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RESEARCH MEMORANDUM

A STUDY OF FUEL-NITRIC ACID REACTIVITY

By Charles E. Feiler and Louis Baker, Jr.

SUMMARY

The relative reactivities of six fuels with red fuming nitric acid
(19 percent NO;) were determined in a 40-pound-thrust rocket engine with
ragpid liguid-phase mixing. The combustlon-chamber characteristic length
required to obtain 97 percent of maximum experimental characteristic
exhaust veloclty was used as the measure of reactivity. Hydrazine,
trimethyl-trithiophosphite; furfuryl alcchol, unsymmetrical dimethyl-
hydrazine, allylamine, and o~toluidine were studied; reactivity decreased
in that order. -

A swirl-cup-type injector was used. Injector spray pattern and
mixing efficlency were determined. The swirl-cup pressure drop depended
strongly on the nsture of the fuel-acid mixture and was assumed to be a
measure of the vigor of the reaction occurring in the cup.

One-inch-diameter chambers of various lengths were used. Two of the
fuels were also studied in.l%- and 2-inch-dismeter chambers. Reactivities

are shown to be dependent on the acid-fuel ratio. Reactivities, injector-

cup pressure drops, and ignition delays are compared and discussed.

INTRODUCTION

The selection of rocket propellants for a specific purpose would be
alded if, in addition to thermodynamic and physical data, there were
availasble some index of reaction rate. Such an index would also be of
value in the design of the smallest, lightest combustion chambers con-
sistent with efficient combustion.

Several investligatlions have been made to determine reasctivitles or
conversion rates in rocket combustion chambers. In one, the characteris-
tic exhaust velocity c* was measured as a function of chamber length for
several fuels with liquid oxygen as the oxidizer (ref. 1). (The symbols
used in this report are defined in appendix A.) The study was primarily
for the purpose of correlating conversion rates with flame speeds and
slow oxidation rates. Flame speeds snd slow oxidetlon rates are not
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necessarily related to combustion processes that ovccur in rocket engines;
however, qualitative correlatlions were obtained. Similar data have also
been used in the evaluation of injector configurations for the system,
white fuming nitric acid (WFNA) and JP-3 fuel (ref. 2).

In another investigation the static-pressure profile along a tubular
engine was determined, and from this, reaction rates were inferred (ref.
3). WFNA-ammonis and WFNA-hydrazine systems were studied with a number
of injector configurations. Similar dste have been interpreted to give
g minimum required residence time for the combustion of gaseocus methane
and oxygen (ref. 4).

This report describes an investigation of the relative reactivities
of several fuels with red fuming nitric acid (RFNA) under conditions
where the effect of liquid-phase mixing 1s minimized. The combustlon-
chamber characteristic length L¥* required to obtain 97 percent of the ~
maximum experimental characteristic exhaust veloclty c® was used as the
measure of reactivity. A swirl-cup-type injector was used because thils
type has been shown to produce very rapld liquid-phase mixing (ref. 5).
The mixing efficiency and spray pattern of the injector were determined.

Six fuels, representative of several classes, were studled using
RFNA- (19 percent NO2) as the oxidizer. The experiments were conducted in
& nominal 40-pound-thrust rocket engine. The characteristic length L¥*
of the combustion chamber was varied by using different lengths of 1-
inch-diameter pipe. Two of the fuels were also studled in l§- and 2-inch-

diameter chambers to determine the effect of dlameter on, the general level
of performance and on the reactiv1ties of “the fuels. The ratings of the

fuels, based on dats for c® and ¥ and cup pressure drop, are compared.

An attempt was made to interpret the results of this study assuming
that the conversilon of NO to No is an important rate- determining step in
the final stages of combustion involving nitric acid (refs. 6 and 7).

APPARATUS AND PROCEDURE
Rocket Engine

A crossg-sectlonal view of the rocket engine and injector is shown
in figure 1.

Injectors. - The injectors were of a swirl-cup type similaxr to that
reported in reference 8. Propellants entered the mixing cup tangentially
at an inlet angle of 10°. The cross-sectional area of the mixing cup was
4 times the sum of the cross-sedtional areas of the inlet orifices. The
cup length was chosen for approximately 1 millisecond of residence time
based on the calculated velocity of unreacted propellants. Two injectors
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with different inlet-orifice dismeters were required to permit operation
over & wide range of mixture ratios. The injector hedds were constructed
of stainless steel and contained a pressure tap leadling directly to the
chamber.

Separagte experiments were conducted to determine the mixing effi-
ciencies and spray patterns of the injectors. The details of these ex-
periments are presented in appendix B. The results indicate that mixing
was largely excluded as a factor in the present study and that the data
represent primarily evaporabtion and chemical-reaction retes. Studies of
the spray patterns indicated an almost uniform dlstribution with a cone
engle of sbout 37°.

Chambers. - Uncooled charbers were made of extra-heavy seamless

steel pipe having 1-, 1%—, and Z-inch nomingl dlameters. In addition,

transparent cheambers of cast acrylic resin were used for a photographic
study. These had a wall thickness of 1/4 inch and inside diameters of

1, 1-92'-, and 2 inches. Figure 1 shows a l-inch chamber only. Adaptors
were used to £it the wlder chambers to the inJector. When adaptors were
used, there was a prechamber space 2/5-inch long with a l-inch diameter.
This space had a characteristic length of 6 inches. The 1-, l%‘-—, and 2-
inch-diameter chambers had characteristic lengths of 8.1, 19,9, and 33.3
inches, respectively, per inch of chamber length.

Nozzles. - Stainless-steel water-cooled nozzles having a convergent
section only were used. The nozzles were constructed with steps to ac-
commodate the various chamber dlameters. The injector, chamber, and noz-
zle were bolted together and sealed by copper or aluminum gaskets at both
ends of the chamber. The entire agsembly was directed downward.

Flow System and Operation

The flow system of the test rig was similar to those used in other
experimental rocket setups. The two propellant tanks could be pressurized
independently to about 850 pounds per square inch gage. A pneumsticslly
opereted firing valve permitted flow of both propellants to begin simul-
taneously. The initial flow rates were about twice the steady-state
values. Because of the high initial flow rates, the ignition process was
affected and hard starts were encountered with furfuryl slecohol, allyl-
amine, and o-toluidlne. In order to prevent such hard starts, these fuels
were preceded by a 3- to S-cubic-centimeter slug of 82 percent hydrazine,
which was fed directly into the firing valve through a short length of
vertically mounted tubing. The other fuels showed smooth-starting char-
acteristics over the entire range of acid-fuel ratios.
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wWithout starting fuel the total running time was usually 1 to 2 sec-
onds. When starting fuel was used, the running time was increased to
gbout 3 seconds to ensure the complete removal of the starting fuel.
Running time on starting fuel ranged from 0.2 to 0.5 second. Transition
from sterting fuel to running fuel could sometimes be detected in the
flow and chamber-pressure records. All, the runs were long enough so that
the flow raetes and chamber pressure reached constant values.

In order to purge the injector and chamber at the end of each run,
high-pressure helium was automatically admitted downstream of the firing
valve Just as the valve closed.

Instrumentation

Duplicate measuremerts were made of all primsry variables. Propel-
lant flow rates were measured both by rotating-vane flowmeters and by
orifices in conjunction with strain-gege differentlsl-pressure transduc-
ers. In order to protect the pressure transducer in the acid line from
the corrosive action of the acld, a fluorccarbon oil was placed in the
lines commecting the orifice and the transducer chamber. The oll (sp.
gr., 1.95), being heavier than acld, prevented contact between the acid
and the sensltive instrument dlaphragms. Although some NO; was absorbed
by the o0il, no corrosion of the metal diaphragm was observed over a period
of =& year.

The chanmber pressure was measured by two strain-gege static-pressure
transducers placed I8 and 30 inches from the injector on a slngle pressure
tep line. The pressure tap line was 1/4 inch-diameter stalnless-steel
tubing and was provided with a slight helium bleed to keep 1t unblocked
and to prevent possible explosions due to propellant entry on starting.

The outputs of all instruments were recorded on a multichannel
galvanometer-type oscilllograph. The flow rates and pressures used were
averages of the duplicate measurements. The deviations between flow
rates obtained from the rotsting-vane instrument and the orifice-strain-
gage combination s7eraged 0.003 pound per second for the geid and 0.002
pound per second for the fuel. The deviations between chamber-pressure
megsurements from each of the strain gages averaged 2.2 pounds per squatre
inch.

The nozzle diameter was measured befaore and after each seriesg of
runs, and an average of these two values was used. Propellant tempera-
tures were measured with a mercury thermometer at each loading of the
tanks. '

o4
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Fuels and Acids

The acid used throughout the study was a red fuming nitric acid con-
taining 19 percent NO; and 2 percent water. The six fuels used were 92.2
percent hydrazine, commercial-grede trimethyl-trithiophosphite (TMIP),
commercial-grade furfuryl alcohol, commercisl-grade unsymmetrical dimethyl-
hydrazine (UDMH), commerclal-grade sllylamine, and chemically pure o-
toluidine. Tn the mixing efficiency tests, 18.8 percent HNOz and 18.2
percent NaOH in weter were used.

Treatment of Data

The characteristic length L* was calculated from chamber volume/
nozzle throat area; characteristic exhaust velocity c* was calculated
from (chamber pressure)(nozzle throat ares)/total flow rate. The L*
corresponding to maximum c¥ ig difficult to locate accurately because
the experimental curves are almost horizontal over a wide range of L¥*
near the maximum. For this reason the L¥ for comparison was chosen as
that at which, c¥* reached 97 percent of ite maximum value. AL this
point L97 the curves are steep enough to give a well-defined value of

Values of B (o/f)/(o/f)stoichiometric ©F ©-55, 0.65, 0.80, 1.0,

and 1.25 were selected for comparling the various fuels. The acid-fuel
weight ratios o/f correspording to these B values asre shown for each
fuel in table I. The choice of these values was limited by the range

of the date, which in some cases did not extend to the extreme values.
Special significance is attached to f of 0.80 since it corresponds ap-
proximately to the o/f of maximum c* for all the fuels.

Theoretical performance data for the exact acid composition used in
this study were not availeble; however, some gpplicable data were found.
The date for hydrazine and furfuryl slcohol are from reference 9. The
data for UDMH are from reference 10. It was necessary to correct the
hydrazine data for the effect of gbout 8 percent water. The correction
was based on the data of reference 9 and reduced the c¥* wvalues for
anbydrous hydrazine by 1.2 percent.

RESULTS

The basic measured and calculated dats are shown in table IT for
each fuel. The flow-rate values are given to three decimal places; how-
ever, in some cases four places were used to compute c¥ and o/f. Runs
in which screaming (high-frequency sound due to combustion oscillations)
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was heard are marked. In every case when screaming wes heard, the
chgmber-presgsure record was smooth and free from random disturbances
otherwise present. C e :

Figure 2 shows typical c* - off curves for each fuel at the IL*
giving the highest c* These data are for l-inch-dismeter chambers and
are representative of data obtained at other L¥* values. The experi- -
mental polnts show the reproducibility of the data to be very good.
Theoretical c¢¥ curves for three of the fuels are alsoc shown in figure 2.

Conmbustion Characteristics of the Fuels

Three of the fuels, hydrazine, TMIP, and UDMH, were very smooth in
operation giving no hard starts or audible sareaming. Furfuryl alcohol
screamed consistently in chanbers having an L* of 50 inches and greater
over the entire o/f range studied. Some intermittent screaming was
observed with allylamine snd o-toluidine in the longer chambers. This
usually occurred near the end of a run, so that it was usually possible
to obtaln data when there was no screaming. No difference was observed
between c¥* values for screaming and nongcreaming runs. This is illus-
trated in flgure 2 where data points for both conditlons are shown for
furfuryl alcohol and o-toluldine. TMTP produced hard degosits in the
nozzle throat. Both Ffurfuryl alcohol and’ o- toludine formed coplous carbon
deposits in the chambers.

Fuel Ratings

In figure 3, c¥* 1s shown as a function of L%* and o/f for each
fuel. The curves are for l-Inch-diameter chambers and are teken from
smoothed c¥ - o/f plots like those in figure 2. The B values at which
the fuels are compared later are marked. From figure 3 it can be seen
that the o/f glving a maximum c* generally incresses as ¥ is
increased. ’

In figure 4, the fuels sre compared at a B of 0.80; Lgﬁ points

are shown. These curves are similer In form to those obtained at the
other values of f. The characteristic exhaust velocities c*  rfor
allylamine and o~toluldine did not reach a mgximum even at an * or
100 inches. As an approximation, maximum c¢ was taken as that at an
L¥ of 100 inches; therefore the Lg7 values are a minimum for these two
fuels. The results of the evaluation of L97 are given In table III &8
g function of B for the six fuels. The maximum c* values are listed

in table IV.
The fuels in order’ of increasing LS} and hence decreasing reactlvity
are hydrazine, TMIP, furfuryl alcchol, UDMH, allylamine, and o-toluidine.
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It is apparent from table IIT that the reactivity decreaseg as the stoi-
chiometric off increases. On the fuel rich side, the LS} values
generally increase for a given fuel as B increases. The dependence on
the relative amountg of acid and fuel present is shown in figure 5 in
which all of the Lgy values in table ITT are plotted against the cor-

responding off. The data fall into two groups with allylamine and
o-toluidine separated from the remaining four fuels.

Pressure in the Mixing Cup

The flow rates observed during llve rumns were much lower than those
expected from cold-flow tests. This effect was gpparently due to g large
pressure drop in the injector mixing cup resulting from liquid-phase
reaction. Cup pressure drop is a measure of the amount of liquid-phase
reaction in the cup, slnce only a negligible pressure drop would have
resulted from £luild friction alone. The cup pressure drop was calculated
using the equation for flow through sn orifice. Details of the calcula-
tion are given In sgppendix C. Calculated values of the cup pressure drop
sre shown in figure 6 as a function of off. The values are corrected to
a uniform flow rate of 0.2 pound per second (see sppendix C). The pres-
sure drops tend toward a common value independent of the fuel as off
is Iincreased.

Effect of Chamber Diameter

The effect of chenber diameter on the general level of performance
and on the reactivities of the fuels was iInvestigated. Two fuels, hydra-
zine and UDMH, showing widely different reactivities in the l-inch-
diameter chambers were studled in 15- and Z2-inch-diameter chambers.
Chargcteristic exhaust velocity ¢ for each diameter ies shown as &
function of L¥ in figure 7(a) =snd as & function of chamber length in
figure 7(b). Data for B equal to 0.80 only ere shown as they are typi-
cal of the data for all B values. From figure 7(a), the ¥ corres-
ponding to maximum c¥ increased with diemeter for both fuels. From
figure 7(b) the charber length corresponding to maximum c¥ decreased
with diameter for UDMH, while no trend was cobserved for hydrazine. The
meximum c¥ increased slightly with diameter for UDMH, while no trend
was observed for hydrazine.

¥ values are shown in table V as functions of diameter for hydre-
zine and UDME. L&y increases with both diameter and B.
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DISCUSSION .
Effect of Chamber Diameter

An snalysis of the data of tasble V showed that an essentielly con-
stant difference exists between the ILg; values of each of the 1arger
chambers and the l-inch chambers. The gversge differences in L97
values, shown in teble VI, are 19.l1 inches between the l%- and l-inch
diameters and 42.9 Inches between the 2- and l-inch diameters. As dis-
cussed in gppendlx B, the injectors produced a conlcal spray pattern.

It was assumed that the chamber volume outside the spray cone dld not
contribute to the effective combustion volume. This ineffective combus-
tion volume was calculated from the cone angle and chamber geometry. The
ineffective volume was converted to an equivalent IL* for each of the
chamber dismeters. The difference in L¥ values thus obtained for the
various chanmber diameters were of the same order of magnitude as those
obgerved experimentally. The differences may be gpplied as a correctlon
to the Ig% values obtained wilith the larger-diameter chambers resulting
in approximately the same LJ; velues for all diameters. This result
indicates that in the range of diameters studied there is little effect
of chamber diameter on the observed reactivities.

5884

-

Correlation of Reactivity with Initial NO Concentration : - n .

From the relation between LS% and off shown in figure 5, 1t
appesrs that, in a very general way, the reactivity of a comblnation con- .
taining unit mass of fuel depends on the amount of acid present; that is,
even on the fuel rich side, the reactivity decreases as the acid concen-
tration 1s increased.” For some of the fuels the differences in reactivity
between fuels were less than those produced by changes In the acid-fuel
ratio. It seems reasonable therefore to relate reactivity to some func-
tion of acild concentration in the reactant mixture.

It has been postulated that in oxidatlion regctions 1lnvolving nitric
acid or NO,, where NO is an intermediate, the steps involving NO are slow
end rete-determining. It has been found that the measured flame speeds
of NO-hydrocarbon mixtures were about 1/10 those of oxygen-hydrocarbon
mixtures with hydrocarbons such as ethane, ethylene, and acetylene (ref.
11). Other evidence indicates that higher temperatures are required to
propagate NO supported flames than flames supported by O, or NOp (ref.
12}. Also, analysis of the primary come of a premixed gaseous nitric
acld-hydrocarbon flame showed thaet nearly all the nitrogen 1s recovered
as NO (ref. 13).

An gttempt was therefore made to correlate the experimentsal data
with some function of NO concentrgtion. It was assumed’ that the follow-. "
ing reaction occurs very regpldly to form intermediates and products as

shown:
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All the nitrogen in the acld has been assumed to form NO. The other
specles are formed, where gpplicable, from the fuel. For each mixture
ratio, the initial mole fraction of NO (moles NO/total moles) was calecu-
lated. Whether COy, CO, or C and HyO0 or Hy, 1s formed is not known but

has no effect on the total number of moles. It was necessary, however,

to assume that the amounts of O, OH, H, CH, and so forth present after
the initial reaction are negligible. Using experimental chamber pressures
each mole fraction was converted to a pertial pressure of NO. The initisl
partial pressure of NO represents the amount of NO that must react to
carry the reaction to completion. These pressures are plotted as a func-
tion of L&;/cdy; for each fuel in figure 8. The ratio 137/cd7 has the
dimensions of time and is shown in sppendix D to be roughly proportional
to the residence time of the propellants from injection to the point of

97 percent maximum c*,

The shapes of the curves for the individual fuels in figure 8, with
the possible exception of hydrazine, are inconsistent with any rate law
based on a single reaction. If, at the final state (97 percent maximum
c*), the partisl pressure of NO is the same value for all mixtures, and
if the disgppearance of NO followed a first, second, or higher order
dependence, the curves would be concave to the pressure axis.

The curves for furfuryl alecohol, UDMH, and allylamine aspproach g
common limiting line at higher initial NO concentrations. The slope of
the limiting line 1s small and may represent the thermal decomposition of
NO. At lower initisl NO concentrations the slopes are higher suggesting
thet NO is reacting with fuel fragments. Thus the shepe of the curves
may be explained on the basis of two competing reactions, one, the thermsl
decomposition of NO, which 1s slower, and the other, the reaction of NO
with fuel fragments, which is faster. The curve for hydrazine does not
suggest such a mechanism; however, the initial partial pressures of NO
in all runs with hydrazine were quite low. The TMIP and o-toluidine
curves are not consistent with such a conclusion. -

The slope of the limiting line in figure 8 was found to be 5.9x103
pounds per square inch per second. The calculation of the slope includes
a correction of the time base of figure 8 as shown in sppendix D. The
rate of thermal decomgosition of NO, calculated from experimental datsa,
increased from 6.5X10°5 to 4.6x10% pounds per square inch per second as
the tempersture was increased from 3500° to 4100° R (ref. 6). Thus the
slope of the limiting line is of the same order of magnltude as the cal-
culated rate of thermal decomposition of NO.

The validity of this correlation is, of course, limited by the un-

certainty of the final concentration of NO and the assumptions regarding
the fate of the fuel stoms.
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Comparison of Cup Pressure-Drop, LS%, and Ignition-Delay Values

The values of the steady-stete pressure drop in the mixing cup were
shown in figure 6 as a function of o/f for each fuel. The propellants
are 1n the mixing cup for about 1 millisecond so that a high cup pressure
drop indicates apprecisble early reaction. From figure 6 1t is apparent
that the pressure drop is fuel dependent for fuel-rich mixtures. Cup-
pressure-drop values and L97 values are compared at a B of 0.65 in
table VII. With the exception of furfuryl alcohol, cup-pressure-drop
ratings follow the same trend as L97 retings.

The ignition-delay values of the fuels also shown 1in table VII were
not all obtalned under comparable conditions; however 1n general, the
fuels are divided into two groups according to theilr ignlition delsys.
Fuels having short ignition delays, hydrazine, TMIP, and UDMH, have the
highest cup-pressure-drop values. Fuels having long ignition delays have
the lowest cup-pressure-drop values.

It 1s to be expected that cup pressure drops and ignition delays
should correlate because both characterize the initial processes in the
combustion reactlion. However, L37 is & measure of the over-all conver-
slon rate and characterizes the entire combustlion process.,6 Moreover, the
correlation with initial NO concentration suggests that Ig;7 may be
largely determined iy the final steges of the combustion process. The
observation that Lgy ratings and cup-pressure-drop ratings follow the
same trend indicates that generally & combustion reactlon which is vig-
orous in its early stages also will have g high over-all conversion rate.

As shown in figure 6, the cup-pressure-drop values for all the fuels
seem to approach & common value of gbout 80 pounds per square inch at =
high off ratios. This value is considerably higher than would be ex-
pected from fluid friction glone. It may be due to thermal decomposition
of the acid, with the necessary heat being supplied by transfer upstream
from the combustlon process. If it were caused entirely by resctlon of
fuel and acid in the cup, 1t would be expected that different values
would be obtained for the various fuels such as were obtalned at lower
o/f ratios.

Over-All Combustion Efficiency

Thecretical performaence curves for three of the fuels were shown in
figure 2. The following teble shows the percent of theoretical c¥*
obtained at the off of experimental peak c¥*.

3884
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Fuel 1¥* |Percent of theoretical c¥*
Frozen Equilibrium
expansion | expansion

Hydrazine | 40 92.4 —_———
Furfuryl

alcohol | 50 94.3 90.5
UDMH 5 ——— 90.6

As discussed previously, the acid composition used in the calcule-
tion of theoretical c¥* did not correspond exactly to that used in the
experimental study. Within thils limitation the experimental efficiency
is about the seme for gll three fuels. The experimental data are uncor-
rected for heat lost to the walls. An estimate of such hegt loss showed
that it could vary from sbout 3 percent in an L* of 30 inches to ebout
8 percent in an L¥ of 100 inches for the 1-inch-dismeter chembers. It
appears therefore thgt the relatively low efficiency can be largely ac-
counted for by heat transfer to the chamber walls.

CONCLUDIRG REMARKS

The concept of a volume required to complete a reaction has been
used to classlfy six fuels with respect to thelr reactivities. The
importance of data of this kind can be illustrated by the results of some
performance measurements on a 5000-pound-thrust NHz-RFNA engine having an
L* of 17.5 inches (ref. 14). In spite of the small L¥ high specific
impulse was obtained indicating that NHz has a high reactivity. The
effect of adding UDMH toc the NHz was then studied. Although UDMH has a
higher theoretical performence than NHz, the addition of 30 percent UDMH
to the NHz lowered the sgpecific impulse 13 percent. This is not surpris-
ing in the light of the present research since an L¥ of about 75 inches
was required to obtain maximum performence with UDMH.

It is possible that finer discrimingtion between fuel-oxidant sys-
tems could be obtained by using e continuously varisble L¥ engine.
This would improve the internal consistency of the deta by eliminating
cross plots. It would also allow the entire L¥ range to be scanned.

SUMMARY OF RESULTS

Using the chamber characteristic length L¥* required to obtain 97
percent of maximum experimental characteristlc exhaust velocity c¥ as
an index, the relative reactivities of six fuels with RFNA were deter-
mined. The experiments were conducted in g 40-pound-thrust rocket engine
using & swirl-cup injector whlch gave about 70-percent-complete liquid-
phase mixing. The results of the investigation msy be summarized as
follows: o : -
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1. The reactivities of the fuels were found to decrease in the fol-
lowing order: Hydrazine, trimethyl-trithiophosphite, furfuryl alcohol,
unsymmetrical dimethylhydrazine, allylamine, and o-toluidine. The latter
two fuels had ccnsiderably lower reactivities than the remaining four
fuels.

2. As acid-fuel ratio. o/f was increased, the reactivities of the
fuels generally decreased.

3. From an asnalysis of the effect of stoichidmetry, it sppears that
for at least three of the fuels two reactions involving NO may be impor-
tant. The reaction of NO with fuel fragments is the faster reaction,
the thermal decomposition of NO is slower.

4. The pressure drop through the mixing cup appeared to be a measure
of the extent of liguid-phase reaction. This pressure drop followed the
same genersal trend as lgnition delay. '

5. The chamber diameter had no effect on the relative ratings of
two fuels studied as functions of dlameter.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, January 19, 1956
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APPﬁNDIX A
The followlng gymbols are used in this report:
aresa, 'sq in.
discharge coefficient
characteristic. exhaust veloclity, pcAtg/wt, ft/sec
gravitational constant, 32.2 ft/sec?
ratio of average value of RT/M to value st nozzle entrance
flow constant, C3A%2gp/144, (1b)(sq in.)/sec®
cheracteristic length, Vo/Ag, in.
molecular weight of combustion gases
acid-fuel ratlo, w,/vwe
pressure, Ib/sq in.
universal gas constant, £t-1b/lb-mole °R
combustion-chamber temperature, °R
resldence time of combustion gases in chamber, sec
combustion-chamber volume, cu in.
average specific volume of gases in combustion chamber, cu ft/lb
flow rate, 1b/se¢ | | |

total flow rate, w, + wp, 1b/sec

o/f
(o/f)stoichiometric

weight fraction of stoichiometric off,

T+1

2 \1T-1
T V\¥+1

specific-heat ratio

density, 1b/cu ft
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Subscripts:

av averdge

c combustion chanmber
cup Injector mixing cup
r fuel

i nozzle inlet

o acid

jo] propellant tank

t nozzle throat

NACA RM E56A18
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APPENDIX B

INJECTOR CHARACTERISTICS

The injector was characterized by studies of its mixing efficiency
and spray pattern.

Mixer

A separate apparatus (fig. 9) was used to study the mixing efficiency
of the injector. The flow arrangement was identical to that in the in-
Jector except that the mixing cup was extended to & length of 6 inches
with tubing having a 0.020-inch wall thickness. TIron-constantan thermo-
couples were spot-welded to the mixing tube at various stations. The
entire mixer was enclosed by a heater so that the initial temperature of
the block, which is the greatest heat sink, could be adjusted to minimize
heat transfer. The extended tube was carefully insulated from the hesgter
to avoid hest transfer from the heater to the mixing tube during a run.

Efficiency of Mixing

The mixing efficiency of the injector was studied with dilute nitric
acid and sodium hydroxide. Inasmuch as the reaction between a strong
base and a strong acid is instantaneocus and dependent only on the rate of
mixing (ref. 5), the heat evolved by such a reaction can be used as an
index of the completeness of mixing under adisbgtic conditions. By fol-
lowlng the temperature rise as a functlon of distance along the wixing
tube, mixing efficiency can be determined (ref. 5). The temperature
corresponding to complete mixing is calculeble from thermodynamic data.

Smoothed data with three Initial block temperatures are shown in
figure 10. The upper curve corresponds to a high initigl block tempera-
ture, which caused heat tc be added to the stream resulting in a final
temperature well above theoretical. The lower curve corresponds to & low
initial block tempersture for which the final temperature is below theo-
retical. The middle curve closely approximates the adiabatic case since
the f£ingl temperature does reach theoretical. This is substantiated by the
fact that the initial block temperature seems to be & reasonable aversge
of the stream temperature in the region of the large block. From this
curve it can be deduced that it requires 2.2 inches to achieve 97-percent-
complete mixing. The extent of mixing at the distance corresponding to
the end of the mixing cup in the rocket injector was found to be 70 per-
cent. Whether the efficiency measured in the test mixer can be applied
to mixing in the inJjector, under conditions where large smounts of heat
and gas are evolved, may be somevwhat questionsble. A similar mixer,

N
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under these conditions, gave an essentially complete reaction as fast as
the reactants emerged from the mixer (ref. 15). It is thus concluded ~
that mixing is largely excluded as a factor in the present study and that
the data represent primarily evaporation and chemical-converslon rates.

Studies of Spray Pattern

Experiments were conducted with plastic chambers of three dismeters
to determine how the resctants leaving the injector entered the chanber.
Erosion patterns of the chambers using bydrazine as the fuel sre shown in
. figure 1l. The diameter measurements shown are aversges of those madeat
a8 given station for two radial positiong at right angles. The data for
both positions are shown for the 2-inch chamber. Erosion was nearly .
symmetric gbout the circumference of the chamber 1ndicating an almost
uniform spray distribution.
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The point of maximum erosion moved away from the injector as the
diameter was Incressed. It was assumed that the point of maximum erosiocn
represents the point of impingement of the burning sprsy from the injector
on the chamber walls. These polnts are shown on a sketch of the chanmbers
in figure 11l. It can be seen that a straight line connectlng them can be
extended to the viecinlty of the injector cup. This indicates that the
injector spray under operating conditions is & cone having an included
angle of about 37°. High-speed motion pictures, mede with a framing A
camera, of the steady-state combustlon showed that the chembers were not
filled by luminous flame and that the cone angle was of the order of 40°. )
High-speed streask photographs showed conslderable reclrculation in the _
vieinity of the injector. Cold-flow tests using water gave a hollow-cone o
spray with an included angle of about 60°.

These results indicate that at least a part of the chamber voiﬁme
upstream of the cone ¢f burning may not contribute to the effective com-
bustion volume.
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APPENDIX C

CALCULATION OF PRESSURE DROP IN THE MIXING CUP

The calculation of cup pressure drop is possible because the mixing
cup is the first point common to both the fuel and the acid flow lines.
The calculation is based on the equation for orifice flow

2gpAp
Tad _ (c1)

W=CdA

If the friction factor is assumed constant, equation (Cl) may be applied
to the entire flow line. Equation (Cl) may be squared and written both
for the fuel line and the oxidant line as follows:

V2 = K, (Pr o = Poyp) (c2)
V2 = K (P65 = Pewp) (c3)

where Pe o and Py D are the fuel and oxldant tank pressures, respec-
2 2
tively. Eliminating pg,, from equation (c2) and (C3),

2
Wow%

— - — = - 4
%, %~ Po,p ~ Pr,p (ce)
Dividing by w% end rearrengling give
Po,p = Pr,p _ (o/8)? 1 (c5)
A

When (Po,p - pf,P)/w% is plotted against (o/f)z, equation (C5) is &
straight line of slope 1/K, and intercept -1/Ke.

The experimental program was conducted st a number, usually eight,
of tank pressure settings for each fuel at each of the characteristic

lengths studied. The experimental values of w_, Wy, and p, obtained

with the various characteristic lengths at given tank pressure settings
vere asveraged. The tank pressure settinge and the average of each of the
observed flow rates were then used to plot equation (C5). Such a plot
for hydrazline is shown in figure 12. The corresponding plots for the
other fuels also gave straight lines. From the measured slope and inter-
cept, values of K, and Ky were determined. K,, Kg, Pr,ps Po,p» Ve
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and W, being known, Po,, Wwas calculated from equations (C2) and (C3).
The two values of Peup egreed very closely, and their average was used

to calculate the pressure drop by subtracting the chamber pressure from
it;
APoyp = Peup - Pe’ (ce)
Since the average total flow rate wpmn was not the same for each.
fuel, the cup-pressure-drop values were corrected to a common flow rate
of 0.2 pound per second.  In the sbsence of data on the flow of reacting

mixtures the cup-pressure-drop values were assumed ppopq:ﬁional to the
total flow rate and adjusted to the reference value &s follows:

0.2 :
cup,0.2 = Wy A'pcup,w.l. (c7)

Ap
This constituted a relatively minor correction except in the case of
hydrazine where the total flow rates were relgtively low. The applica=
tion of equation (C7) d1d not, however, change the relative order of the
results. : B '

3884
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APPENDIX D

RESIDENCE TIME IN CHAMBER
The residence time is given by equation (6-4) of reference 18
Ve

t =

(D)

Vg may be eliminated from equation (P1) by using the perfect gas
law Vg = (RT/M) av/Pc  to give

PeVe

Rl 6y Ty (p2)
Since c¥ = pAggfwg and L* = V. /A4,

1

ok 3
t = L%e (/) o (D3)

The (RT/M)gy term is an average value for the entire chamber. It may be
eliminated from equation (D3) by making use of an alternate expression
for c¥*, equation (3-32) of reference 16,

ox o VEr(BT/M) s (Da)

r
The (RE/M)i in equation (D4) refers to cornditions at the nozzle entrance.
The c* and 1¥* values involved in figure 8 refer to 97 percent maximum

c*. Because of the general similarity between the c* - ¥ curves for

different fuels, it is reasonsble to assume that (RT/M)g, Iis equal to
the same fraction of (RT/M)i for all cases since the nozzle conditions
in all cases are comparsble. Hence

(RT/M) .y = B(RT/M); (D5)
where h 1is a constant.
Combining equations (D3), (D4), and (D5) yields

L*

c¥® pre

The value of T/Fz is rgther insensitive to the value of ¥t chosen.
For Yy +values between %.10 and 1.60, r/Fz veries from 2.53 to 1..95.

A velue of 2.3 for y/r® was used. A value of unity was chosen for h.
A value of h as low as 0.5 1s unlikely; however, such a value would
halve the rate obtained from the limiting line in figure 8.
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TABLE I. - ACID-FUEL RATIOS CORRESPONDING

TO VARIOUS B VALUES

Fuel Acld-fuel ratio o/f for
e of - :

0.55}0.65}0.80|1.00} 1.25

Bydrazine ~e-={0.96411.18 ]11.48] 1.85
T™MTP . . | =~===] 1.82 | 2.24 |2.80} 3.50
Furfuryl alcohol | «=~-} 1.85|2.28 |2.85| 3.56
UDMH . . 1.86 [ 2.20 ] 2.70 [ 3.38} ===~
Allylamine 2.3312.7513.38 [4.23] ----
o-Toluidine 2.4112.85 13,50 {4.38} —a--

a[ (o/t) ]
(O/f)stoichiometric

, 3884



TABLE II. - BASIC EXPERIMENTAL DATA
[lnln. dipm, chamber uned exoept where nutcd]

6TVOSE WY VOVN

Chamber |Aoid |Puel |Acid- [Charac- |Chambar | Apld |Fuel |Acid- |Charao— | Chawbay | Acid |Fuel |Aoid-
preasure,| flow, | flow, {fuel |taristic | pressure, flow, |flow, |fuel |teristlo | promoure,| flow, |flow, |fuel
Pys LA Yy :ni t :.lmmlt: Por | W W weight tmaual t P, L LY welght
1b/aq | 1b/seo| 1b/sec :/ro, :: W, lb/eq | 1b/mec|ih/aec :':}%0, e :ﬂiw' lb/mq 1b/=ec|lb/Nac r:%n,
in, shs tt/ana | In. abe ft/aac | in. abs
Hydraxinej Ay = 0,0882 aq in.
L% 10 in. L*, 20 in, - L¥, 50 in,
201 0.086 [0.072 | 0.77 4E10 130 0.046 (0.072 | 0.64 4860 192 0.040 |0.071 | 0.89
208 .083 | 088 ] 4480 204 068 | .087 .83 4720 27 087 | .088 .87
807 088 | (084 | 1,08 10 219 ,088 | ,08% | 1.02 4880 oR7 087 | (064 | 1.04
258 080 | 084 | 1.41 4320 249 .085 | .085 | 1.53 4810 246 ,080 | .081 | l.32
f2E4 .08 | 084 | 1.580 4110 271 ,102 | ,081 | 1,87 4710 288 084 | 081 | 1.88
287 WL | .086 | L.8E8 .| 4065 280 *.134 ) 081 | 1.89 4570 78 106 | 060 | 1.76
26l .188 061 | 2.07 3845 279 123 | .087 | 2.13 4410 r78 1% Q87 | .08
247 150 | 055 | 2.36 3700 2711 %0 | Q81 | 245 4200 RER 120 | 054 | 2.24
L* 40 1in, L*, BQ in, L* 73 ia.
g8 Q.0%8 |0.074 | Q.78 4895 2hd 2.088 [0.073 | 0.80 4380 £58 0.088 |0.077? | 0.88
208 084 068 N 4860 250 075 071 1.02 4940 04 +OBB 089 .85
254 080 | (087 | 1.18 4950 255 078 088 +13. 5000 ¢l 072 | .069 | 1.08
270 .Qeg | 084 | 1.37 5020 75 .069 | .047 | 1.35 4390 285 . . 1.29
270 084 | ,082 | 1,55 4820 285 L2000 . .58 4890 288 085 | . L1.47
282 .108 .81 4745 203 L100 ) L0865 | 1.73 4840 a8y 106 | 0683 | 1.69
M .11 057 | 2.04 4540 79 104 | L0509 | .82 4580 280 J18 | 061 | 1,84
262 121 082 | 2.35 4310 5 .10 | 058 | 2,13 +480 272 (118 | 057 | 2,11
1*, 100 In,
237 Q.068 0,076 90 4865
258 070 | 0T .38 46080
248 .078 | ,070 | 1.1 4770
287 Q84 | .067 | 1.30 4770
255 .088 | 085 | l.42 4730
268 L100 | .02 | 1.83 4700
283 118 | 082 | 1.92 4470
278 .124 | .0BE | 2.17 4260

Trimethyl-trithlophonphite; "1: = 0,0831 mq in.

L* 20 in. I*, 30 in, L', 40 in,
asn 0,108 |0,075 | 1.44 578 42 0,104 |0.073 | 1.42 3880 24k C.104 |0.073 | 1.42
48 112 070 | 1.80 3866 £B% 116 072 | 1.62 3930 285 115 072 | 1.59
RE8 128 088 | 1.88 3676 B7l 125 088 |1.82 3880 278 198 088 1.83
Q88 130 | 084 | 2.05 3828 73 129 | 063 | 2.08 4030 281 »151 068 | 2,08
273 154 0OB7 2,38 4080 27 <154 057 | /.35 4076 275 L1358 LOBT | 2.32
271 déL LOBD 4 2.8] 4030 T4 1359 061 | R.73 4090 278 .157 082 | 2.85
253 143 Ot | 5.30 5800 288 145 043 | 5.32 3870 261 145 L43 | 5.51
257 158 f 3.87 3890 286 A5 04 | 3.73 3680 287 184 042 | 3,88

L* B0 io, L*, 76 in. I*, 100 in.
237 0,102 [0.075 | 1.40 3840 254 0.105 LOMTh | 1.40 3780 238 0,106 [0.073 1.45
8l 214 072 | 1.88 5960 257 117 071 | 1.85 3680 255 _.118 071 1.88
276 128 .086 | 1,682 4040 @88 186 088 | 1.84 3pd0 271 .1288 .Q88 | 1.88
a7 128 084 | 2,01 40B0 278 131 ,083 | 2.07 4000 - 277 + 103 L0885 | 2,10
279 132 087 | 2.5) 4210 274 056 | 2.25 4150 272 154 LOB7 | 2.34
Tz JA38 | 050 | B.72 [ 4l 271 136 | ,081 | 2.84 | 41ED 271 138 | 080 | 2,78
B2 J42 | 045 | 3.350 4010 285 Jddd | 042 | 342 4010 202 L4 1 L0483 | 3,30
270 154 41 | 3.78 3920 271 6% 040 | 5,58 3876 271 .1b4 041 ( 3,78

€2




TABLE II, - Continued. BASIC EXPERIMENTAT, DATA
[1-1n. diam. chamber used except where notad)
Series Chamber |Aclid |[Fuel [Aclid- [Charag- Chamber |Acid |[Puel |Acid- |Cherac- “|Chasmber |Acid |Fuel Charac-
of runs |preasure,| flow, |flow, |fuel |teristlc |pressure,|flow, |[flow, |fuel |teristic |pressure,|flow, [flow, teristic
Pgr LY LY welght |exhaust =Y w_, LY welght {exhaust Pes Wos Wp, exh&gust
1b/mg | 1b/sec [1b/sec ”g}’;-b. velggitm 1b/sq lb}aea 1b/sec r:}%o, velg:,’:ty, lb/eg |1b/Bec |[1b/Bec ve}'gfj"ty'
2
in. abs £t/mec in. abe X rt/aec in. ehs tt/mec
Purfuryl alcchol; Ay = 20.08681 and P0.0913 sq in.
L* 20 in. L* 30 in. L*, 40 in.
1 285 0.122 [0.078 | 1.57 40B0 286 0.118 [p.078 | 1.50 4290 298 0.115 |0.Cc78 4390
294 .129 | .o74 | 1.78 4120 310 .125 | .075 | 1.87 4400 311 24 | 074 4470
313 .138 | .073 | 1.89 421D 330 ,138 | 073 | 1.87 4490 332 .135 | .07% 4590
302 .14z | .088 | 2.09 4080 312 .154 | .085 | 2.06 4430 321, 134 | L0886 4550
289 .142 | 659 | 2.41 4080 303 J140 | .080 | 2.34 4300 299 130 | .056 4580
289 .148 .| .058 | 2.89 3760 286 L1486 | L0583 | 2.76 4080 293 .136 | .051 - 4450
248 J157 | .Q49 | 3.20 3390 280 .150 | .o0a7 { 3.17 B3T4Q 255 .156 | .040 3700
248 .186 | .048 | 3.37 3260 271 .180 | .D46 | 3.46 [ 3720 272 J61 | O 3760
2 288 29 | Lol | 1.42 3880 302 .124 | .090 | 1.38 4150 294 ,130 | .084 04040
308 .140 | .092 | 1.s2 3900 325 .133 | 088 [.1.51 4320 321 ,135 | .079 k450
320 .150 | .087 | 1,72 3970 342 142 | .084 | 1.80 4450 339 142 | .0Q77 4550
- 204 .158 | .083 | 1.80 3590 34l J44 | 078 | 1.89 4560 332 .147 | .070 4500
©ars .163 | .o718 | 2.40 3355 331 .148 | 068 } 2,14 4585 327 L150 | 083 4510
239 .157 | .be4 | 2.45 3980 315 .151 | .pel | 2.48 4370 324 .152 | .059 4510
270 L1682 | L0569 | 2.74 3590 308 .183 | 038 | 2.78 4525 314 L1558 | 084 4460
274 J179 | .054 | 3.31 3460 2a7 .175 | 051 | 5.4 3730 309 .172 | -oBO 4000
I*, 50 in. L%, 75 4id. I*, 100 in.
1 258 0.058 [0.084 [ 1.15 S 4080 302 0.119 [0.073 | 1.583 | %4430 289 0.117 [0.075 | 1.58 | 4970
275 .104 | L0798 | 1.32 4080 310 26 | 070 | 1.80 | Q4490 304 126 | 071 | 1.77 | ¢
321 50 | .074 | 1.76 C4480 328 131 | .087 | 1.96 | 24700 513 131 | 067 | 1.96 | 490
312 Jd2g | .063 | 2.05 4800 328 .35 | 080 | 2.28 | fe770 207 134 | L0680 | 2.235 | “4490
306 133 | ,067 | 2.34 | C4560 303 .137 | .054 | 2.53 | %4580 335 J141 | .0B4 | 2.62 | CasSs5
303 136 | .081 | 2.67 %4600 307 JA46 | 049 | 2.95 449D 309 .142 | 049 | 2.91 | 4590
285 142 | 041 | 3.4d %4410 289 .146 | 041 | 3.57 4390 2a5 L1489 | 041 | 3.63 | C4260
287 154 | 040 | 3.89 Cdo15 280 159 | .038 | 4.09 4010 283 .158 | .040 | 3.95 | ©4060
2 302 125 | .082 | 1.81 C4530 RBS .121 | .088 | 1.78 | %4460 288 119 | 077 | 1.54 | %320
322 133 | .080 | 1.67 G440 314 135 | .085 | 2.08 | %4620 308 131 | .073 [ 1.78 | Gedd0
T4 ,141 | .076 ] 1.85 4660 323 L1444 | (084 | 2.28 | %4585 326 .42 | L0710 | 1.89 | C4500
536 145 | .089 | 2.11 4620 324 .147 | 080 | 2.44 | 4500 322 .145 | 065 | 2.21 | %4650
526 147 | 082 | 2.36 4590 319 .149 | .036 | 2.68 | 94575 308 .145 | .058 | 2.81 | £4505
515 .151 | .0B4 | 2.80 4520 308 152 | .048 | 3.14 [ ©4530 305 .149 | .o50 | 3.01 | ®4510
298 189 | .047 | 3.39 o450 302 .158 | .048 | 3.50 | Sed20 285 .156 | .041 | 3.78 | %4330
308 170 | (043 | 3.94 4210 313 174 | .04k | 4.00 | %4220 258 .178 | .059 | 4.61 | 3830

2Firat meriea of Iuns.
bSaco'nd garjies of runs.
andible scream.
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TABLE II. -~ Continued. BA3IC EXPERIMENTAI. DATA

[1-in. diam. chamber used except where noted]

faries |Chmaber |d0id |Muel |[Aoid~ |[Ohwrae- [Onamber |[Acid [Fuel |dsild- |Chersa- | Onamber |Acid |Musl |Aeid- |Charac-
of runs|prassore,| flow, |flow, (fusl (teristis [pressurs,|flcs, |flow, [fuel [taristle | preswuse,| flow, Tlow, [fusl [teriatis
Pgs L) L) walght|wxhpuat Pgs L~ Wp, | Welght axhanat Pyt v _, Wp, |weight|ezhauat
1b/oq | An/ane 1n/mea|” :}}.W ““':';3’“‘ lb/mg | 1b/asq| 1n/meo ":%“’ "lgff“' 1n/8q 1b?nn 1n/aws r:}f’ "1:".“7'
v
in. abs tt/uso in, aba £t/ne0 in. ahe th/nee
Unaymmetrionl dinethylhydaxine; A, = a0.0892 ana Po,osss ag 1o,
; L*, %0 in. L¥ 30 in. L4, 40 1n,
1 280 0,101 {0.088 | 1,E5 4800 R:g 0.007 |0,085 | 1.49 4840 83 0,098 |0.08E | 1,48 4630
278 10 . 1,79 | 4845 [ L1008 | 081 | 1.79 | 750 278 J108 | .01 | 1,72 | 4R10
e (118 ]| 081 | 1,98 4685 e 127 | ,080 | 1.95 00 508 12p | 081 | R.OD 4830
J35 | 080 | 2.82 00 318 Jdpa | 087 .1 4940 358 038 081 | 2.3 4840
300 S141 058 | &.52 3680 138 | (D38 | R.dB 4710 320 138 { JOBS | &,8) 4010
0B 45 [ ,08] | 284 4410 518 Jldd | 080 | R,88 470 384 141 L0680 | 2,86 ABT70
00 Jie | ,048 | 3,34 4400 308 148 | 048 ) 5,24 4830 3k 1148 Ok | 5,38 4780
W55 | 040 | 5.88 433 0% (8p | .08 | 3,9 ABIC 308 JA8@ | 038 | 4,00 4510
T & in. L*, 75 in. L¥, 100 in.
1 a8l 0.088 0,084 | 1.5O 4880 b1 Q.009 0,088 | }.52 £49% 0.089 {0,088 | 1. 4510
63 .07 089 | 1,73 | 4810 2032 Joa | ,0eR | 1.74 | 47TED 95 J18 | .0e4 | 1.80 | 4730
313 A8 | 002 | 2,00 4850 504 L1988 | 063 | 2,08 4800 314 a8 | 08 o]
520 30| o | 2.2 (1] 40 G8] . 2.3% 4580 325 a8 | . -4 4860
52 34| 088 | 2,48 4990 328 1 083 | 2.98 4S80 338 Jda 1 064 . 1980
329 2141 | ,080 | 2,08 70 338 Je2 | 040 | 280 550 T T E010
318 J45 | .04 | 3,30 4 - A48 | 043 | 5.40 43R0 3£ J1a5 | 043 | 5,87 4930
L) 150 2048 | 5,48 4880 318 +153 JO58 | 4,03 47850 514 185 O57 | 414 4760
] He 05 | 082 | 1.8 4710 84 J108 | (084 | 1.88 {400
- ' 381 AR | 082 | 1,97 «A80 s A7 | 080 | 1.98 4710
&8 18 | 058 | 2.08 4035 s 108 Q8D | 2,24 455
385 106 | 08¢ | 2,33 327 130 | 087 . 4870
559 158 032 | 2.66 470 538 189 | 082 | 2,67 APeS
332 P 1AL 048 | 5,47 4930 kol J40 [ 048 | 3,04 4930
318 1148 /038 | §,89 4730 34 1% | ,058 | 3.45 4858
18 2188 | 038 | 4.74 4410 518 .18% | ,OBS | 4.88 4450
Alylanine A, - 0.0008, %0.0884, and ®0.0872 =g in,
L4 20 in. L*, 50 in. L*, 40 in.
1 113 0.185 |0.088 | 1,84 4210 573 0.164 |0.087 | 1.00 330 310 0.143% (0,084 | 1,85 4480
1.0} W17 01 | 8.8 4210 540 «37 Q78 | 2.84 +370 378 188 076 | 2.21
349 A8 | 088 | 2.565 4178 588 . Il 2.80 300 584 a7l D087 | 2. HEC
Q7 A0 | .ofs | 340 ) 3NMO 547 . K 5,07 4180 358 JA70 | .088 | 3.07 20
2193 | JOB4 | 3.57 3480 33X 162 | .OB3 | Z.82 3808 =03 LE4 062 | 5,81 4040
£18 B00 | 04D | 4,08 R0 309 193 | .OBO | ¥.88 3700 agl lee | 040 | 3,08 3986
287 . 048 | 4.35 3800 300 198 | 044 | 4.50 s6la
' L*, EQ in, L*, 7B in, L*, 100 in.
e 37 0.181 |0.083 | 1.9% [ ] Ik 0.1%9 |0.078 | 2.08 4830 0,180 |0.781 | 1.98 1840
347 ,188 | ,07% | 2.9 +a73 38l J8¢ | 070 | 2.38 4130 56 80 | LO73 | 2.4 4740
378 .1es | 085 | 2,62 510 305 .1as | 080 | 2,78 1750 587 188 R0 4880
384 72 | 053 | 3.4 378 B8 | . 3.M 4150 374 188 | 040 | 5,43 4880
348 184 {048 | 5.87 4180 382 . 045 | 4,02 A0 560 2190 | JOMP | &.30
354 Jd92 | 042 | 4.57 5810 Jde 18 080 | ¢.73 4180 358 189 | 040 | 4,81 4810
38 196 | 038 | 5.03 iT70 kL J184¢ | Q30 | 4.84 4280 540 169 | (038 | B.22 4285
3 34 d67 | 053 | 2.43 4580 )
383 179 | 084 | 3.07 4530
Jes J87 | ,048 | 3.80 4350
317 L185 | 040 | 4.88 3780

%p(vsv mariss of rups for UDMH,
b2eoond serics of runs for UDMH.
SHret meriea of runs Ier Allylamine.
aond series of rime for allylamine.
“Third serles af rund for allylamipe, .
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TABLE II. - Continued. BASIC EXPERIMENTAL DATA
w
l-in. diam. chamber used except where noted]
Chamber | Acid |Puel |Acid~ |Charac- ] Chamber |Acid [Fuel |Acid~ [Charac- |Chember |Acid |Fuel [Acid- |Charac-
pressure,| flow, ;flow, |fuel teristic | pressure,| fiow, |flow, |fuel teristio | pressure,| flow, | flow, |fuel teristic
| ¥or Yoy weight|exhaust Per LY Yoy weight jexhaust P os Yo, weight{ exhaust
1b/8q 1b/sec|1b/sec rz;%o, velgtity, 1b/8q ib/sec| Ib/sec r:}%o, vslgeity, 1b/aq 1b/sec] 1b/sec rat%a, velzﬁity,
» »
in. abs rt/oec in. abe ft/sec in. abs fh/s;c
9-Toludine; Lt;_- 0.0920 aq im. AeETTEE——— s
L*, 30 1in. L% 40 in. L*, 80 in.
337 0.162 |0.083 1.7% 3920 350 0.159 |0.08L 1.74 4180 350 0.155 | 0.086 1.80
336 .166 .083 2.00 4000 345 -154 .080 2.05 4190 557 .180 .078 2.05 4440
350 171 Q72 | 2.39 4030 534 187 | .072 2.52 4140 345 167 .069 2.42 4330
524 .176 062 2.83 4040. 333 <174 Q82 2.82 4175 312 17T 049 5.61 4030
311 .182 .0S5 5.4% 3820 518 1680 .0535 5.43 4030 300 .21l Q38 5.41 3550
511 .196 Q52 3.77 3720 314 .180 048 5.88 3830 548 .157 091 1.75 4160
304 . 203 047 4£.32 3600 313 . 206 .048 4.48 3680 345 .162 .080 2,03 4225
L*, 75 in. B L0, T 342 .167 | .071 | 2.35 £260
331 172 <060 2.67 4230
356 0.157 |0.088 1.78 4310 354 0.158 |0.088 | 1.80 | ®4265 324 177 052 | 3.40 4180
519 139 Q90 1.54 4130 364 <163 Q719 2.06 4460 324 -190 <047 4.04 4080
359 .155 074 2.09 4390 349 <163 .066 2.47 520 517 .09 044 4.75 5710
549 171 .059 2.90 4500 380 .169 .057 2.98 4720 l i
340 A76 049 3.63 4480 548 175 048 3.80 4640
S44 .187 044 4£.25 4410 358 .188 044 4.27 4570
543 .205 38 5.5¢ £180 345 .211 -033 6.39 4190
Bydrazine; L.5-in.-dizm,chanbera; Kg = O.008 Bq Th. .~ T ==
L*, 35 1in. L% 50 in. ’ L*, 75 in
245 0.062 |0.076 | 0.82 4860 234 0.058 |0.075 0.77 4780 225 0.056 | 0.076 | 0.77 4630 -
240 .066 Q70 .94 4810 2§83 .088 .070 .86 5010 241 .065 .07Q 92 4890
239 Q74 .Q62 1.13 4810 250 .Q68 066 1.03 5060 247 .069 .087 1.05 4940
257 0B Q065 1.25 4810 261 079 082 ) 1.27 5050 270 .0a3 064 1.31 5015
260 092 081 1.50 4630 274 .092 061 1.50 4860 306 .101 .066 1.52 X0
276 104 06 1.71 4565 284 .102 .061 1.68 4770 512 L1135 064 1.77 4830 -
289 «113 057 1.98 4340 300 .121 .080 2.02 4520 316 .125 .08l 2.04 4820
282 .127 .065 2.2 4225 287 130 057 2.27 4325 508 132 .057 2.31 4400
Is, 100 im. L*, 144 fn.
241 0.063 (0.078 0.83 4750 250 Q.060
231 082 070 S 4770 223 -
251 067 .085 | 1.01 4780 252
250 077 .082 1.25 4910 264
279 .091 .0B2 1.48 4880 273
517 .119 Q64 1.86 4720 300
286 -120 .067 2.11 441Q 274
285 130 .0S5 2.36 . 4210 290
T " " Hydrazine; Z-In.- -
PORE R it — —
238 0.064 [0.074 | 0.86 4700 257 4820
233 .067 069 .97 4680 236 4880
254 .068 .065 1.05 4810 255 4980
257 .088 064 1.58 4615 273 4970
269 .103 .062 [ 1.66 4440 262 4940
272 .109 080 1.82 283
291 .128 <080 2.13 4220 299 4580
285 132 .056 2.56 4140 295 4560
L¥, 171 in. ——
242 0.0684 [0.076 0.85 4715 244
241 .065 | ".071 .1 4835 242
256 .075 .069 1.08 4820 251
252 .078 064 1.2 4825 276
269 082 .080 1.63. 4810 268
513 -113 065 | 1.73+ 4800 278
280 .118 .060 [ 1.97 4430 297
288 124 057 2.17 4330 264
=t -

2andible soream.
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TABLE IX. -~ Conoluded. BASIC EXPERIMENTAL DATA
[1-in. dlam, chamber used exoept where noted]
Chamber |Acld [Fuel |Acld~ |Charao~ | Chamber |Acid Acid~ [Charac- |Chamber |Aold Aold~ |Charac-
pressure,|{flow, [flow, |fuel |teristic | pressure,|flow, fuel |teristic |pressurs,|flow, fuel |teristilc
Pgs L) LAY welght| exhaust Pgs L weight|exhaust Pys W welght|exhaust
1b/sq  |1b/mec|1b/mes r;;}o, volggfty 1b/sq  |1b/mec|ib/sec r;}%o, V°1g:1t7' 1b/sq | 1b/mec r:“%°’ Velg:}ty'
’
in. aba ft/neg | 1. ab8 rt/nec | 1n- abe tt/aeo
Unsymmetricsal dimethylhydrazine; 1.5-in.-dlam.chambers; Ay w 0,0850 sq in.
L*, 5 in. I#, 60 in. L* 175 in.
282 0,084 10,0668 | 1.42 4480 289 0.093 1.48 4830 274 0.094 1.43 4690
283 107 | 082 | 1.73 4580 286 .103 1.66 4740 301 .107 1.75 4860
297 A7 | 081 | 1,92 45870 508 114e 1.90 4840 333 185 1,98 4830
330 .1368 | .06l | 2.23 4580 5351 127 2,18 4870 359 156 2.2 5010
528 .138 | 058 | 2.46 4800 337 JA54 Lokd 4880 349 154 2,44 6050
524 .42 | 081 | R.78 4590 552 .138 2.7€ 4650 342 .138 2,82 5010
314 L1468 | 046 | 3.17 4480 528 142 5.16 4780 333 141, 5.20 4950
308 165 | .039 | 5.92 4390 318 .150 4.08 4810 523 .150 4.08 4750
as5 .081 1.19 4320
281 .081 1.40 4560
279 089 1.87 4710
311 .115 1.89 4840
337 135 2.46 4888
333 139 2.78 4820
528 4 3.27 4750
316 155 4.03 4530
L*, 100 in. in.
270 0,086 |0,086 | 1.48 4500 270 0.098 1.45 4580
311 ,112 | .0684 | 1,78 4840 294 107 1.70 4730
318 .116 | .080 | 1.93 49810 314 W17 1.92 4850
529 .15 | .088 | 2,12 4975 536 .128 2.13 4890
347 138 | L0886 | 2,42 5080 348 133 2.42 2020
346 158 | 048 | 2.82 5080 343 .158 2,78 5076
336 145 | L0453 | 5,32 4940 534 141 5,28 4970
526 .161 | .037 | 4.08 4730 325 1149 4,03 4780
Unaymmetrical dimethylhydrazine; 2-in.-dlam.chambers; At = 0.0850 sq in.
L*®, BO in. I*, 75 in, L*, 100 in.
57 0.097 [0,067 | 1.46 4290 281 0,081 1.40 4580 266 0.080 1.41 4710
280 109 | .064 | 1.70 430 204 .07 1.78 4780 298 106 1.72 4880
3509 .126 | 083 | 2.00 4478 312 117 1.92 4600 S8 118 1.98 49680
320 ,138 | .0683 | 2.16 4526 329 128 2.14 4870 359 L1354 2.25 6060
322 L1390 | 088 | 2.48 4520 540 . 1586 2.45 4900 342 150 2,45 5115
318 41 | 081 | 2.78 4505 338 .137 2.74 4950 348 .158 2.88 5120
507 W45 | 048 | 3,15 4400 328 L141 3,20 4850 340 2145 5,49 5080
303 .152 | .040 | 5.80 4520 515 180 5.96 4590 328 152 4.22 4775
L¥, 171 in, in.
288 0,097 [0.084 | .52 4430 259 0.097 1.49 4375
280 .104 | ,082 | 1.88 4620 287 110 1.77 4570
302 118 | ,082 | 1.92 4870 308 .119 1.98 4860
347 131 | .080 | 2.18 4970 549 .138 2.25 4845
361 .135 | .054 | 2.50 5080 S4d 138 2.52 4958
346 L1358 | .048 | 2.80 5050 341 J140 2,86 4940
357 142 | 043 | 3.50 4985 532 2144 3.385 4860
324 152 | .037 | 4.11 4690 318 .182 4,11 4805

8TV9SH WE VOVN
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TABLE III. - FUEL RATINGS; CHARACTERISTIC LENGTH

L%; AS FUNCTION OF B

Fuel | stoichiometric L%, for B of -

o/t ratio 0.55 ] 0.65 0.80 | 1.00 | 1.25
Hydrazine 1:48 ----]16.0| 19.0] 19.5 [ 18.5
TMTP 2.80 ----|24.0] 27.5| 21.5 | 25.0
Furfuryl alcohol 2.85 ~m--|25.0[ 31.0 | 40.0 | 48.0
UDMH 3.38 24.5 | 28.5| 37.0 | 42.5 | —=m-
Allylemine® 4.23 54.0 | 60.0| 75.0 | 84.0 | -=--
0-Toluidine® 4.38 75.0 | 80.0| 83.0 | 76.0 | ===

8Minimum values based on c¥® gt an I¥ of 100 in.

TABIE IV. - MAXTMUM EXPERTMENTATL VALUES FOR

CHARACTERISTIC EXHAUST VELOCITY c*

Fuel . c¥ for B of -

0.55 | 0.65 | 0.80 | 1.00 |1.25
Hydrazine ----| 4900 | 5010 | 4940 | 4720
TMTP ---- | 4050 | 4190 | 4160 | 3990
Furfuryl alcohol ---= | 4530 | 4600 | 4570 | 4400
UDMH 4870 | 4960 | 5010 | 4940 | ----
Allylamine® 4790 | 4860 | 4860 | 4650 | -=--
o-Toluidine® 4590 | 4680 | 4700 | 4550 | ----

&Values at an L¥ of 100 in.

TABLE V. - CHARACTERISTIC LENGTH L&

AS FUNCTION OF CHAMBER DIAMETER

Fuel Diameter, Ly; for B

0.65| 0.80 | 1.00

Hydrezine 1.0 16.0| 19.0 | 19.5
1.5 36.5| 36.0 | 39.0

2.0 50.0 | 56.5 | 76.0

UDMH 1.0 28.5 [ 37.0 [ 42.5
1.5 49.5 | 56.0 | 60.0

2.0 78,0 75.0 | 84.0

3884 °
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TABIE VI. - CORRELATION OF CHARACTERISTIC LENGTH

1§, FOR VARIOUS CHAMBER DIAMETERS

Fuel |Igy(1.5-in. dlam) - Ig,(1.0-in. diam)
8 Average

0.65] 0.80 | 1.00 | difference
Hydrazine 20.5117.0 ] 19.5 19.0
UDMH 21.0 | 19.0 | 17.5 19.2

IJ7(2-in. diam) - L3, (1.0-in. diam)

Hydrazine 34.0 | 37.5 | 56.5 42 .7
UDMH 49.5 | 38.0 | 41.5 43.0

TABLE VII. - COMPARISON OF CHARACTERISTIC LENGTHE Lg7,

CUP PRESSURE DROP, AND IGNITION DELAY VALUES

Fuel Lg-?a, Cup pressure Ignition
in. drop; delay,

lb/sq_ in. millisec
Hydrazine 16 305 bg

TMTP 24 129 ¢7.6
Furfuryl alcohol| 25 81 das
UDMH 28.5 124 ez
Allylamine Te0 100 dz10
o-Toluidine - T80 88 dzs0

8Tgoken at B of 0.65.
ith WFNA, 70° ¥, ref. 17.
CWith RFNA (18 percent NO;), -40° F, ref. 18.
ith WFNA, 70° F, ref. 19.
Swith RFNA, -65° to 70° F, ref. 10.
PMinimum values based on c¥* &t an IL¥ of 100 in.
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Chamber -

pressure
tap
Fuel — o Oxidant
1 : . 10°
A A
N 0.256"
N ARlnnny 4
Gasket —/ 0.1 Gxidant orifice
_4// Injector Diameter, in.
Fuel orifice /. A 0.0585
Injector Dismeter, Iin. B -0825
A 0.042
B 037

*—0.957"—>}

Chember length
variable from
1" to 12"

Section A-A

YA Y

VLT T L LT L T o o 0

Gasket \

——

_'_{ l;_ CD-4852

0.334" . -
Figure 1. - Croes section of rocket-engine assembly.
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5800,
5400 == Acid
/’ Y\ !
4 \ EFFA (15 percent NOp)
P ! 1
\ o Ro screem
v a Audible screax
5000 70% a— = — Theoratical frozen expansion ]
w~— = —- Theoretical equilibrium
f . . expansion
]
! RFNA (19 per!:ent HOz)
4600 \
o \
8
~. 4200 -
Fol {2) Fuel, 92 percent hydrazine; characteristic length, 40 inches.
-
o 5200
- ! [
= . R I
8 I~
2 RS
2 4800 vé
g y NN WPHA
4 [} >~
. 4 ¥y ! Jr
-] f
§ , / o \mm. (19 percent NO,
wi 400 Al
5 ( }
: 4/ oI\,
]
! /
r=
[
4000
(b) Fuel, furfuryl alcchol; characteristic lsngth, 50 inches.
56800
)2 = S e as plmemlxog)
/
/ ~
5200
o
A? o ) (19 percent K)a)
4800 \
°\\
44001 Y
0 1 2 3 4 5

Acid-fuel ratio, off
(c) Fuel, UDMH; characteristic length, 75 inches.
Plgure 2. - Characteristlc exheust velocity as function of ecid-fuel rxstio

&t characteristic length of maximm experimentel characteristic exhaust
veloelity.



Characteristic exhaust velocity, c*, ft/sec

\ NACA RM E56A19

44
o -
/ /\ Aeld
400 ™~ j]
/ﬁ ™o RFEA (19 percent NOg)
360
(@) Fuel, trimethyl-trithiophosphite; characteristic length, 50 inches,
50
/J _\O.L\
/; \\RFNA (19 percent NO,)
460 g
\\
420
(e) Fuel, allylamine; characteristic length, 100 inches.
48 :
Al \\R'E‘NA (19 percent NOZ)
o
4400 -/ \\
/ 0 No scresm \
A Audible scream .
400

1 - 3 4 5 6 7
Acid-fuel ratio, o/f .

(f) Fuel, o-toluidine; characterlstlic lemgth, 100 inches.
Figure 2, - Concluded, Characteristic exhaust velocity as function of

aclid-fuel ratlo at characterlstic length of maximum experimental char-
acteristic exhaust velocity. B
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Figure 3. - Characterlstic exhsust veloclty
and acid-fusl retilo

(a) Hydrazine,

off in l-inch-dlsmeter chembers,

33

c* asg functlon of cheracteristic length I*



(b) Trimethyl-trithlophcsphite.

Figure 3. - Continued. Characteristic exhaust velocity c* as functiocn of
characteristic length L* and acid-fusl ratio off in l-inch-dimmster
chambers.

14
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40

4400//

c*, ft/sec |

CM-5 back

4000

1.25

(c) Furfuryl slcobol.

Figure 3. - Continued. Characteristic exhaust veloclty c¢¥ as function of charac-
teristic length 1% and acld-~fuel ratlo of/f in l-inch-diameter chambersa.
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(d) Unsymmetrical dimethylhydrazine.

Figure 3. - Continusd., Characteristic exhaust velocity o* as function of charac-
teristic length I#* _and acld-fuel ratio off in l-inchi~-diemeter chambers,



88%

NACA RM ESEA1S <IN 37

20_
5000 7

4600 -

cr, ft/sec

+200

3800 1

34007

N

(e} Allylamine,

y

Figure 3. - Continued, Characteristic exhaust velocity  c¥* as function of
characteristic length I¥*¥ amil acid-fuel ratio o/f in l-inch-dlameter
chambers. :
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44001

-~

c*, ft/sec

4000

3600

5

1.00

(£) o-Toluidine.

Flgure 3. - Concluded. Characteristic exhaust veloclty c* as function of
characterigtic length I¥* and acid-fuel ratio o/f in l-Inch-dlameter
chambers,
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Charaoteristic exhoust veloclty, c*, ft/aec

NACA RM EBGAL1S Q 39
) -
5200 I T I 1
Hydrazine (o/f = 1.18)
I§7 >/ \\\
4800 / —
A
4400 ,/
TMIP (off « 2.24
I'§7 &/-/—/"—§\\\_
. | e [ ——
+000 — ——
5200 I
umME (o/F = 2.70)
L5 L
4800 )/
Furfuryl alcchol (off = 2.28
T3¢
/ 97 L1
4400 / ,)/
4000
5200 sz
T.%
4800 .57
T E|
Allylemine (off = 3.38) | —"| |
// ‘/ o-Toluidine (off = 3.50
/ - | -
4000 <
4
/1~ —
/
36000 20 40 80 80 100

Characteristic length, L*, in.

Flgure 4, - Comperison of fuels et a £ of 0.80.
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Characteristic length, L§7, in,
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30

20

10
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<

Fuel

BEydrazine -
IMTP
UDMH

FPurfuryl alcochol
Allylemine .(hﬁbnimum

4 pboae

O-Toluidine values

Tailed'syﬁbols represgent
atoichiometric values

2 3
Acid-fuel ratic, off

Figure 5. - Effect of stoilchiometry; L;7

4 S

as function of scid-fuel ratio.
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Acid-fuel ratlo, off

(wp = 0.2 1b/sec) as function of acid-fuel ratio.

Flgure 6, - Cup pressure drop reduded to uniform flow rate

NACA RM ES6ALY AR 41
» 320
Hydrazine
300 I
\ 'WO\
\ \—
. Pcu ‘PC
S 260 : L
3 f
— Wy
Sy
© 220
Y Cup pressure drop
"_g APcup = DPeyup ~ Pe
. \
& 180
o
* g UDMH
s}
2 TMIE \\
R+ 140 \\\
\ Allylemine
100 o-Toluidine — ]
L 27777777,
i&l;rfgr{l /{ng ff//////
foho W it A,
60
o 1 2 3 4 S5



Characteristic exhaust veloolty, o*, £t/ssec

5400
Hydrazine
5000 — -
- ) a4 A e bl B S R
4/ >~ \-. _b-_“—J--'——-——-
* ,’ \. \-u
[ g i
, Chamber
480 ! dia:n__ntar,
1 in,
| — -— 1.0
1 1.5
—_— — — 2.0
4200 | I |
5200 :
UIMIH”—_“_—__"--—-..___
P --.'"_-b__
-~ ;"(7-{:\- il L
. /' l
/
4800 ¥ / ,
/ )
A
7
/ /
4400
0 40 80 120 160 200 240 280

Characterigilc chamber length, L¥, in.
(a) As Punction of characteristic length.

Figure 7. - Effect of chember dlameter on cheracteristic exhamst
of 0.80.

velocity

c¥ ata B
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Characteristic exhaust velocity, c¥, ft/sec

NACA RM E56A19 o 43
5400
HEydrazine
5000 / :;;ﬁ; - -
//-f ---—_____“\-
y. ‘ \'\ T i
’ ! B
/ Chenber
4800 ' dlameter,
. in,
! —_——— 1.0
1.5
- — — 2.0
4200 : L :
5200
omt—| _UnE
.A P il T =
s g - s il SR N
1// 4
. / gl
- A
f/’
4400
0 2 4 6 8 10 12 14

Chamber length, in.
(b) As function of chamber length.

Figure 7. - Concluded. Effect of chamber dlemeter on characteristic exhaust
velocity c* at a B of 0.80.
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Figure 8, - Corrslation of reactivity with initial N0 concentration.
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Flgure 9. - Experimemtal spparstus for determining niring efficiency of injectors.
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Temperature rise, OF

80

40

NACA RM ES6AL9

o

Initlal block temperature

{degrees sbove initial

temperature of reactants)

Theoretical final

temperature

20
]
60
Q - — . —
—T | L 97 Percent
/o/ coamplete mixing
40 P I
! .
Bnd of mixing cup in Injector -
70 percent mixed at this point
| |
= Initial block
20 : temperature
[}
! .
|IEnd of block
1in mixer
ot
60
R N i
s
Lo~
40 /r
20
Initial block
temperatura .
o] 1 2 3 4 5

Figure 10. - Temperature rise as function of distance along mixer for

Distence fram contact point of fluids, in.

three Initial block temperatures.
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Diemeter increasa per ssaccond, in.
8

7065

f’p -
\—"#
"'
,..f"'\ Date teken at  Rominal Charecteristic
- o LO" 1.8, o radial position length, I#, in,
- - 1 -0 ter, in.
=~ 0 1eand2 1.0 50
S~ (data averaged)
e D 1and 2 1.5 100
! S (data averagsd)
T ] A 1
| v s 2,0 300
I

Rndial position 1

FPoaition 2

™
A

Fozzle faoe
T ; \l\ 1.5 in,
(/ I‘/ / .\\\ N 1.0 2.0
llL o I ‘\i\\-é\ |
——
Aaptor face
0 Jl. | 2 ] 4 5 6 7 3

Distance from injeotor facs, in.

Flgwrs 11. ~ Brosicn pattern and its relation to diemetsr and ohamber geometry. Fnel, hydrazine.
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0
-10 /
20 - /
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Figure 12. - Example of graphical calculatlion of flow constants X, ard
Xg for hydraiine. . .
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