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Abstract: The paper presents the results of experimental studies of the nozzle duct slagging process inside gas
generator of a rocket ramjet during the deposition of condensed combustion products (CCP) on the nozzle walls,
depending on the formulation factors, pressure and temperature of combustion products, as well as design factors.
It is found that CCP deposited on the walls of the nozzle cover and nozzle inlet form a viscous film which can
flow over the nozzle insert surface under the gasdynamic forces. The nozzle duct slagging process is of a threshold
nature depending on the combustion products temperature. At temperatures lower 1500 K, the slagging process
inside gas generator virtually vanishes. At temperatures exceeding 1520 K, the slagging intensity sharply increases,
attains maximum at 1600–1800 K, and then starts decreasing.
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Figure Captions

Figure 1 Experimental time histories of pressure in the combustion chamber of gas generator at nozzle slagging

Figure 2 Characteristic points on the experimental pressure–time histories in the combustion chamber of gas generator

Figure 3 Dependence of slagging degree P on the total aluminum content in the propellant

Figure 4 Dependence of P on pressure in the combustion chamber of gas generator for AP-based propellants with the particle
size of 10–12 (1), 15–20 (2), and 25–30 µm (3)

Figure 5 Dependence of P on pressure in the combustion chamber of gas generator for the propellants with different AP content
(1 — 10%; 2 — 14%; and 3 — 18%) and particle size: empty signs — 65 µm; and filled signs — 160 µm

Figure 6 Nozzle insert shapes: (а) normal shape insert; (b) “flush-type nozzle” insert; and (c) 2 nozzles with extended nozzle
throat neck. Arrows show the gas flow direction

Figure 7 Experimental pressure–time histories in the combustion chamber of gas generator during tests with normal shape
inserts (dashed curves) and “flush-type nozzle” inserts (solid curves): 1 — Pmax/Pmin = 1.49; 2 — 1.30; 3 — 1.47; 4 — 1.22;
5 — 1.77; 6 — 1.44; 7 — 1.74; and 8 — Pmax/Pmin = 1.50

Figure 8 Experimental pressure–time histories in the combustion chamber of gas generator during tests with one normal shape
insert of Fig. 6a (solid curves) and two inserts of Fig. 6c (dashed curves): 1 — Pmax/Pmin = 1.06; 2 — 1.20; 3 — 1.57; and 4 —
Pmax/Pmin = 2.10

Figure 9 Dependence of P on the characteristic length of combustion chamber of gas generator, number of nozzle holes, nozzle
inlet angle, and nozzle cover shape: 1 — flat cover, 2 nozzles, α = 90◦; 2 — flat cover, 1 nozzle, α = 45◦; 3 — taper cover with
point angle 90◦, 1 nozzle, α = 30◦; 4 — taper cover with point angle 60◦, 1 nozzle, α = 30◦; and 5 — taper cover with point
angle 90◦, 1 nozzle, α = 30◦

Figure 10 “Crown” at the nozzle edge of gas generator (×10)

Figure 11 Dependence of P on the temperature of combustion products: signs — experiments; and dashed line — limit value
envelope

Figure 12 Dependence of P on the coolant content in the propellant
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Table Captions

Table 1 Geometric properties of nozzle inserts

Table 2 Operating parameters of gas generator

References

1. Aleksandrov, V. N., V. M. Bytskevich, V. K. Verkholo-
mov, et al. 2006. Integral’nye pryamotochnye vozdushno-

reaktivnye dvigateli na tverdykh toplivakh (osnovy teorii

i rascheta) [Integral direct-flow air jet engines on sol-
id fuels (basics of theory and calculation)]. — Moscow:
Akademkniga. 343 p.

2. Zhang, Wei. 1987. Study of the mechanism of alumina de-
position at the nozzle throat of solid rocket motor. AIAA
Paper. No. 1823.

3. Jia, L. 1987. An analytical and experimental investiga-
tion of nozzle deposition heat transfer in aluminized solid
rocket motors. AIAA Paper. No. 2232.

4. Gubertov, A. M., V. V. Mironov, D. M. Borisov, et al. 2004.
Gazodinamicheskie i teplofizicheskie protsessy v raketnykh

dvigatelyakh tverdogo topliva [Gasdynamic and thermo-
physical processes in solid-propellant rocket engines]. Ed.
A. S. Koroteev. Moscow: Mashinostroenie. 512 p.

5. Grigor’ev, I. S., and E. Z. Meylikhov, eds. 1991. Fiziche-

skie velichiny: Spravochnik [Physical values: Handbook].
Moscow: Energoatomizdat. 1232 p.

6. Lobov, S. L., and O. Ya. Romanov. 1995. Chislennoe
issledovanie shlakoobrazovaniya v kamere raketnogo
dvigatelya tverdogo topliva [Numerical study of slag for-
mation in a chamber of solid-propellant rocket engine].
Vnutrikamernye protsessy, gorenie i gazovaya dinamika dis-

persnykh sistem. Mezhdunar. shkola-seminar. Sbornik ma-

terialov [Intracompartment Processes, Combustion, and

Gasdynamics of Dispersed Systems: School-Seminar (In-
ternational) Collection of Materials]. St. Petersburg. 65.

7. Verkholomov, V. K., G. K. Kotenkov, V. N. Kotova, et al.

2002. Shlakoobrazovanie i rabotosposobnost’ PVRD na
tverdykh toplivakh [Slag formation and serviceability of
solid-propellant rocket ramjets]. Trudy TsIAM [Proceed-
ings of CIAM]. No. 1317. 61 p.

8. Issledovanie vnutrikamernykh protsessov v RPDT (ob-
zor) [Investigation of the intrachamber processes in solid-
propellant rocket ramjets (overview)]. 1969. Voprosy raket-

noy tekhniki [Missile Technology Matters] 5:37–57.

9. Sinditskii, V. P., A. N. Chernyi, and D. A. Marchenkov.
2014. Mechanism of combustion catalysis by ferrocene
derivatives. 2. Combustion of ammonium perchlorate-
based propellants with ferrocene derivatives. Combust. Ex-

plo. Shock Waves 50:158–167.

10. Fedorychev, A. V., D. V. Zhesterev, I. R. Mishkin,
V. A. Dunaev, and V. A. Nikitin. 2018. Osobennosti getero-
gennykh techeniy v gazogeneratore [Specific features
of heterogeneous flows in gas generator]. Fundamen-

tal’nye osnovy ballisticheskogo proektirovaniya: VI Vseross.

nauchn.-tekhnich. konf.: Sb. mat-lov [Fundamentals of
Ballistic Design: 6th All-Russian Scientific and Technical
Conference Proceedings]. Ed. B. E. Kert. St. Petersburg:
Baltic State Technical University. 161.

11. Trusov, B. G. 2002. Programmnaya sistema TERRA
dlya modelirovaniya fazovykh i khimicheskikh ravnovesiy
[TERRA software system for phase and chemical equi-
librium simulation]. 14th Conference (International) on

Chemical Thermodynamics Proceedings. St. Petersburg. 4 p.

Received May 14, 2020

Contributors

Fedorychev Alexander V. (b. 1956) — head of laboratory, Federal Center for Dual-Use Technologies “Soyuz,”
42 Akad. Zhukova Str., Dzerzhinsky, Moscow Region 140090, Russian Federation; fcdt@mail.ru

Zhesterev Denis V. (b. 1985) — team leader, Federal Center for Dual-Use Technologies “Soyuz,” 42 Akad. Zhukova
Str., Dzerzhinsky, Moscow Region 140090, Russian Federation; fcdt@mail.ru

Mishkin Ilya R. (b. 1988) — leading design engineer, Federal Center for Dual-Use Technologies “Soyuz,” 42 Akad.
Zhukova Str., Dzerzhinsky, Moscow Region 140090, Russian Federation; fcdt@mail.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 2




