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ROCKET THRUST VARTATION WITH FOAMED LIQULID PROPELLANTS

By G. Morrell

SUMMARY

Flow theory of liquld foems was applied to the rocket-engine injec-
tion process. By foaming the propellants and thereby changing thelr bulk
densities 1t 1s possible, in theory, to vary rocket thrust continuocusly.
An anelysis of the method, assuming constant orifice flow coefficients,
is presented and discussed.

Data from prelimlnary experiments in a 1000-pound-thrust emmonils -
nitric acld rocket engine sgreed only qualitatively with theory; two to
six times the theoretical gae-flow rate was required in the experiments.
It was demonstrated, however, that the "foam-flow" method of thrust vari-
ation is feasible.

IRTRODUCTION

Continuous thrust varistion in rocket enginee (throttling) is es-
pecilally desirable for piloted aircraft spplicatlions. In guided missiles
the use of a single powerplant for both boost and sustainer operations
would be possible; vernier thrust control near cut-off is another possi-
ble field of epplication. Gurrently, rocket-thrust veriation is accom-
plished by using multiple fixed-thrust cylinders.

Mechanical methods for varying thrust by injection orifice control
are described 1n references 1 and 2. This report describes a method for
controlling thrust by verylng propellant deneity. Continuous density
varistion is achleved by foaming the propellants with an inert, insoluble
gas. To maintein high propulsive effilciency, the exhaust-nozzle area
mist also be varied. This complementary problem of exhsust-nozzle-area
control is treated in reference 3.

Foam-flow theory 1s discussed in reference 4, and has been applied
to the hydroduct, an underwai.er propulsion device, &g reported in refer-
ences 5 and 6. Ref&rence 6 also reports experimental data which are in
substantial sgreement with theory.
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In this report the foam~flow theory is applied to the injector ori-
fice of g rocket engine to calculste the reductlon in the propellant flow
as a function of the ratio of the flow rates of the inert gas and the
propellant. Other perameters involved are the initial injectlon pressure
ratio, the gas specific heat ratio, and & term including the fluild

properties.

Several preliminary experiments were conducted In a nominal 1000-
pound~thrust ammonia = nitric acid rocket t¢ measure the reduction in
ligquid flow over a small range of gas flows. The devliation of the re-
sults from calculated values is discussed as well as the feaslbility of
this method of thrust control.

SYMBOLS
The following symbols are used in this report:

A crosg-sectionsl sares

Cp orifice discharge coefficlent

g conversion constant

P pressure

R gas constant

T ebsolute temperature

u velocity

v volume

W weight

w welght-flow rate

o ratio of injectlon pressure to chember pressure for full flow,

pl/p , dimensionless (see subscript list)
c,0 .

B R‘I'pI/pc, o» dimensionless

T ratlo of specific heates, dimensionless -

ratio of part-thrust flow rate to full-thrust flow rate, w—,’/wz,o,
dimensionless

ReTs
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& ratio of gas~flow rate to liquild-flow rate, wg/wz, dimensionless

o] propellant density

T retio of pert-thrust burning time to total burning time,
dimensionless

®  ratio of discherge coefficients, CD,I/CD,f’ dimensionless

Subscripts:

c combustion chamber

£ foam

g gas

1 liquid

o full-thrust condition

th  theoretical

1 upstream of injJection crifice

2 injection orifice dischasrge stastion

ANATYSTS

In the following anelysis, expresslions are derived for the reduction
in liquid flow as & funcition of the gaes to liquid retioc & for several
values of o and B and for™d value of y of 1.67. Two flow cases are
treated: compressible, isothermal gas flow, assuming thermal equillbrium
between the gas and the liquid and essentially constent internal energy;
and compressible adisgbatic flow, assuming no interchange of energy between
the gas and the liquid. In both cases, any heat transfer between the
fluid and the surroundings is lgnored.

Derivation of Flow Equstlions
The foam-flow equatlions are derived on the basis that the gas is
uniformly dispersed and is insoluble in the liquid and that the flow is
one-dimensional. The continuity equation is

Wg'i'Wz ='Wz(l+5)=pA.u (l)
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Gas and liquid volumes may be considered additive, so that

vﬂvg+Vz
or since

V=
0

Wg + W Wg + W1
P Pg Py

Substituting the gas~-liquid ratio

(2)

The simplified Euler equation for one-dimensionsl compressible-flow 1s
vwrltten as

adn 2 _o (3)

In solving equation (3), the following assumptions were made: (1) flow
velocity at stetion 1 lIs negligible compared with that at station 2
(2) at station 2 the pressure is equal to the combustion-chamber static
pressure, that 1s, py = Doj (3) the cheracteristic velocity based on

liquid flow (pcAtg/wz, where A 18 nozzle~throat area)} remeins constant,
or poo wy; (4) the liquid flow is isothermal; (5) the gas behaves ideal-
ly, that is, = p/RT; and (6) the propellant mixture ratio remains

constant.

Pg

Integration of equation (3) for the case of iscthermal gas flow
after substituting equation (2) yields

2g Py Py =P
uz:-‘/l_‘_s(BRTlnp—c--F———pz (4)

Ll

852y
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and substitution in equation (L) gives

w -
1 Op, P2 ‘/ 28 PL  Pp - Pe
B, " T+c ¥Tre \RTIng -+ py

(5)

b P -P
ch‘/__zﬁ_ eRT 1n = 4 L "-C
J 1L+ & Pc pz
= & 1

RT

_— =

Pe pZ

where the discharge coefficient has been introdnced. For no gas flow,

¥1,0
-I;— = Cp,1 Vg py(p - Pc,o) (8)

Dividing equetion (5) by (6) gives the liquid-flow ratio,

‘/ 1 [aRTp-L 1n py/p. + (py - Pc)]
w3 1 +€ B - Pc,o

W = i eRT
1,0 m( By +l)
Pe

(7)

By letting Pl/Pc,o = o, and RTDI/Pc,o = B, and since

S = wi/wl,o = Pc/Pc,o’ equation (7) mey be reduced to

1 &B [ -
5 ‘/l+c(a.-lln5+or.-l)

a)(%’- + 1)

or

sB.ln%+d.-8

202 2
e + 2685 + B° =
P P o®(1 +&)(a - 1)

(8)

e,
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If on the other hend the gas-phase flow through the Injector is
adiabatic, the gas density derived from the 1deal gas law and the adia-
batic equation of state is

p/Tp, (r-1)/t

which upon substitution with equation (2) in equation (3) followed by
integration yields

-1 r-1
Up = 2g EY i Y - T 1+ P~ Pe (3)
2% [Trely -1 1=\ Pe o
p, ¥

Following the ssme procedure es sbove and substituting equation (9)
in equation (1) gives the liquid flow per unit area

-1 =1 .
Cp 2g | er 1 PLT— pL"_ +Pl Pe
8 [l +e |y -1 -1 1 c Py
W pa ¥
1 L
-— 1
A‘Z = &RTl 1 ( 0)
Tt
T Y
Pe Py

Division of equation (10) by WI’O/AZ from equation (B8} ylelds the
liquid ratio

=1 r-L
2 Ry |pp ¥V -2, 7 Py -
P ey 1 1 1~ Pe
T+ ¢ -1 -1 2
Y =1 |pylpy - 2, ) pI(Pl -p. )
W P Y C,O
1 1
= = (11)
1,0 GRTlpZ
o(To =zt
r_ T
c Pl

8G62%
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Agein, by letting & = wy/wy o = /P os & = P1/Rc,or 2nd
B = RTlpz/Pc,oJ equation (11) becomes

1 y-1
1 i B a -37T &= S
I+&e |y -1 y~1 a -1 a - L
B = @
&g
@ E.I:E + 1
BTm T
which reduces to
g(}:i) 2r-1 l- =1 r-1
T T T Y -
2(3 2 2B Y er 2. 1 Y8 al -3 _{_-(a. 5)
B (a,) (5 )+£——T-__l)s + 5 mZ(l_'_e) L:]_‘ -1 a -1
¥ (r-1)a”
(12)

Equations (8) and (12) were solved on a card-progremmed calculator
for several values of o &and B, for a single vdlue of (helium gas
essumed; v, 1.67), and for a constant discherge coefficient, that is,
when o equals 1. The lesst condition was assumed in order to simplify
the calculation. There is no experimental evidence either to support or
negate thls assumption. Figures 1 and 2 show the reletions between the
liquid ratio B and the gas-to-liquid ratioc & for compressible, iso=-
thermal flow and compressible, adisbstlc flow, respectively. The depend-
ence of & on « 1s shown in figure 3, and the dependence of € on B
ie shown in flgure 4 both for a & value of 0.5.

Discussion

In terms of gas requirements, adisbatic ges flow is less economical
than isothermel flow. From the nature of the Plow process, especlally
the short stay time in the Injector, 1t sppesrs probeble that the amount
of energy interchange between liquid and gas will be small, and the gas-
phase flow will be more nesrly adisbatic than isothermsal.

For the o range normally encountered in rocket practice (1.1l to
1.3), injection pressure has a large effect on gas economy. From flgure
3 it appeears that engines using the foam-flow technique should be de-
signed with injection pressure ratios in the range of 1.5 to 2.0, if
possible.

Jillesnma
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The parameter f also has a large influence on gas economy; the
larger the value of B, the lower is the value of & for a given value
of 8, as shown In flgure 4. In effect, this means that for a given gas
and. chember pressure, foam-flow thrust varlstion 1s most prasctical for
high-density propellants. In the following teble are listed values of
B for several propellants for the case where R ig 386 foot pounds per
pound per °R (helium gas) and Pe,o0 is 450 pounds per square inch:

Propellant |T,, Py B
°R |1b/cu ft
Hydrogen 37 4.4 0.97
Oxygen 187 T1 70.
Ammonia 460 41.3 113.0
Jet fuel 530 47 150.7
Nitric ecid|530 83 290.1

It is apparent ilmmedistely that fuel -~ nitric acld systems are hest
sulted to the foam~flow method of thrust varilastion, and that the method
would be ilmpractical for hydrogen systems.

To 1llustrate the applicetion of the analysis, the following example
is presented. The model chosen 1s & rocket missile using Jet fuel and
nitric acld gt a mixture ratioc of 4. Full-thrust conditlons were sssumed
to be as follows: thrust, 20,000 pounds; net specific impulse, 220 pounds
per second per pound; chamber pressure, 500 pounds per square inch; in-
Jection pressure, 650 pounds per square inch; and injectlon temperature,
530° R. Powered flight duration was held constant at 2 minutes, and
helium gas was used, which was stored at 3000 pounds per square inch and
530° R. For maximum total impulse the volume of propellants required is
140 cubic feet. Helium density et storage conditions, 1.93 pounds per
cubic foot, was calculeted from the deta of reference 7. The average
density of the propellants is 78 pounds per cublc foot, equivalent to a
B value of 222. When compressible, adlabstic flow is mssumed, the rela-
tion of & snd & from figure 2 is :

510.75 (0.5 0.25

£|0.0085 |0.0235{0.065

These data end assumptions were used to calculete the required gas and
liquid volumes as & function of the fractlon of total powered flight
time for one-quarter, one-~half, and three-quarters thrust operation.
The results of the calculatione are shown 1n figure 5. To provide half
thrust for helf the f£flight duration would require a gas volume equal to
about 30 percent of the lliquid volume. Total volume would be only

8S2%
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8lightly less than thst for full-thrust, full-duration flight. Since
high-pressure gas tankage wlll be heavier than liquid tankage on a unit
volume basis, it is clear that the foam-flow technique for thrust varia-
tion imposes a weight penalty on the vehlcle structure, even though the
gross vehicle welght is less than that for full-thrust flight.

How this weight penalty compares with the added weight due to mmi-
tiple thrust cylinders and the gear for verying injection orifice area
will depend on the flight program and vehlcle deslgn and cannot be stated
in generalized terms. Quelltetively, however, it is gpparent from figure
5 that the foam-flow technique 1s most advantageous for smsller values of
T and larger values of 8. For large values of 8, precise control of
gas flow may be a problem.

EXPERIMENTAT. APPARATUS

A short series of experiments were run In a nominsl 1000-pound-
thrust water-cooled rocket to check the anslysis. The propellant system
was ammonis - white fuming nitric acid (WFNA) with helium used as the
pressurizing and foaming gas. Each propellant was foamed separately
before entering the injection manifold. Flow-line sddition of lithium
metal to the ammonisa caused spontaneocus ignition in the combustor. A
schematic drawing of the flow system 1s shown in figure 6.

The thrust cylinder had an Inside diemeter of 4 inches and an over-
ell length of lég inches. The cylindricel portlon of the combustor was

8% inches long; nozzle~throat dlameter, 1%% Inches; and nozzle-exit diam-

eter, Sg inches. The characteristic length of the rocket was 47 inches.

The doublet-type injector consisted of 24 pairs of fuel and oxidant
orifices arranged 1n & circle with a mean diameter of 2.5 inches. The
fuel-orifice diameter was 0.0515 inch, and the oxidant-orifice dismeter,

0.072 inch.

Gas-Injectlon Device

Severel gas-injection devices were gqualitatively tested with water
in a transparent tube to check the degree of ges dispersion and flow
stebllity. The final deslgn, shown in the insert of figure 6, comnsisted
of a 2-Inch length of 5/16-diameter tubing with 220 holes, each with a
0.0135~inch diemeter, arranged In 11 circles of 20 holes each. The tube
wes fitted into a T so thet the tube axis colinclded with the through axis
of the T.
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Callbretlon of the gas-injection device with water as the liquid in
the propulsion system indicated thet flow was free from surges when the
gas=-injection pressure was not more than 100 pounds per squere inch
greater than the liquid-injection pressure.

Instrumentation

Flow rates of the propellants were measured by rotating-vane-~type
meters with an error of about 1 percent. Gas-flow rates were measured
by orifices with an error of sboul 2 percent. Pressures were measured
with strain-gage-type transducers having an error of sbout 2 percent.
Thrust was messured with a strain-gage load cell having an accuracy of
about 1 percent. Temperatures were messured with chromel-alumel
thermocouples.

Opereting Procedure

The engine wes started and operated st full-flow condlitions for
about 10 to 15 seconds, then helium was admitted and the engine cperated
at part thrust for an additionel 10 to 15 seconds. Operation was finelly
shifted to full-flow conditions for approximstely 3 to 5 seconds prior to
shut down 1n order to check the initial data.

RESULTS AND DISCUSSION

Datea for the four experiments performed are listed in tsble I.
Table IT shows the values of the analytic parameters asnd a comparison of
the experimental and theoreticel ges-liquld ratios. The assumptlon of
constant characterlstic velocity (chaﬂber pressure proportlonal to flow)
wes nearly fulfilled in the experiments as shown 1n teble I. The largest
deviatlon occurred in the second run. The assumptlon of a constant mix-~
ture ratio was not fulfilled in the first two runs, (i.e., & for the fuel
and the oxldant were not the same (table II)), which may account for some
of the variation in the chsrscteristic veloclty.

Comparison of Gas-Liquid Retios

Although the experiments definitely show that substantisl thrust
varletion can be obtalned by foaming the propellants to alter their bulk
density, the experimentsal gas~lliquid ratlos were about twlce the theoret-
lcal values for the fuel and three to six times the theoretical values
for the oxidant.

There are a number of prébable reesons for the discrepancy between
the experimental and predicted results: (1) the enalysis assumed the

RCGEY
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same discherge coefficient for foam snd liquid, and the experiments de-
parted seriously from this condition, as is shown in tdble IIT (discharge
coefficients were calculated by egqs. (6) and (10)}); (2) the gas-injection
device may not have produced a uniform geas dispersion since the design
was selected on the basis of gross visuel observations; and (3) the in-
Jector manifold design tended to produce & centrifugsl component of ve~
locity in the f£luid which may have caused gas-liquid separstions. The
anomaly of discharge coefficients greater then unity may heve been caused
by experimental error.

More research is needed to lmprove the foam-flow method of rocket-
thrust varlation. Studies are needed on the methods for producing wni-
form, steble foams and for the deslign of flow passages which will minimize
gas-liquid separation. The flow of foams through orifices should also be
studied to establish discherge coefficients as a function of the flow
conditions and the fluid properties. Since one of the propellants will
be used as a coolant, studies should be conducted on the heat-trensfer
charascteristice of foemed llquids. It might be expected that for moder-

‘ate ges-liquid ratios, the hest-transfer characteristics of foams will

epproach those for liquids under nucleate boiling conditions. It wes
found in water calibrations of the flow systems that large pressure dif-
ferences between liquid and gas produced intermlittent flow of liquid.
Flow of this type would. certainly result in low-frequency combustion os-
cillations in a rocket engine. When spplylng the foam-flow technlgue to
a powerplant, therefore, specilal attention will be required in the design
of the flow system to avoid this type of flow,

Operating Characterlstics

The trensition from full-thrust to part-thrust and back to full-
thrust was free from surge in all runs. Since the pressure difference
between liquid end gas was meintained at a low value, the combustion was
also free from oscillatlons.

CONCLUDING REMARKS

This work has demonstreted that it is technically feasible to very
rocket-engine thrust by the foam~-flow method. Research on several prob-
lems is needed in order to improve the efficiency of the process, partic-
ularly in view of the fact that two to six times the theoretical gas-flow
rates were required in the few experiments performed. Further than this,
detailed snalyses are required to establish the relative merits of foam-
flow thrust variation against mechanical technigues such as orifice-area
variation or pump-speed varigtion. It is quite probeble that no one
method will be best, but rather that the application and propellants
chosen will determine the optimum method.

SR
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SUMMARY OF RESULTS

An anslysis is presented on a method for continuocusly varying rocket
thrust by foamlng the propellants to change thelr bulk density. For e
given thrust ratio, the gas-liquid ratio depends on the full-thrust-
injector pressure ratio, the molecular weight and tempersture of the gas,
the liquid density, the normal combustion pressure, and the gas expansion
process, _

From a series of four experiments in a nominal 1000-pound-thrust
rocket using ammonla -~ nitric acid propellants with helium as the foaming
gas, the following results were obtained:

B8S2%

1. The technical feasibllity of the foam~flow method for thrust
variaetion was shown.

2. The experlmental gas-liquid ratios were two to six times the
predicted values.

3. The characteristic velocity for part-thrust operetion was within -
10 percent of that for full-thrust operation, indicating that foaming of
the propellants does not impair combustlon efficiency.

Lewls Flight Propulsion Lsborstory
Nationsl Advisory Committee for Aeronautics
Cleveland, Ohlo, November 27, 1956

REFERENCES

l. Bolt, J. A., et al.: Third Progress Report on Rocket Motor Throt-
tling. UMM~108, Eng. Res. Inst., Willow Run Res. Center, Univ.
Mich., May 1953, (USAF Contract W33-038-ac-14222, Proj. MX~794.)

2. Tomazle, William A.: Rocket-Engine Throttling. NACA-RM E55J20, 1855.

3. Hickerson, F. R.: Investigation of Methods for Verying Thrust in
Rocket Engines. I. Throst Throttling. NARTS 88, TED-ARTS-S51-5309,
U.S. Naval Alr Rocket Test Station, Apr. 1856. : -

4, Heinrich, G. (L. J. Goodlet, trans.): The Equations of Flow of & Gas/
Liquid Mixture. R.T.P., Trans. No. 22339, British M.A.P. (Trans. from
Z.a.M.M., B3. 22, Nr. 2, Apr. 1942, pp. 1i7-118.)

5. Zwicky, F.: The Hydroduct Thrust Generstor. Rep. No. 10, Aerojet
Eng. Corp., Jan. 17, 1944. (Contracts NOa(s) and NOa(s)-1375.)



4258

NACA RM E56K27 GRMEEE

6. Tangren, R. F., Dodge, C. H., and Seifert, H. S.: Compressibility
Effects in Two-Phase Flow. dJour. Appl. Phys., vol. 20, no. 7,
July 1949, pp. 637-645.

7. Keesom, W. H.: Helium. Elsevier Press (N.Y.), 1942.

13



TAZLE I. - EXPERIMENTAL DATA ON ROCKET THRUST VARTATION

Run [Thrust, |Combus~ |Oxidant| Fuel |Charac-|Oxident- [Fuel- [Fuel Oxidapt [Oxldent— [Fuel- [Oxldant- |[Fuel- Fuel- Oxldant-
1b tion low, fiow, [teria~ (heiium |helium [temper- |temper~ [helium |helium |injectlon [injection|helium heldum
preasure, :Lb[aec 1‘b/sec tie Tlow, flow, |ature, |ature, [bemper- |temper~| pressures, |pressurs,|pressure, |preosure,
1b/aq in. veloc- | 1b/sec [1bfsec| ©F lsture, lature, |1b/eq in.|1bfsq in.|1bfsq in.|ibfsq in.
ity, CF °F : :
ft/sec
L 760 241 5.42 2.20 | 3500 ——— —— 34 86 - — 350 550 — —
1aB| 340 144 2.46 1.21 | 3200 0.024 0.021| 34 86 45 48 350 550 580 350
2 860 asl 3.17 2.21 | 3810 —_——— -———n| 45 Sz - - 350 550 -— ———
2e, 530 157 2.63 1.09 | 3440 .032 .026 | 45 52 36 AZ 350 550 550 550
5 | & 240 5.08 | 2.35 | 3810 | —memm | cen| 40 B2 — - 350 550 - -
Sa SN 120 1.71 1.33 | 3480 .059 .021 | 40 52 30 38 350 580 550 400
4 ) 255 3.78 2.25 | 3480 —— ——===| 18 52 - — 400 550 — nrn
4a 4.25L 138 L. 1.34 | 3580 071 .023| 18 52 28 32 400 550 550 450

8The letter & indicates part-thrust portion of rum.

¥L
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TABLE II. = COMPARISON OF EXPERIMENTAT. AND

THECRETICAL CGAS-LIQUID RATTIOS

Run{ & Pc/Pc,o € @ B |Theoretical efen
gas-liquld
ratio for
compress-
ible, adia-~
batic flow
Oxidant system
1 [0.720| 0.598 [0.00883}1.45(518] 0.0033 2.98
2 .830 .625 .0122 |1.38(500 0018 6.42
3 585 .537 0344 |1.56(5156 . 0057 6.04
4 516 534 0367 |1.66]|484 .0065 5.65
Fuel system
1 |0.550| 0.598 [0.0174 [2.28|226 0.0097 1.79
2 494 .625 0241 |2.19]211 0131 1.84
3 .565 «537 .0161 |2.29}219 .0094 1.72
4 595 .534 0170 [2.16210 . 0092 1.85
TABLE IIT, - COMPARISON OF INJECTOR
DISCHARGE COEFFICIENTS
Run|Full-thrust | Part-thrust | Coefflcient
coefficlent, | coefficient, | ratio,
Cp,1 Cp,r w
Oxidant system
1 0.507 0.910 0.558
2 .48% 1.02 479
3 .451 1.08 .418
4 479 1.1 435
Fuel system
1 0.580 0.886 0.666
a .611 875 .699
3 637 .975 .853
4 617 .968 .638

15
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0 .04 .08 .12 .18 .20 .24 .29

Gag~1l1iquid ratio, &
(a) Retlo of injection pressure to chamber pressure for full flow, 1.1.

Figure 1. - Variation of liquid ratio for Ilsothermal gas flow,

852y
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Liquid ratio, 8
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Gas-1liquid ratio, ¢

(b) Retio of injection pressure to chember pressure
for full flow, L.3. -

Figure 1. - Continued. Varlation of liquid ratio for isothermal gas flow.
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Liquid ratio, &
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.15 -
o 01 . 02 .03 .04 .05 .06

Gas-liquld ratio, ¢

(c) Ratio of injection pressure to chamber pressure
for full flow, 1.9.

Filgure 1. -~ Concluded., Variatlon of liquid ratio for isothermel gas flow.
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Iiquid ratio, 8
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0 .04 .08 .12 .16 .20 .24 .28
Gag-1iquid retio, &

(a) Ratio of injection pressure to chamber pressure
for full flow, 1.1.

Filgure 2. ~ Veriation of liquid ratio for adiabetic gas flow with a specific heat
ratio of 1.67.
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Liquid ratio, 8
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