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FOREWORD 

During fhe past decade, a large number- of low-tllrltst mission 
studies have been carried out both in the IJ11ited States and abroad. 
For a variely of reasoils, these studies have displayeci an imaginative 
diversity in terminology--placillg an additiollal burden on tlle 
reader. Whcn, in the spring of 1963, NASA established a task group 
on nuclear electric propulsio~l systems analysis, which involved the 
rapid exchange of large quantities of information, the need for a 
c o ~ n l n o ~ l  terminology became Illore sharply focused. Tl-ie results of 
the efforts of that task group to  establish such a language are 
displayed in this document with the suggesl ion that active workers 
in the field coilsides its adoption in their future work. 

The Irlternational System of Units, as defil~ed in NASA SP-7012, 
was used tlrt.oughout. Where considerations of tradition or iunder- 
stalldillg were felt t o  predominate, other units were added in 

agreed t o  promulgate this information are listed on the following 
page. Suggestions for future revisions should be directed either t o  
the secretary or  t o  the chairman of that group. 

J. P. Mullin 
O f i c e  of Ad~~alzced Researclz and Techizology 
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In  establisl~ilig a set of system parali~cters for use in mission 
studies, it is first necessary to  define a consjstelil set of terrns and 
basic relations for reference. Since many gr9ups perfor111 sucl~ 
studies, and since electiic propulsion hardware development is 
intimately associated with software development and mission 
design, it is pmdent to agrce on a c o l n ~ ~ c l i ~  ternlillology. What is 
attempted here is the forinillatioli of one such language. 

SPACECRAFT MASS 

Spacecraft initial mass 172, is defined as consisting of the sum of 
the following masses: low-thrust propulsion system ma,, expend- 
able low-tlirust propellant inp, tankage la,, retro system m,, net 
spacecraft m,, , and structure nz,. Refer to figure 1 for a typical 
example of spacecraft mass allocation. 

Net spacecraft mass rill, is tlie quantity that lias been most often 
rnaxiillized in low-thrust trajectory studies. Net spacecraft niass 
includes various engineering systems such as guidance, tlier~nal 
control, attitude control, telecoll~mtlllications. and supporting 
structure, as well as niissiolr or science payload niass 1 n ~ :  Net 
sl~acecraft mass is also occasiollally, and somewhat ambiguously, 
identified as "payload inass." The ambiguity arises in rnissions 
where m ,  is equivalent, for comparison purposes, to  a ballistic 
spacecraft m,]lich is in ttlrn viewed as "launch vehicle payload." We 
shall here demand only that the relationship ml, > r n ~  hold, and 
that mL , when used, be carefully defined. 
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The structural mass 117, definition may co~ltributc to  tllc 
ambiguity of the llct spacecraft mass definition in the previous 
paragrapll. I n  sonie cases, it js assuiiled proportio~~al to 171, or liz,, 

and handled seyarately in the analyses; in other cases, it is not 
explicitly collsiderecl. Because structural mass is itlllcrently includecl 
in most subsystem Inass allocatioils, for exainple, 11?~~(0r),  112~(/i~), 
nz,,(k,), and MI,, (k,, ), the latter aplxoach avoids a doublc penalty. 
Therefore, thc task group recom~nencls that in f~illlre work 172, be 
set equal to zero. 

That portion of the initial inass defined as propulsion systein 
mass inps includes both the po.\ver i n , ,  and tile thrust I??,, 

subsystems, not including. propellant tankage but including all 
internal structure, ~neclianisn~s, cabling, tllcsmal cont.ro1, and so 
forth. Refer to figure 2 for a system schen~atic of the propillsio~l 
systen~. Defined in this way, )11,, , and nz,, are ordinarily 
considered directly proportional to  power, the proport-ionalily 
constant a being a figure of merit in hard~vare development. The 
power subsystein mass m,, inclu.cles primary power, conversion 
system, structure, mechanisms, shielding, cabling, mission-peculiar 
thermal control, and the like. This mass is usually treated as a direct 
function of power level but rnay include mission-lieculiar anomalies. 
The mass of the thrust subsystem 1 1 2 , ~  includes I-hrusters, power- 
conditioning, vaporizers, isolators, actuatnrs, structures, and so 
forth. This mass is also a function of power level. 

The propellant tankage inass m, follows the classical definition of 
propulsioll inerts, being directly proportional to propellailt mass. I t  
includes tankage, residuals, reserves, and propellant expulsion 
elements. 111 mission performance analysis, expendable propellant 
mass is evaluated for each specific inission and does not i~lclude 
propellant reserves or residuals. Propellant boiloff, if any, must be 
included at some point in the analysis as part of the expendable 
propellant mass. 

In  many of the missions to- be -considered, a chemical retropro- 
pulsioil systenl may be required. If included, retropropulsion 
system mass nz, is made up of two components: first is a 
retropropulsion fuel mass nzp,, which does not include propellant 
resenres or residuals, and second is the retropropulsion system inert 
mass lni, which includes the retroengines, propellant tankage, a~id 
fuel reserves. The latter mass is taken to  be proportional to  the 
retropropulsion fuel mass. 
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From the viewpoint of the inissio~l analyst, the two elements of 
the low-thrust electric propulsion system of major conseque~lce are 
tluust magnitudeFand the propellant mass flow r a i e ~ i z ~ .  The tllrust 
acceleration of an electric-propelled spacecraft at any time t is 
related to its initial niass 172, by the expression . 

EXHAUST JET VELOCITY 

We here adopt the convention of defining propulsion exhaust or 
effective jet velocity as the ratio of thrust to  Inass flow rate: 

(Vj or c can be used interchangeably for velocity). 
Historically, comparative analyses of propulsion systems have 

been made with a figure of merit defined as "specific impulse" I,. 



This parameter has the diinension of time because of the consider- 
ation of propellailt "\veighl" flow lather than mass flow iiil equation 
(2). Specific impulse is, tlzcrefore, related to jet velocity by the 
co~lstant of Earth's gravity go : 

Defined in this \Yay, either specific impulse or jet velocity may be 
used as a figure of merit in the comparison of electric-propulsion 
thrust systems. 

POMXR AND EFFICIENCY 

The effective jet velocity has been defined as a function of thrust 
and propellant mass flow rate. It is also possible to  define an 
effective jet power of the propulsion system: 

The effective jet power can then be referred to any other point in 
the propulsion system by introducing an appropriate efficiency 
f~~nct ion.  This efficiency is ordinarily expressed as a function of I, 
and is useful in defining electrical power level P, via the expression ' 

Further breakdown of this efficiency, which is itself the product of 
the thruster efficiency and the power collditioning efficiency, into 
its constituent. elements inside the thrust subsysteln is of value to 



hardware developers, but is of little consequence to the ii~ission 
analyst. There can be inter~i~inable dispute regarding the "best" 
point at which to  measure P,, tlic choice again being of sonle 
interest only lo  llard~vare developers. We shall here adopt, however 
arbitrarily, the convention that electrical power Pp is <iefiiined as illat 
total electrical power delivci-ed to the input terininals of the 
l?ouier-conditioning assenlblies (i.e., into the thrust subspsteni) at a 
fixed reference condition. For nuclear reactor power systems this 
reference coi:diiion is design power level, for radioisotope sysleills 
the reference coilditioli is start of mission power, and for solar 
power systenls the reference condition is power at 1 AU. The power 
variation of the solar and radioisolopc systeills should be identified 
so that the systen~ analyst may design f o ~  the 111aximun1 and 
minimlzrn power along tile mission. 

Electrical power level m a r  solnetimes be closely related l o  the 
spacecraft initial mass. For this reason, it is useful to  define a 
normalized power level proportional to initial spacecraft mass. 
Ternled "specific power" P*, this norinalization may be expressed 
as 

SPECIFIC MASS 

A conveniel~t figure of merit of electric propulsion technology is 
the ratio of propulsio~l systeln mass to power. This quantity is 
defined as s2ecific mass a or c u p s :  



Specific Illass niny be cxprcs~ed il le~ills of either jet power or 
electrical power: 

To avoid conf~lsion, the appropriate subscript could be used; 
however, from common practice, ilie lack of a siibscript shall ol~ly 
refer to  electrical power. The specific Inass can also be separated 
into a power subsystem specific Inass a,, and a thrust subsystelll 
specific mass ats  : 

The specific mass of a power system is itself a fu~lctioll of power 
level. This phenomenon has traditiorlally been handled by display- 
ing results parametrically for some reasonable range of specific 
mass. However, alter~lative approaches using an explicit function to  
represent the deperldeilce of specific Inass upon power may have 
value in some analyses. For example, the relationship a = (K1 + 
K2PeN)/Pe, where Icl , K 2 ,  and N are appropriately chosen collstallts 
reflecting technology level, has proved useful in the case of l~uclear 
reactor pqwered systems. 



a Tluust acceleration, m/s2 
Effective tllruster jet or exhaust velocity, m/s 
Tllrust force, N 
bffective thruster specific impulse, s 
Net spacecraft structure proportionally con- 
stant 
Structural proportionality constant 
Propellant inert proportio~lality constant 
Retrosystem inert proportionality constant 
Insf antaneol~s mass of spacecraft, kg 
Final spacecraft mass, kg . 
Retrosystem inert mass, kg 
Payload mass, kg 
Net spacecraft mass, kg 
Initial slxacecraft mass, kg 
Low-thrust propellant mass, kg 
Retropropulsion fuel mass, kg 
.Propulsion system1 mass, kg 
Retrosystem mass, kg 
Structural mass, kg 
Low-thrust propellant talkage or inert mass, kg 
Thrust subsystem mass, kg 
Power subsystem mass, kg 
Electrical power to  thruster subsystem, kW or 
kW, optionally 
Kinetic power in jet exhaust, kW or kWj 
opt ionally 
Mission tirne, s (days) 
Propulsion time, s (hours) 
Effective thruster jet or exhaust velocity, m/sec 
Propulsion system specific mass, kg/k\lr, 
Thrustor subsysten~ specific mass, kg/k\V, 
Power subsystem specific mass, kg/kW, 
Thrust subsystem efficiency 

' "Propulsion system" as used here includes neitller propellant nor 
tankage. 



Initial spacecraft mass1 

rl?, = 1 1 7 ~ ~  + n?,, f nz, -I- 172, $. 172,, -t- t?zs 

(~72~ = 0 preferred, see text) 

Propulsion system Inass 

171y , = l?Z,, $. 17It, = 

Low-thrust propellant tankage or inert mass 

in, = lcpmp 

Retrosystem mass including ilierts 

Structural mass2 

m, = kco m, or k,nz, 

(preferred approach is rn, = 0) 

Payload mass, final mass 

nZL < T72, 

(172~; and nzf defined by analyst when used) 

'In some circumstances, a retrosystem is not included (111, = 0 ). 
Structure may not be accounted for explicitly (I??, = 0 ). 

2 ~ t  should be recognized that use of the in, option can cause a 
double penalty because of the allocation for structure witllin 
~n,,('r), r7z,(kP), n1,(k,,), and 11z,(lc,). 



Thrust subsystem effickncy 

Thruster jet or exhaust velocitj~ 

Thruster specific impulse 

(go is a defined constant equal to 9.80665 1njs2) 

Thrust acceleration 

Specific mass 
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