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MODELLING OF THE PROCESSES INSIDE THE NOZZLE OF RESISTOJET
AND ARCJET WITH MOLECULAR PROPELLANT

The first sample of the resistojet, which together with the arcjet belongs to the class of electrothermal thrust-
ers, was developed in 1929-33 by the Ukrainian designer Valentyn Hlushko. Electrothermal thrusterscombine
the gas-thermodynamic principle of acceleration in a profiled nozzle with the use of electrical energy to heat
the propellant. In resistojets, energy is supplied to the gas by an ohmic heater. In arcjets, the source of energy
is the arc discharge. The advantage of this type of thruster is the greater value of the specific impulse com-
pared to chemical rocket engineswith solid or liquid propellants. In view of the inverse proportionality of the
specific impulse to the square root of the molecular weight, hydrogen was initially chosen as the propellant.
However, the operation of electric propulsion thrustersinvolves long-term propellant storage and excludesthe
use of hydrogen in liquid form. When stored in a gaseous state, due to the significant rarefaction of hydrogen,
the mass of the balloon significantly exceeds the mass of hydrogen itself, negating the gain in propellant mass
reduction compared to chemical engines. Interest in the development of electrothermal thrusters was revived
by the proposal to use molecular propellants: ammonia and hydrazine. A mathematical model and a method
for calculating thermochemical processesin the primary dissociation and secondary synthesis reactions of mo-
lecular nitrogen and hydrogen in the nozzle of an electrothermal thruster were developed in this work. The
calculation method involvesthe use of continuity,momentum, and energy equations, considering the changein
the molecular composition as the gas expands in the nozzle. The problem of lack of equilibrium constants was
solved by generalizing the Sahaionization formula to the case of the interaction between nitrogenand hydro-
gen atoms. The calculation results demonstrate the possibility of obtaining a specific impulse at the level
achieved when working on hydrogen. The necessity of using the non-stationary form of the equations during
the creation of the process model in the heater or thrusterarc is also indicated.
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Introduction

Electrothermal thrusters (ETT) are the simplest
class of electric propulsion thrusters (EPT) and combine
the thermodynamic principle of acceleration, as in
chemical rocket engines, with the supply of heat to the
propellant by converting electrical energy into thermal
one. ETT include two main types: resistojet (RJ) with
heating of the propellant from an ohmic heater and
arcjet (AJ) with heating of the propellant in an electric
arc.

The first sample of RJ — the ERD-1 thruster, de-
veloped in 1929-1930 under the leadership of the out-
standing Ukrainian designer Valentin Glushko [1].

The use of solid heater makes a limit operating
about 2700 K. So maximum specific impulses are
reached around 3000 m/s. The highest specific impulse
is obtained by using hydrogen as propellant [2]. The
long-term operation of EPT excludes the possibility of
storing hydrogen in a liquid state at temperatures below
20 K. When stored in a gaseous state, the volume of the
tank is large, and the mass of the balloon is several
times greater than the mass of the hydrogen con-
tained in it.

The storage in liquid state is possible with use of
such molecular propellants as ammonia and hydrazine.

However, with the gradual development of ion
thrusters and Hall thrusters, ETT are gradually being
replaced. However, since the hydrazine ETT can share
the hydrazine in the tank with the hydrazine LPRE, this
combination makes the structure of the orbit control
system relatively simple (the hydrazine LPRE is used
for attitude control, and the hydrazine ETT is used for
position maintenance). Therefore, the combined use of
hydrazine LPRE and hydrazine ETT still has good re-
search and application prospects in China [3].

The purpose of this work is to develop a mathe-
matical model and methodology for calculating the
characteristics of the gas flow in the ETT nozzle when
operating on ammonia or hydrazine, taking into account
changes in the component composition with changes in
gas temperature and pressure.

Statement of the research problem

The stationary adiabatic flow of a molecular gas
mixture in the ETT channel should be described by
continuity, momentum and energy equations:
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where pp\, — mass density; V — mass flux velocity;

T — temperature; n — molecular population; S — chan-
nel cross-section; ¢y, — the internal energy of a mass

unit; pVS=m - mass flow rate; k — Boltzmann's

constant.
The total characteristics of the mixture were calcu-
lated based on the partial volume fractions s :
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where ¢— the state energy.

Only the momentum equation requires the use of
numerical solution methods.

The primary dissociation reactions of NHz and
N2Hs correspond to the dissociation energy values in

electron  volts given below in parentheses:
NH3—>NHz+H (4.48), NHz2—>NH+H (3.90),
N2Hs—N2Hs+H  (2.60), NoHz—>N2H2+H  (3.05),

N2H2—2 NH (4.50), NH—N+H (3.50). The secondary
reactions of synthesis of N2 and Hz correspond to the
values of energy released during synthesis given below
in parentheses:2 H—>H, (4.48), 2 N—>N. (9.76) [4].

Under the assumption of thermodynamic
equilibrium, the molecular composition could be
calculated taking into account the concept of the
equilibrium constant of a chemical reaction. However,
there is a lack of experimental data for the equilibrium
constants of the entire variety presented above. In our
calculations, we used the Saha formula [5] with the
replacement of the electron mass by the reduced mass of
the reaction products and ionization energy by the
dissociation energy:
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where p — the molecular weights of the components in
atomic mass units; mp— the mass of the nucleon and

€ —the energy of state.
Thus, at a given temperature T and total concentra-
tion n of the mixture, the volume fractions of all com-

ponents can be expressed in terms of two unknown
volume  fractions of atomic hydrogen and

nitrogen sy, sy To find these unknowns two equa-

tions are needed for total concentration and for the stoi-
chiometric ratio of hydrogen and nitrogen atoms in all
compounds in accordance with the formula of the start-
ing compound:
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where H, , N, —the number of hydrogen and nitrogen
atoms in the molecule a.=Ny_Hy_ .
It is possible to show with the use of (5) that:
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with Aey, =€, —(Hgen +Ngen ), 8o =Hy + Ny —1.

The initial values for the calculation are the mass
flow rate m, stagnant pressure Py and temperature T .

The calculation begins with the characterization of the
mixture at stagnant pressure and temperature in accord-
ance with the methodology presented before.

Then, as the pressure decreases with a certain step,
changes in all other parameters are calculated. In this
case, substituting (10) and (11) into conditions (7) and
(8) leads to a system of linear algebraic equations for
the derivatives of all parameters with respect to pres-
sure.

Reducing of pressure continues until the specified
nozzle exit area S| is reached. With the use of the val-

ues of the quantities at the nozzle exit thrust, and specif-
ic impulse are determined:

F=m VL + PLSL , (12)
F

ls=—. (13
m

Results and discussion

Below are the results of calculations at a stagnant
pressure at the nozzle inlet Po=10* Pa.

The temperature dependences of atomic and mo-
lecular hydrogen and nitrogen volume fractions are rep-
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resented in Fig.1 and 2. Volume fractions of other com-
ponents do notexceed 10 value.

It can be noted that at temperatures below 4000 K
the synthesis of molecular hydrogen is almost complet-
ed.

Table. 1 and 2 represents the values of some geo-
metric performance and operational characteristics of
thruster.
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Fig. 1. Volume fractions of NH3 decomposition
components at P=10* Pa
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Fig. 2. Volume fractions of N2H4 decomposition
components at P=10* Pa

Table 1
Parameter distribution when operating on ammonia
Parameter Sec_t!on -
entrance critic exit
P, Pa 104 5.325-103 9.33
T, K 4000 3524 2122
V, m/s ~0 2844 7622
Table 2

Thruster characteristics when operating on ammonia

Discharge chamber radius, mm rd 3.36
Critical sectionradius, mm [ 112
Nozzle cut radius, mm In 112
Thrust,mN F 80

Specific impulse, m/s Is 7990
Gas dynamic efficiency Mg 60.3%

The distributions of temperature, mass flux veloci-
ty, and the achieved value of the specific impulse along
the length of the thruster chamber when operating on
ammonia are represented in Fig. 3 and 4. The achieved
specific impulse value at a certain nozzle cross-section
is understood as the value at which this cross-section
would be outputone.
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Fig. 3. Distribution of temperature, mass flux velocity,
and the achieved value of the specific impulse along
the length of the channel when operating on ammonia
To=4000 K, Po=10* Pa, m =10 mg/s
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Fig. 4. Pressuredistribution along the length
of the channel when operating on ammonia
To=4000 K, Po=10* Pa, m =10 mg/s

It can be noted that a decrease in pressure by three
orders of magnitude corresponds to a decrease in tem-
perature by less than two times. That is, the process of
molecular nitrogen synthesis in its dynamics is close to
isothermal phase transitions gas-liquid and liquid-solid.
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A temperature of 4000 K was taken in calculations
as the maximum possible in a real design. The calculat-
ed specific impulse value is actually equal to what is
possible when an RJ operates on hydrogen.

There is no doubt about the possibility of achiev-
ing 4000 K in AJ. However, the process before entering
the nozzle part of the thruster cannot be considered as
equilibrium one and requires the solution of a non-
stationary problem, also taking into account the ionized
components of the mixure. In this case the time of
presence of the propellant in the arc region is almost
certainly notenough to dissociate a noticeable part of it.

In RJ with temperatures not higher than 3000 K it
is possible to use an extended heater with a sufficiently
long stay of the propellant inside. Of course, the specific
impulse value will be lower than that shown in Table 2,
butstill higher thanin LPRE

Conclusions

The results ofthe work have theoretical significance
in modeling processes in ETT when operating on mo-
lecular propellant.

The direction of further research is the development
of a technique for analyzing the non-stationary dissocia-
tion process, also taking into account possible ionization
processesofthe mixture components.
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MOJETIOBAHHA MPOLECIB VY COIUII EIEKTPOHATPIBHOI'O I ETEKTPOAYI'OBOT'O
JABUT'YHA 3 MOJIEKYJIAPHOIO POBOYOIO PEHOBHHOIO

Cepciiit Hecmepenko, Ilenz Illyaii

IMepmmit 3pa3ok eNeKTPOHArPIBHOTO IBUTYHA, SIKHH pa3oM 3 €JEKTPOJYTOBHM IBHUTYHOM HAJICKHUTH JI0 KIACy
€JICKTPOTEPMIYHUX PaKETHUX ABUTYHIB, OyJ0o po3pobieHo y 1929-33 pokax ykpaiHChbKMM KOHCTpYKTOpoM Basen-
THHOM ['ymkom. EnextpoTepMiuHI IBUTYHH MOEIHYIOTH Ta30TEpPMOIUHAMIYHUN MPHUHIMIT NPHUCKOPEHHS y mpod i-
JHOBAHOMY COIUI 3 BUKOPHCTAHHAM ENEKTPUIHOI eHeprii i1 HarpiBaHHA po06odoi pedoBHHHU. B enextpoHarpiBHUX
JIBUTYHAX SHEpTisl HaJaeThcs Ta3y OMIYHMM HarpiBadeM. B enexTpoIyroBHX ABHTYHaX JDKEPENIOM EHeprii CiyTye
nyrosui pospsza. IlepeBary Takoro Ty mBUTyHa BOa9aiy y OUTBIIIM BEIMYMHI MUTOMOTO IMIYJbCY HOPIBHSHO 3
XIMIYHIMH paKeTHHMH IBUTYHAaMH Ha TBEpJIOMY abo pimkoMy mHaimBi. 3 OIVIAQy Ha 3BOPOTHY HPOIMOPIIHHICTE MH-
TOMOTO IMITYJIbCY IO KOPEHS KBaIPATHOTO 3 MOJICKYIIPHOT Mach poOOUY0I0 peUOBHHOIO CITOYATKy 0yJio 00paHo BO-
neHs. OmHak poOoOTa elIeKTpOpaKeTHHX IBUTYHIB Iependadae TpuBaie 30epiraHHA poO09oi PEeYOBHHH i BUKIFOYAE
BUKOPHUCTaHHS BOJHIO y pimkoMmy ctaHi. [lpm 30epiranHi  y ra3onofiOHOMY CTaHI 4epe3 3HAYHY PO3pPiMKEHICTh
BOJHIO Maca 0aKy 3HaYHO NEPEBHIINYE Macy CaMOTO BOJHIO, HIBEJIOIOYH BUIPAII y 3MEHIIEHHI MacH po0odo0i ped o-
BUHH MOPIBHAHO 3 XIMIYHHMH JBHTyHAMH. IHTepec 10 pPO3pOOKH EeNeKTPOTePMIUHHX JBUTYHIB BiPOIHUBCS 3aBISIKH
MPOMO3HLil BUKOPHCTAHHS MOJEKYJSIPHHUX pOOOUYMX pPEUOBHH: aMiaky i rizpasuHy. B po0oTi po3pobieHo MateM a-
THYHY MOJENb i METOAUKY PO3PaXyHKy TepMOXIMIUHHX MPOLECIB B MEPBUHHUX PEAKIAX AUCOLianil i BIOPUHHHUX
peaxIifaX CHHTe3y MOJICKYSIPHHUX a30Ty 1 BOJHIO B COILI €NEKIPOTEPMIYHOTO JBUTYHA. MeToquKa po3paxyHKy Ie-
penbdadae BUKOPHUCTAHHS PIBHSAHb HEPO3PUBHOCTI, IMITYJIbCY 1 €HEPTIl 3 ypaxyBaHHSAM 3MIHH MOJEKYJSIPHOTO CKIaay
B Mipy pO3IWUpeHHs rady B comui. [Ipobnemy Opaky HaHMX 100 KOHCTAHT peakliil po3B'A3aHO 3a paxyHOK y3a-
raJbHeHHs ioHBBauiiHoi popmynu Caxa Ha BUMNAJIOK B3a€MOJl aTOMIB a30Ty 1 BOJAHIO. Pe3ynbTaté po3paxyHKy Je-
MOHCTPYIOTh MOJJIMBICTE OTPUMAaHHS IMTOMOTO IMIyJbCY Ha PIiBHI, IOCSATHYTOMY IpH poOOoTi Ha BoJHIO. BkazaHo
Ha HEOOXIHICTh BUKOPHMCTAHHS HECTAIllOHAPHOT GOPMH PIBHAHB i Yac CTBOPEHHS MOJEHI MPOLECIB TAKOXK Y Ha-
rpiBavi 4u Qy3i IBUTYHA.

KmouoBi cioBa: enekTpoayroBuid JBUTYH; €JICKTPOHATPIBHHN IBUTYH; ioHi3amiiHa Gopmyna Caxa; mucolria-
IIs1; CHHTE3; COIUIO; aMiak; TiIpa3uH.
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