trying to justify much distance and time-averaging for the
waved, it is better to break down the wave into a seriea of sufficiently short
axlal segmente and to conaider the growth of each of these segments over a suffi-
ciently short time interval that little averaging is necessary.
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This rather crude method of approximate computation has two great advantages.
Firat, since large errors are introduced at the very start, small errors can he
cheerfully ignored later on. Second, rough information is obtained which could not
at present be obtained otherwise., This rough information will be invaluable in
indicating the sort of combustion model needed in the numerical model, which we
truat can be uased to fit the pressure profile data exactly and with riger.
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APPENDIX ITI

TEST SUMMARIES
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APPENDIX LIV

TABULATIONS 0F COMPUTED WAVE PAHAMETERS

The following tabulated values and their photographic analog representations
are the resulta of an early wave-model computation. The tube, 255 cm long is
divided into 24 segments for the purposes of computation, The pipe length is rep-
resented as 2.550E 02 on the machine print, which should be read as 2.550 x 10+2 or
2.55 times ten raised to the exponent 2. The time interval between successive com-
putations is printed as 3.333E -06 and thus is only one three hundredth of a milli-
second, The gas properties and other pertinent input data are also liated in the.
heading of the printout.

The values of nine important variables for each of the twenty-four segments are
listed in the columns under the heading "1" which stands for the firat computatimal
period,

The heeading DIST is the distance along the tube of the twenty-four movable seg-
ment boundaries, Under the heading PRES is listed the presaures in each of the
wegments, VOL refers to the volume of each segment while VEL refers to the velocity
of ite centroid;i.e., the particle velocity. MASSG is the mass of gas in each seg-
ment and MASSL is the mass of liquid. REYN is the droplet Reynolds number as de-
fined in the body of this report. DIAM refers to droplet diameter of the liquid
phase, and MDOT is masas rate of combustion as given in Equation 6.

Obviously the computation is for a system which is initially at regt, and in
which no liquid or combustion is present, The preassures of 1.667 x 10V dynes per
square centimeter or about 24.2 paga in the firat four segments (37.2 cm or 14.6
inches) of the tube and 1.000 x 10° dynes per mquare centimeter or 14.5 psia in the
remainder of the tube roughly correspond to the pressures which are just sufficient
to produce detonation when passed through a burning spray in the real sho¢k tube,

The next block of tabulated values are under the heading (.90} which indicates
that they are for a time ,90 millisecond after initiation of the action in the tube,
The two hundred and seventy intervening computed profiles are not presented,as the
sequential ochanges would be too mlight. Obsiously even with the computaticnal time
period this short, there im excessive computational inslability., Techniques are
known (Ref, 12) by which an artificial damping force may be applied to any segment
which is being rapidly compressed in order to overcome thia instability. The use
of such techniques will doubtless be neceasary before adequute computations may be
performed for high-pressure-ratio waves. The first seven photographe are machine-
made plota of prewsure va distance along the tube at the same time-instents for
which the values are printed. Photographs 8 through l4 show the particle veloocities
as the same function of time and distance along the tube.
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Figure 32, Computed Pressure vs Length of Tube
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