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EXPERIMENTAL ROCKET NOTOR PERFURMANCE
VITH YMITS FUMING NITRIOC ACID AND
JP-4 AT 1000 PSIA OOMBUSTION PRESSUEE

3Y

Dsldert B. Robison

. 1o INTRODUCTION

The research program, of which the experimsnts reported hereia
fora a part, is concernsd with obtaining experimental data pertinent te
the performance and general characteristics of a rocket motor operating
at high combustion preossures using whits fuming nitric acid (WFNA) mmd
jot propulsion fuel (JP=l) as the propsllants. Soms of the experiments
were conducted using JP-3 as the fusl, and some using JRul,

In addition to investigating rocket motor porfom. average
heat transfsr rates were measured for the combustion chamber and the noszls.

At least 95 per oent of the thsoretical (fresen cemposition) val-
uss of specific impulse for the propellants was odbtaiped ut all mixture
ratios by utilising a triplet type injector in conjumstiqn with a turbdu-
lence ring similar to the ons dsscridbed in reference 1.

11, PERFOENANCE AND HIAT TRANSFIR AT
1000 PSIA COMBUSTION PRESSURE

Mgure 1 presents the specific impulss I p’ the thrust oweffi-
clent Of. and the characteristic velocity 0®, uncorrected fer the heat
transferrod to the cooling water, as functions of the mixturs ratiolo
The theoretical values fer WINA and n-octans, based on frogen equilidrium
couposition (references 4 and 5) are also presented for cemparison., It
1s seen that the maximm values of specific impulse, thrust coefficient,

oxidizer weight flow rate
fusl weight flov rate

1l
RESTRICZED

1. Mixture ratio = 0/F =
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and characteristic velocity occur at a mixture ratio of appreximately
4.6, Teir respective valuss are I'p = 248 1b sec per 1b, 0, = 1.55,
and 0® = 5150 ft per sec,

Jigure 2 presents the experimental specific impulse corrected
for the heat transferred to the cooling water, Icpo' and is compared with
the theoretical valuss mentioned above. A smooth curve drawn through the
experimental points indicates that the maximum corrected specific impulse
1s 256 1b-sec per 1b and asccurs at a mixture ratio of 4,6, Ik the mixture
ratio range 4 to 5.5 there is little difference between the experimental
valuss of I.p and the theoretical values,

In the mixture ratio ranges 2.8 to 4 and 5.5 to T8 the experi-
mental values of I.p are smaller than the theoretical values, and the
difference bdetween the two values tends to increase as the mixturs ratio
departs from the optizum value of 4.6, Bince ons injector, in conjunction
with a turbulensce ring, was employed over the entire mixture ratio range
of 2.8 to 7.8, the differential pressures acting on the oxidizer and fusl
orifices differed widely at the extreme limits of the mixture ratio range.
Jor example, the pressure drop across the fuel orifices decreased from
200 psi for a mixture ratio of 3 to 50 psi for a mixture ratio of 7, while
the corresponding pressure drops for the oxidiger orifices increased from
120 psi to 245 psi. 1t seems reasonable to assume from previeus work
conducted at this laboratory that if the experiments had been conducted
with several injectors, each designed for the particular mixture ratio
being studied, the difference between the corrected experimental values
of Iop and the theoretical values would be much smaller,

Yhen the rocket motor was operated with rich mixture ratios
below 3, the combustion tended to be rough, but no serious instability
was encountered. "Smeoth” sounding, stable operation was obtained in
the mixture ratio range of 3 to 5, V¥With mixture ratios leaner than 5,5,
unstable combustion was generally encountered, but not always, Stabdble

operetion was obtained at leaner mixture ratios with the first 6-point

3
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injestor (211-6%-1) employed than with the second (211-63-2), The enly
difference bdetween the two injectors was that the pressure drops acrese
the second was slightly lower,

Figure 3 presents the average heat transfer fluxes for the com-
dustion chambder, the noszle, and the over=all hemt trausiar flux fer the
rockst metor. The evarwall heat transfer flux is defined as the ratio
of the sum of the nossle and the comdustion chamder heat transfer ratee
te the comdined inside surface area of the twvo components, The overwall
heat transfer flux does not include the heat transferred (approximately
6 per osnt of the tetal) te the turdulence ring.

Although the data presentsd in Fig. 3 are ssmevhat scattered,
the dspendency of hsat transfer on mixture ratio is quite evident, The
trend of the data indicates that ths maximum value for the average heat
transfer flux for the noszle was 8,3 B/ s00-1n° and occurred at a mixture
ratie of 4,8, The average heat transfer flux for the combustion chsmbder
was a mariwum at a mizture ratio of 4,5, having the value 4,2 B/sec-1n>,

The detailed experimental data obtainsd at 1000=psis combustion
presgure are tadulated /-~ Table 1, Appendix A,

111s XFFRC? OF COMBUSTION PRESSURE ON PERFORMANGCE AND HEAT TRANSFER

- It 1o of interest to compare the performance of rocket motore
eperating at 1ooo;pu. oemdustion pressure with that of motors operating
at comdustion pressures eof 300, 500, and 700 psia, The performance ef
WYIEA and ﬂ-lj for the latter combustion pressures is presented in refer-
ences 1 and 2, and was edtained under the same program as the 1000-psia
data reperted herein, Geemetrically similar motors, each dsveloping 500
peunds thrust, were employed throunghout the program.

The effect of coxdustisn pressure on the corrscted specifisa im-
pulee fer mixture ratios of 3,0, 4.5, and 6.0 i# shcow= 2n Fig. 4%, Except
for p, = 1000 psia and 0/¥=4,5, the experimental values are all lower than
the theoretical values, the average differences being l.4 per cent fer a
mixture ratio of 4.5, and 3.6 per cent for mixture ratios ef 3,0 and 6,0,
The experimental specific impulse may not represent the maximm valuss

that can be asttained for mixture ratios of 3 and 6, They de, -iovonr. repreo-

sent the performance that can be expected if ons injeoter is employed fer

5
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the mixture ratio range of 3 to 6,
The variation of the experimentally determinsd specific impulse

with combustion pressure is reprosented closely by the exponential curve

(T o) = um>2(;°-_2 - Op, (1)
in which C is a constant and m is the slope of the sxperimental curve,
Both the exponent m and the constant O have different valuss for different

mixture ratios.

Bxploying two points on each experimental curve shown in Mg, ¥,
the follewing ejquations were determined for the combustion pressure range
of 300 to 1000 psia, For the optimum mixture ratio 4,5, the marimum csr-
rected specific impulse is given by

1o = 113.2 p°°°.118"' 2 0.5 1b-sec/1b (2)

Tor the mixture ratio 3.0,

o 0,1090
1o = 110.2 3, ~ 0.5 1b-sec/1d (3)

and for the mixture ratie 6.0

14

= 95,91 ,24353 1.7 1b-sec/1b (%)

I'P"
Ngure 5 shows the effect of combustion pressure sn the heat
transfer. The shaded areas represent the maxima and minima, due to scate
‘ering of the data for the peak heat transfer flux, for combustion pressures
of 300, 500, 700, and 1000 psia, At each pressure, the maxiswm aversge
heat transfer flux was obtained in the mixture ratio regime 4.5 to 5. The
naximum heat tranafer fluxes for the noszle and the combustien chamber at
1000 psia are both appreximately 3 times the respective values measured
at 300 psia.

e experimentally determined heat transfer fluxes are repre-—
sented within b 0.5 B.leo--i.n2 by the following linsar equationst

8
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Nossle, qn/lh = 0,00786p, +0.04 (5)
Chamber, %/Ac = G.00419 p, = 0.39 (6)

It 418 interesting to note that the nossle heat transfer flux is essentially
dirsctly proportional to the ocombustion pressure, and that within the scat-
ter of ths sxperimental data, the comdustion chambder hsat transfer flux
oould also be considered as bdeing proportional to the combustion pressure.

During the course of the experimental work a short investigation
was nade of the sultability of availadble ceramic materials as liners for
the comdustion chamber and noszle of a 500 1b thrust rockst motor opera-
ting at 1000-psia. All of the ceramic liners failed in lsss than one
second of operation, dut the ceramic 1lined comdbustion chamdbers were un-
damaged after firing durations of 10 seconlis. No effort was made, how-
over, to establish the life of those liners,

1Y, CONOLUBIONS

l. The maximwm performance of a rockest motor operating on WHIA
and JA-4 at 1000-psia combustion pressure and produsing 500 pounds thrust
ocours in the mixture ratio regime 4 to 5. HMore specifically, the trends
of the experimental curves indicate that a maximum specific impulse of
256 1b-se0/1b can de obtained at a mixture ratio of 4,6, This is a 4,5
per cent increase above the fiaximum valus obtained at 70O-psia oombustion
pressure, and 15.4 per cent greater than the maximum value obtained at
300-psia combustion pressure. '

2. %he theoretical specific impulse based tpon the frogen equi-
1ibriuwm oom'politioni glven in reference U closely approximates the experi-

mental corrected vaiues in the mixture ratio regime 4 to 5.5, Fer mixture '

ratios less than U4 and greater than 5.5, the experimental valuss vere

lover; e.g., 3 per cent less at a mixture ratio of 7.5, and 1.7 per cent
less at a mixture ratio of 3,0, The departure of the experimental per-
formance from the theoretical values for mixture ratios above and below

the optimum range may have been dus to poor mixing provided by the injector.

10
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It may, therefore, be possidls to improve the performance at the extreme
mixture ration by employing an injector designed for the required mixture
ratio.

3. Jor the oombustion pressure range 300 to 1000 psia, with
mixture ratios between 3 and 6, the specific impulse corrected for the
heat transferred to the oooling water can bde represented within 1 per
cent by the exponential equation

Tepo = 0 %

in vhich O and » are oonstants which depend on the mixture ratio.

4, The maximum average heat transfer fluxes obtained at 1000-
pesia comdustion pressure for trhe ncz:zle and the combusticn chamber are
both approximately 3 times those odtained at 300 psia. ¥ithin the experi-
mental srror, the noszzle and oomdbustion chamder heat transfer fluxes can
be expressed as linear funstions of combustion pressure, and are bdoth al-
most directly proportienal to the combustion pressure,

5. No difference between the performance of JRA-I and WIFXA
and that of JP-3 and VHA was detected.

6. It appeare that us good performance can be ebtained with
a 6-impingement point triplet injeotor as with a 12-impingement point
triplet injector when esither ie employed in conjunction with a turdulense
rin‘.

T It e diffioult to cdtain stadble comdbustion throughout the
complete mixture ratio range of 2.8 to 7.8 with only ene inleotor. Un~
stadble combus:lon occurred more frequently for mixture ratioe leerzc: than
5eH5e T operate over such a wide rangs of mixture ratios with ons injeotor
and ¢till maintain supercritical pressure drops across the injector ori-
ficee may require differential pressure of the order of 300 to 40O pst at
the extreme onds of the range. It is realized that the phenomenon of in-
stadbility is not as yet well understood, and that the injector pressure
drop and the quality of the mixing of ths propellants after Jnjection may

11
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or may not be the principal cause of ths comdbustion instability.

8. A water-cooled copper nogzle can dbe employed satisfactorily
at 1000=psia comdustien pressure with a coolant flov rate of approrimately
1 1b per sec, and a preesgure drop of approximately 760 psi. Xt appears,

hovever, that th. copper nozzle will require some type of external surpert,

for example from the filler dlock, to prevent duckling.

9., Nons of the ceramic materials tested 1is utiofactoi'y Lor
the noszles of uncooled rocket motors which are to operate at maximum per-
formance at IOOO;pota combustion pressure.

10, It may bde possidle that ceramic linsrs may withstand the
conditions prevalent in the comdustion chamber, but more experimental
information is required to estadlish that consclusion,

Y. IBSCRIPTION OF EXFERIMENTAL ROCKET MOTORS

Four rocket motors, each having an L® of 100 and designsd te
produce 500 pounds thrust, were employed for the investigation conducted
at 1000-psia cormbustion pressure. Three of the motors were wuncooled sad
vere utilised for odtaining starting-up characteristics and preliminary
performance information. One of the uncooled motors consisted of a nia-
frax comdustion chamder and noszle cemented in a mild steel retainer,

T™he second uncooled motor comprised a "Borolits I® noszle and combustioen
chamdber cemented in a mild steel retainer. The third unsooled motor con~
sisted of a stainless steel comdustion chamber and a solid copper nozsle.

The fourth motor was water cooled and was the ons employed fer
obtaining all of the performance and heat transfer data roport;od herein,
Mgure 6 1s a cross—section through the experimental moter, Ngure 7 is
a photograph giving an exploded view of the motor assembly. The combus—
tion chamber comprised an AISI type 347 stainless steel cylinder with
helical grooves machined in the outer surface to form a helical soolant
passage of rectangular cross section. Two combustion chambers of the
latter design were employed during the investigatien,

12
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Three water-cooled copper norzles vere employed in the course of
the investigation. Ons nozzle employed a helical coolant passage formed
by silver soldering copper wire to the outer wall c¢f the copper liner,
That design proved to be unsatiefactory becauss ths high coolant pressure
deformed the wirs theredy odstructing the coolant passage. In the twe
other copper nozzles the helical coolant passages were machined in their
outer walls, JFigure § illustrates the method employed for introducing
the cooling water around the nozzle. The arrangement shown provides a
unifora decrease in cross-sectional area of the coolant passage from the
coolant inlet section to the wall of the copper nozzle, and in addition
eliminates stagnation of the coolant at the inlet and outlet sections,

Three triplet-type injectors were employed during the course

of the experiments; ons hai 12 impingement points, and two had 6 hxpingo—.
ment points. The general configuraticn is illustrated in Fig. 6. 4oid
is ejected from the outer and inner rircles of holes, while fusl is e jected
from the circle of holee located between the two. All of the reported
data were obtained with a triplet—type injector operating in conjunstion
wvith a turbulence ring. ZXeach injector was designed to provide a pressurs
drop greater than 50 psi for ths mixture ratio regime 3 to 7o The pres-
sure drop versus flow rate characteristics for the turbulence ring and
for each injector are presented in Figs. 9, 10, 11 and 12, Te type of
impingement and the resulting spray pattern produced with water dy the
12-point injector is shown in Fig. 13. The photograph was taken befors
the injector was employed for a firing test. INgure 14 is a photograph
of the spray pattern prodused by the same injector when equipped with a
turbulence ring.

Vi. IESCRIPTION OF APPABRATUS AND INSTRIMENTATION

Except for the following changes, the test apparatus employed
for the experiments reported herein was identical to that descrided in
references 1 and 2,

A Waterman flow control valve was installed at the coolant out-
let section of the combustion chamber, and was adjusted to provide a flow
15
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FLOW RATE, LBS./SEC.

Turbulence Ring.

Fig. 9. Pressure Drop vs. Flow Rate for 1000psi
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rate of 1 1b per sec, an inlet pressure of approximately 400 psia, and
an outlet pressure of 230 psig. The coolant (water) for the combustion
chamber was supplied dy a centrifugal pump.

An air-pressurised cooling system was utiligad for supplying
cooling water to the nosszle, The flow rate wvas adjusted te aprroximately
1 1b per sec by means of a hand valve connected to the noszsle coolant
outlet. The coolant pressure was adjusted to appreximately 1C00 psig at
the inlet and 200 psig at the ouilet. BSinoce the coolant supply tank was
pressurized from the same compressed air supply used fer pressurising the
oxidiger supply tank, the noszle coolant pressure and flow rate varied
slightly from one firing test to the next depending upon the propelleant

mixture ratio,

The bipropellant valve employed was n.ln.god from YRL13-AJ=5
JAD® unit and was modified to provide a more positive shut off and a
slover opening speed., The pintles were redesigned ia the manner pre-
viously descrided in reference 3.

Reluctance type transducsrs, desorided in =sferences 1 and
3 were employed for measuring pressuros, differential pressures, and
thrust. The flows of cooclant wvater to the nogzle and combustion chamber
were measured by means of Flewrators, and ths flew of coolant water te
the turdulence ring calculated by means of Fig. 9 from nmeasurements of
the upstream coolant pressure during the run, All other flews were meas-
ured with sharp-edge orifices in conjunction with reluctance type differen-
tial pressure transducers, 4 more dstailed discussion ef the instrumente~
tion and testing procedures employed is presented in reference 3,

YIl., DISCUSSION OF EXPERINENTS

BRans 172 to 180 were made primarily to obtain information con=-
cerning the operating characteristics of the entire system. The first
run (Run 172) at 1000-msia combustion pressure was made with an uncooled
moter (steel comdustion chamber and copper nossle) to obtain star ting=up
characteristics. The motor started smoothly, but a minor explosioan ocoured
a
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on ehut~dewn, JFor run 173, the water cooled comdbustion chamber was em~
ployed. Tha combustion chambder performed satisfactorily, but the unceeled
copper nossle burned out in less than 5 seconds. A water-ceoled nossle
wvas installed and the moter was run at T0O-peia combustien pressure. %The
nossle burned out at the throat after 35 seconds of operation. Judging
from the poeition of the scale deposit in the coolant passage, the "burn-
out” was caused by boiling ef the coolant. Runs 175 te 179 were made with
the ceramic motors to obtain more complete information on eperating charao-
teristics. All of the ceramic noszles dburned out at the threat in lese
than 10 seconds. In most instances the burmout started in less than one
gsecond,. JFigure 15 is a phetograph of one of those nosgzles after firing
showing the burnout as viewed from the divergent end of the nossle.

A water-cooled copper nossle (¥0-Ou-1) was installed for Bun
180, After 3 sec of running the noszle coolant flow rate decreased and
the motor vas shut down, Choking of the coolant flow dus te the genera-
tion of steam in the coolant passage appeared to bde the canse of the decrease
in the coolant flow rate,

A larger cooiant flov rate wvas employed for Run 181, The moter
performed satisfactorily for 24 sec. After the shut down, however, a
szall hole was discovered in the nozzle just downstream frem the throat.
Disassemdbly of the nogzle showed that the high coolant preesure had forced
the copper nozzle away from the filler dlock, and had allewed the coolant
to by-pass the coolant passage. ZEvidence of boiling was present in the
region of the burnout. The coolant passage of the latter nossle wvas formed
by eilver soldering a ocopper wire around the copper noxzle,

Tor BRuns 182 to 187 a copper nossle (¥C-Ou-2) having machined
coolent passages and a uniform wall thicknets (0,15 in) was employed.
That noszle performed satisfactorily for run durations up te 39 sec.
After Run 187 the noszle had becoze deformed dus to the high coolant pres-
sure to which it had been expouud. It was replaced by a nev nossle (¥0-Ouw-3)
vhich was designed with a tapered wall to improva its ability to resist col-
lapse when exposed to high coolant pressures. The deformation cccurred

22
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Fig. 15.

Divergent Section of Ceramic Nozzle Showing Burnout at Throat

Fig. 16.

6é-point Injector Showing Burned Area Around Injection Orifices
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principally at shut-down wvhen the nossle was hot, and was unsupported dy
the gas pressure,

e thicknsss of the wall was increased to 7/16 in at the ces~
bustion chamber end, tapered uniformly to 0.212 in at the threat, and
then inoressed unifermly te 0.25 in at noszle exit. 4 1/16 in deep coslant
passage was n&:hiud in the outer wall of the nossle. The nossle assemdly
included a split filler dleck, equipped with springs, fer holding the
block firmly against the lands of the coolant passage. Figure 6 illus-
trates the nossle assemdly. Sati"lfaotory operation of the nossle design
presented in Mg. 6 was obtained throughout the remaindsr ef the investi-
getion (Buns 188 to 204), The above mentioned design d1d not totally pre-
vent the copper nossle ‘ﬁ'on oreeping away from the filler bdblock. After
approximately three or four runs it was generally necessary to force the
copper lands bdack against the filler dloock. This was dons by driving
tvo iron cones simultansously into the converging and diverging sectiens
of the nossle.

A 12-impingement point triplet-type injector was employed fer
Runs 172 to 187. 8Slight burning ef the injector face in the region of
the fusl holes ocoured during each run. NXoreover, the small fusl holes
employed with the aforementionsd injector tended to plug up with carden;
the small holes vere required to produce a raasonable pressure drop acress

"the fusl holes. Whether the plugging occurred during the etarting-up

period, during the run, or at shut-down was not determined,

To overccms the plugging of the fusl holes encouanter2d with the
12-point injector, the latter was replaced by a 6-point triplet injector
(211 -57-1). The latter was designed to provide a higher pressure drop
across the injection orifices and ’bo_ttor cooling of the downstream face
of the injector. Injecter 2t1-63-1 was employed for Puns 189 te 195,
Figure 16 shows the injector face after it had been used ‘for 7 runs. 4
small amount of durning occurred principally around the indboard acid ori-
fices. The burning appeared to stop after it had progressed to a depth
of approximately 0.05 in, leaving a wall thickness of appreximately O.l inch,

24
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An explosion caused by leakage of the starting fusl (furfuryl-
aloohol mixed with aniline) into the acid manifold occurred on Run 195,
and the injector manifold section was danaged deysnd repair, 7The mani-
fold section was replaced with another of identical design. Msasurements
of the preesure drops across the acid and fusl holes of the new injector
showed them to be somewhat smaller than those for the previous injecter
for the same flov ratee (see Mgs. 11 and 12), A dipropellant valve sal-
vaged from a YEL13-A J=5 JAT unit was modified to prevent leakage of the
propellants into the injector manifolds dy including O-ring seals in the
pinties, In addition, the Teflon seats were replaced with aluminum seats.
The redssignsd dipropellant valve operated satisfactorily for the remainder
of the investigation, Buns 1396 to 204,

JP-3 was used as the fusl for Runs 172 to 193, JYor Runs 19%
to 204 inclusive the fuel was JP-l, No dietinguishadle differences were
obdserved in the starting-up, the combustion, and the perfermance charso-
teristics of JP-3 and JP-4,

VII1, EXPIRIMENZAL IRBOR

The calculations of performance and heat transfer for the rockst
motors were made on an IB card program computing machins in the manner
previously deecrided 2n reference 3.

The method employed for estimating the accurasy ef ths sxperi-
pental performance is also discussed in detail in reference 3. JNmploy-
ing the customary differential caloulus method for small errers, ths ex~
pected maximum errer in the performance parameters were caloulated for
Bun 204 by means of the IBM computer, the errors being 1.5 per cent fer
the specific impulse, 1.4 per cent for the thrust coefficient, and 1.9
per cent for the characteristic velocity. Though the errors vary slightly
frorz ons run to the next, they are of the same order a: those given adovs,

Jor the data employed in Figures 1 and 2.. the maximum deviation
of the combustion pressure from 1000 psia was 2.9 per cent; however, the
average deviation was 1.0 per cent. The maximum scatter of specific

5
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impulse dus to the deviation of combuiution pressure is from equatien 2
(see alse Tig. 4) 2 0.9 sec and tho average scatter 1s 0.3 ses for a miz-
ture ratio of 4,6, Thus the offect of the deviation in combustion pressure
from 1000 psia is within ‘ho accuracy of the experimental measurements.

Figures 1 and 2 do not include the runs vhich are marked with an
asterisk in Tadle 1, Appendix A, 8Some of the runs so aarked were utilised
only for testing the starting-up charasteristics of the motor. In others,
instrumontation or mechanical failure in the system prodused unreliadle
informatione It may Do noted in the comments of Tadble 1 that instadbility
vas omonnto-nd during the runs which are marked with a doudle asterisk,
In many instances during an unstable period of the run the variation of
propellant flow rate and coolant temperaturoe was so large and so rapid
that the respective recording instruments could not respond ascurately.
JMgure 17 shows the oscillegraph record of Run 202, and illugtrates the
transition from unstable to normal combustion., During the run the com-
bustion alternated to and from unstadlo operation several times with ne
definite period of transition.. Jor comparison a smooth run is shown
in Ng. 18, '

The inability of tho rocording potentiomoter to recerd the
pressure drop across the metoring orifice employed for dstermiring the
propellant flew rate when unstable combustion was encountered, is illus-
trated in Fig. 19. Fguro 19 shows the trace of the oxidiser metering
orifice pressure drop obtained from a stadblo run (Bun 204), and the trace
from an unstable run (Bun 202), The stablo and unstable periods can de
detected easily by sorparing the trase with the osolllegrarh rscerd in
Ng. 17. During stablo operation (normal combustion oscillatien) the
trace is relatively flat, but during unstadle operation the trace wanders
or drifts. Judging from tho oscillograph rocord, particularly that of the
nogzle coolant temperature (potentiometer trace not shown), the trace pre-
duced by the recording potentiometer because of its drifting character
does not indicate the correct avorage value of the flow rate, but rather
indicates the lnability of the recordsr to assume an avorage valus vhen

there sre combustion vidraticns.
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Acid Flow Rate Orifice Meler //lustrating a Stable
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LI8T OF XY~BOLS

= gurface area of comdustion chambder
= gurface area of nossle

constant

= thrust coefficient

= characteristic velocity

T = thrust

G = oxidiszer flov rate

Gf = fusl flow rate

Gp = total propellant flew rate

I.p- specific impulse

I'PO- specific impulse corrected for heat transfer
a = constant

0/F= ratio of oxidizer flew rate to fusl flow rate
P, " combustion pressure

2.2 ouh o
[ |

qc = gombustion chamber hesat transfer rate
q = nostle heat transfer rate
L P turbulence ring heat transfer rate
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