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PREFACE

This summary final report, Biowaste Resistojet Propellant

System Biological and Functional Analysis, is submitted by The Bionetics

Corporation to the National Aeronautics and Space Administration, Langley

Research Center, Hampton, Virginia, as required by Contract Number NAS1-10431.

The work was conducted under the technical direction of Mr. Earl VanLandingham

of the Space Technology Division of Langley Research Center. This final report

is a summary of the work accomplished during Task III of the study and reported

in detail in the interim monthly progress reports required under the contract.

Requests for further information concerning this report or the

details contained in interim reports may be directed to

J. R. Wrobel

Resistojet Systems Project Engineer
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UNITS OF MEASUREMENTS

Units, abbreviations, and prefixes used in this report correspond

to the International System of Units (SI) as prescribed by the Eleventh

General Conference on Weights and Measures and presented in NASA Report

SP-7012. The basic units for length, mass, and time are meter, kilogram

and second respectively. Throughout the report, the English equivalent

(foot, pound, and second) are presented for convenience.

The SI units, abbreviations, and prefixes most frequently used in

this report are summarized below:

Basic Units

.Length meter m
Mass kilogram kg
Time second s
Electric current ampere A
Temperature degree Kelvin °K

Supplementary Units

Plane angle radian rad

Derived Units

2
Area square meter m
Volume cubic meter m _.
Frequency hertz Hz (s )
Density kilogram per o

cubic meter kg/m
Velocity meter per second m/s
Angular velocity radian per second rad/s
Acceleration meter per second ~

squared m/s
Angular acceleration radian per second ~

squared rad/s ^
Force newton N „ (kg-m/s )
Pressure newton per sq meter nhn
Kinematic Viscosity sq meter per second m /s
Dynamic Viscosity newton-second per ^

sq meter N-s/m
Work, energy, quantity

of heat joule J (N-m)
Power watt W (J/s)
Electric charge coulomb C (A-s)
Voltage, potential
difference:
electromotive force volt V (W/A)

vili



Electric field strength volt per meter V/m
Electric resistance ohm (V/A)
Electric capacitance farad F (A-s/V)
Magnetic flux weber WB (V-s)
Inductance henry H (V-s/A)
Magnetic flux density tesla X
Magnetic field strength ampere per meter A/m
Magnetomotive force ampere A

Prefixes

Factor by which
unit is multiplied Prefix Symbol

10 mega M

103 kilo k

_2
10 centi c

10"3 milli m

10 micro

ix



1.0 BACKGROUND

The use of a resistojet propulsion system for low thrust attitude

control functions on long-term manned spaceflights in earth orbit has been

identified and studied under several recent NASA contracts. Resistojets

have been shown to effectively provide the low acceleration thrusting which

is advantageous for applications where less than 10 'g' is required for

experimental purpose. The propulsive functions of such a resistojet system

application could include atmospheric drag make-up and desaturation of rotary

momentum storage (Control Moment Gyro) stabilization mechanizations.

An additional advantage of resistojets in manned flight applications

is that gases and fluids residual to the crew environment control and life

support mechanization can be used as the propellant media. These fluids,

generically referred to as "biowastes", are available from a variety of

spacecraft sources depending upon the crew support system mechanizations

selected. The biowaste material must either be regenerated, vented into space

or returned to earth via the logistics support system. On-board regeneration

of biowaste generally requires the addition of process equipment and the

consumption of electrical power. Venting into space can result in spacecraft

external contamination, depending upon the fluid composition. Return-to-earth

requires accumulation in the spacecraft, transfer to the logistic vehicle and

transport to earth. The disposal solution for a particular biowaste material

depends upon the consideration of the relative complexity of the above alternatives.

The diversion of biowastes through the resistojet propulsion system

permits effective mass utilization, i.e., eliminates the separate disposal

problem and removes the requirement to supply a separate propellant. Spacecraft

contamination by the material vented through the resistojet system can be

minimized by careful selection of biowaste sources and operation at tempera-

tures above critical limits specific to the biowaste chosen.



The use of biowaste propellant in the resistojet propulsion system

may introduce contamination problems internal to the propulsion system. A

principal potential problem is the accommodation of the thruster heater

elements and supply plumbing to contaminant laden throughputs. This contamina-

tion may detrimentally effect life and reliability through mechanical blockage

of flow paths, by deposits, or by chemical attack and deterioration of the

materials of construction.

Therefore, the specific selection of a biowaste material for re-

sistojet propellant must meet several criteria:

a) the biowaste must constitute a significant mass, power, or

cost factor to regenerate, or return to earth, thus being

surplus to the spacecraft.

b) the resistojet biowaste effluent must not contribute to

spacecraft external contamination, i.e., coatings, clouds,

particulates, etc.

c) the biowaste must be chemically compatible with reasonably

attainable plumbing and thruster fabrication technology.

In addition to these constraints, the biowastes selected must be

available in sufficient quantity and duration in the mission to reliably

provide the anticipated demands for impulse generating propellant.

Several studies and technology developments have been conducted,

or are in progress, which bear on portions of the biowaste selection problems.

NASA contracts NASL-10127 and NAS1-10170 have studied the biowaste resistojet

conceptual design and mission interfaces, i.e. EC/LS interactions and modes,

impulse demands, mass availability, etc. Other contracts have developed

thruster materials and design technology. Two areas were not under detail

study. One of these was the survey of the trace contaminants present in the



candidate biowastes and their potential impact upon the resistojet thruster,

collection system and operating mode selection. The other was the analysis of the

potential for spacecraft contamination by the resistojet exhaust.

To accomplish the survey and evaluation of the potential influence

of biowaste contaminants on the propulsion system design and the evaluation

of potential spacecraft contamination by resistojet exhaust, The Bionetics

Corporation was awarded a study contract (NAS1-10431) by the National

Aeronautics and Space Administration (NASA). Tasks I and II of the subject

contract, comprising approximately 3/4 professional man-year of effort,

studied the propulsion system internal effects of contaminant laden biowaste

as it influenced component design, mechanization and life. The results of

these studies are documented in NASA Contractor Report CR 111977 dated

September 1971. Task III of the contract commenced in October 1971 to

study the exterior, or exhaust flow, contamination prospects of the biowaste

resistojet and how the operating conditions of pressure, temperature and

composition affect the contamination prospects. The Task III effort

comprised approximately % professional man-year of effort. This document is

the summary final report on work conducted under Task III. Details on the

work summarized in this report are available in the monthly technical progress

letters.

1.1 Study Guidelines

The study of the biowaste resistojet exhaust effects upon spacecraft

was conducted within specific guidelines dictated by the interest in specific

propellant sources and thruster characteristics. The level of detail which

could be provided was constrained by the scope of the effort.

The biowaste propellant mixtures considered were comprised of

three constituents. These were a) the Sabatier reactor effluent b) the effluent



of the cabin carbon-dioxide molecular sieve, and c) water and water vapor

from various sources. The Sabatier reactor output fluid is principally

methane with traces of water, nitrogen and hydrogen.

Resistojet thrusters in the range of thrust from 0.04 to 0.22 N

(10-50 mlb) were to be studied. Thrusters of this size are representative of

those which would be used to accomplish low thrust maneuvers on a large

manned space vehicle. Thruster operating temperatures ranging from

ambient to the limit of contemporary resistojet technology (300°K - 1600°K)

were to be examined parametrically to determine contamination compatible

regimes.

Maximum use of extant analytical models for jet exhaust flows

was to be made. Extrapolations or modifications of existing analyses,

primarily for inviscid flow, were to be used as much as possible to be con-

sistent with the scope of effort to be applied.

1.2 Study Scope and Objectives

The objective of this analytical study was to define the operational

limits on the thruster and propellant supply subsystems of a biowaste resistojet

propulsion system to minimize, or eliminate, jet exhaust interactions.

The intent was to determine which mixture compositions, thrusts, pressures and

resistojet operating temperatures caused the jet exhaust flow to exhibit

deleterious contamination effects on the spacecraft operations. The effects

of interest were: extreme jet spreading, condensate particle generation in

and impingement by the jet, and the potential for condensation on adjacent

surfaces. These predicted operating constraints could then be used to select

test conditions for jet exhaust flow simulation tests to illustrate the

expected effects and better define limits. This data, when verified, would

be used in setting propellant management subsystems operating parameters. The

data could also be used to select experimental parameters for a flight test



demonstration.

To accomplish the above objective, the scope of the study included

the following:

A. The performance of a brief literature search to assess the

applicability of extant inviscid plume analyses to the viscous

resistojet flow.

B. The preparation of a summary of prior experience in spacecraft

systems of contamination effects of jet flows on instruments

and equipment.

C. The development of analytical models of the two phase

viscous jet in sufficient detail to predict jet properties

as a function of resistojet operating parameters.

D. The exercise of the models developed to determine the range

of parameters for which potentially contaminating exhaust

effects are predicted.

E. The evaluation of ground test facility requirements to

simulate the predicted exhaust effects.

F. The definition of general guidelines for a flight experiment

to substantiate the analyses and ground test results regarding

contamination effects.

G. The summarization of the results and conclusions of the analysis

and the preparation of specific recommendations.

To implement this scope of study activity the contract was organized

into four (4) major task areas to be conducted sequentially.

1.3 Task Descriptions

The four tasks of the study, exclusive of the documentation, were

topically divided as follows. This nomenclature of the tasks is consistent

with the contract schedule.



1.3.1 Literature review and

problem survey (Task 4.1)

This task included the survey of the literature pertaining to

exhaust plume descriptions in two-phase, low Reynold's number flow. Properties

examined included jet density, flow velocity magnitude and direction, conden-

sation criteria, and two phase (particulate-gas) flow dynamics. Also

examined were the literature entries related to past ground test and space-

craft flight experience with exhaust plume contamination.

1.3.2 Analysis and modeling (Task 4.2)

In this task the various models required were developed. These

included:

a. A low Reynold 's number plume spreading model.

b. A thermodynamic model for the inception of biowaste

condensation in the exhaust.

c. A model of condensate trajectories in the jet plume.

d. A model predicting the conditions for the accumulation

of condensed biowaste exhaust on impinged spacecraft

surfaces.

e. A model describing the lifetime of the biowaste resistojet

exhaust products in the vicinity of the spacecraft.

1.3.3 Exhaust contamination limits on biowaste

resistojet operating parameters (Task 4.3)

In this task the models developed in the preceding work were exercised

using the parameters and constraints of pressures, thrust, temperature, and

mixture compositions to describe the limits which would permit resistojet

functioning with minimal contaminating effects on the spacecraft.



1.3.4 Experiments definition and criteria (Task 4.4)

Using the results of the prior work, the recommendations of facility

requirements for ground test verification of the predicted contamination were

developed. Also, comments in the objectives of a flight test experiment to

further examine the jet contamination on spacecraft systems were developed.

1.4 Schedule of Task Performance

The chronological sequence of task performance is presented in

Figure 1. The detail reporting of the task activity was accomplished via

the monthly technical progress reports required under the contract. The

monthly report containing detail of specific tasks is also indicated in Figure 1,

This Task III effort was initiated on October 1971 and continued through

May 1972.
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2.0 TECHNICAL SUMMARY

2.1 Literature Review and Problem Survey (Task 4.1)

In this task, the literature related to spacecraft contamination

by rocket effects and that of jet plume analyses were surveyed. A computer

search of the literature was conducted based upon key subject indices.

Approximately 100 entries were evaluated. A listing of the key bibliography

is presented in Section 5.0. In addition, telephone and personal interviews

were conducted with investigators in these fields. Mr. Warren Lyon, of

Hittman Associates, was interviewed at length. Mr. Lyon has been the

principal investigator on NASA-Goddard Space Flight Center supported work

on spacecraft-rocket contamination effects. Additional information was

obtained from the Skylab Program staff, both at NASA-Marshall Space Flight

Center, Langley Research Center and at the Martin-Marietta Corporation, Denver

Division. NASA - Jet Propulsion Laboratory was also contacted to relate

Ranger, Mariner and Surveyor experiences in this area.

A compendium of flight and ground simulation test experience

with spacecraft contamination, both intentional (rocket impingement tests)

and unexpected (flight and ground test anomalous events) . This summary of

prior experience is presented in Figure 2. A review of this data

reveals that only the Apollo and Gemini window deposits could be traced to

propulsion sources. The other examples of contamination could be related to

propulsion events, but the data is inconclusive. The Apollo and Gemini

rockets were conventional chemical bipropellants and do not directly relate

to the biowaste resistojet. Electric propulsion jets in SERT spacecraft

did generate some effects on the solar array, but these metal ion plumes are

similarly unrelated to the resistojet and are not included.
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The principal outcome of the spacecraft contamination survey is

that water and water-bearing compounds have caused film deposits to occur

on spacecraft sensors held at low temperature. This information was of use

in the later analyses of this study. Conditions for condensation of water,

carbon-dioxide and methane were evaluated, and the results appear in

Section 2.3.2.

Review of the jet plume characterization analyses indicated that

most analyses are available for inviscid jets only. The small size and flow

rate of the biowaste resistojet of interest place the flow well into the

viscous regime. This required that the inviscid jet analysis be analyzed to

develop viscous jet perturbations of the analyses that are available. The

general comment upon the available analysis is that they treat the chemical

thermodynamics of the jet in great detail and are complicated by this feature.

The resistojet operating regime (residence time and temperature) is such

that little or no chemical activity is predicted to occur for the compounds

of interest to this study. The bibliography of Section 5.0 contains numerous

entries describing the inviscid jet flow analyses.

2.2 Analysis and Modeling (Task 4.2)

2.2.1 Propellant gas property analysis

Before the analysis of viscous plume exhaust processes could be

initiated, it was necessary to establish the vapor mixture properties of

the biowaste propellants of interest. Prior work on the biowaste resistojet

system preliminary design and description by McDonnell Douglas Corporation

has identified six candidate vapor mixtures. The transport properties of

these mixtures were described in MDAC Bulletin 16 of NAS1-10127 by Page

of Advanced Rocket Technology. One property not tabulated was the gas

16



mixture specific heat ratio (c /c ). This property is significant for all

plume expansion processes, both ideal and viscous.

Using ideal gas theory for gas mixtures, and the physical

properties for the constituents, the specific heat ratio for the gases was

calculated. The results are presented in Table 1 for four (4) gas tempera-

tures, namely 300°K, 500°K, 1000°K and 1600°K. These temperatures were

selected as being representative of: ambient vent, warm vent, medium

heated vent, and high temperature vent, respectively. Estimates for

methane containing mixtures are not presented at 1600 K because of past

experience with disassociation of methane above 1000 K. The composition of

the candidate mixtures is presented in Table 2 for reference.

The data of Table 1 was used in subsequent analysis of condensation,

pluming and nozzle flow. A small value of the ratio indicates a high heat

capacity and, therefore, a greater capacity to turn from the nozzle axis

in Prandtl-Meyer flow expansions. Note that at ambient temperature almost

all the mixtures display a value of approximately 1.3. This is representative

of an ideal gas of 3 or more atoms without appreciable excitation of internal

degrees of freedom. At elevated temperatures the specific heat ratio reduces

due to excitation of these internal degrees of freedom, and the variation

increases among gases due to their differing molecular composition and

structure. As the plume expands, the internal degrees of freedom "freeze"

and if increases to a theoretical limit of 1.67. In subsequent pluming

analyses, an average was used.
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2.2.2 Modeling viscous expansion processes

The objective of this study is to predict resistojet expansion

characteristics as the propellant properties vary due to temperature, pressure

and composition. A key departure of the flows in the resistojet from classical

inviscid jet flow is that viscous effects dominate the nozzle expansion process.

This is evident from the referenced experimental correlations done by Page of

Advanced Rocket Technology for McDonnell Douglas Corporation in Bulletin No. 16.

See Figure 4. The discharge coefficient (flow rate reduction) and the specific

impulse were correlated with a viscous parameter (G) which is a function of

Reynolds number of the nozzle flow. It is the purpose of this study to use

this experimental basis to predict flow properties. In keeping with the scope

of the study, the approach to be used is that of perturbing the ideal jet

solutions using parameters derived from experimental thruster tests. The

viscous parameter G(Re) is defined as

•

G(Re) = (m/A*)effF

where: (m/A*) ,.,. = effective mass flux at throaterr

F = thrus t

/TF = dynamic viscosity at chamber T

1.,,-o-p = ideal specific impulse at infinite expansion

g = gravitational conversion factor.

Typical biowaste resistojet thrusters of interest exhibit values

5 8
of G from 10 to 10 . The wide range displayed arises from the need to

treat varying compositions, temperatures, thrusts and pressures.

An ideal (inviscid) nozzle exhibits isentropic flow. This results in

C and impulse ratio of unity. The inviscid flow in the nozzle was approached

from entropy considerations as being poly tropic in behavior, the equation of

the gas state for this assumption is
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P/ = constant
ne

ioing the corresponding relations for polytropic flow mass flux and

i ,<.ntropic flow mass flux results in the relation

1_ 1
C

n+l n-fl ~H 2

1's.lng the experimental daia for C per Figured and the ̂  data from Table 1 ,

the n is implicitly defined from the above. A linear expansion of the

preceding function wan pertormed to achieve an approximation for rapid,

simple calculation This function is:

C V i _ 1- in +1 ( ! _ 2L "-1 - + )

In this function, y is a Li/ays greater than n by entropy considerations, and C

is therefore less than unity. This function was plotted and is presented in

Figure 5 for C versus tf-n. The variation from a linear function for all X

of inii rest was tound 10 be less than 0.01 on the C axis. An interesting

rtature of the analysis, which is consistent with Page's correlation referenced

previously, is that there is not strong direct dependence on if itself. For

all of the gas states of interest the above C vs. ( #-n) is virtually

independent of / . The linear graph of Figure 5 is used as follows. Given

resistojet design features, the G(Re) function may be computed. From this

tht- correlation of Figure 4 c.en be used to estimate t which in turn gives

an entry into Figure 5 for tht c-quivalent n for the nozzle expansion process

knowing if of the gas. Once a is determined then other properties of the

flow ecu. be estimated, using tiie equation-of-state relation.

One such property of interest is the relation between area ratio

and temperature. This can be derived from the preceding to yield
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A 2 , , To/T -1, n-1 2 . - x
A ...x ( o. n+1

CT J n^Tx

where A /A is the nozzle area expansion ratio and T /? is the ratio of
t x f ox

chamber stagnation temperature to exit static temperature. The area ratio

at various temperature ratio is presented in Figure 6 ',for a range of biowaste

gas parameters. The trend of Figure 6 is that for low values of n, the

temperature ratio is correspondingly low at fixed area ratio.

2.2.3 Free expansion

Once the jet exits the nozzle, the flow will relax to an isentrppic

expansion since the wall friction effect will be absent. Neglecting the

region where flow relaxes from the viscous interior flow to the exterior flow,

the exterior flow can be approximated from inviscid theory. This is an

averaging type of approximation since in the real case there will be

velocity gradients associated with the initial velocity distribution present

at the nozzle exit.

The approach used in predicting the plume shape and flow characteristics

is that developed by Hill and Draper. In this approximation to the flow

the farfield of the jet is assumed to be radial source flow with the stream

V 2density (ttV) varying as / r from the nozzle apex. In the very near vicinity

of the nozzle, the flow prediction may not be totally accurate, but the

trends are consistent. The mass flux per unit solid angle is

2
dm » pVr

The mass flux dm shows a very rapid decay from the axial station in the
d-o.

exact solutions of the flow developed in method of characteristics solutions
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A one parameter function has been developed to approximate this decay by Hill

and Draper

The value of A , the parameter must be determined from the solution of the

mass and momentum conservation equations. This results in the following

for the A solution

In this function, the ~^s/Xs<jo ratio can be obtained from Figure 4

knowing the flow G(Re) function. /»£,. is the ratio of gas velocity to

the ideal, one dimensional, infinite expansion velocity. In the limit of

high expansion, this ratio approaches unity, and the corresponding A is

referred to as A^ . Note that for each isodensity contour, there is a

corresponding yw and, therefore, A • which describes each contour, as
' *MA***

will be shown.

The ratio of V/, is given by the following.
'V

e

In this function ~̂/T~ is the ratio of stream static temperature to total

temperature, and TeL- is the corresponding ratio for nozzle exit conditions
' 'O

These dual functions are required because in expansion, the gas first expands

in the nozzle polytropically. The ratio %- is obtained from Figure 6

for the appropriate flow parameters and area ratio. The ratio (Y is
'(*>

selected as the value for the desired isodensity contour of the plume.

Returning to the plume description problem, the preceding analyses

can be combined to describe the plume isodensity contours. The relation

derived is

r
26



In this function r is the nozzle exit radius and r is the radius from the
e

nozzle apex to the point in the plume where the isodensity contour ft/ is
&

described, at the angle O . Choosing a density value, and from the previously

defined parameters, it is possible to compute isodensity contours of the

flow. These contours, and the assumption that the flow in the far field

is radial outward at any angle © from the axis with origin at the nozzle

apex, allows computation of mass flux as a function of angle. Three typical

plume plots are presented in Figures 7 through 9 for the stated parameters

of biowaste resistojet interest. The results are shown comparatively in

Figure 10 ... Figure 11 presents plume plots for a range of G(Re) conditions.

to illustrate the significant effect of viscosity in plume shape, when

compared with inviscid predictions .

Among the plume properties investigated was that of predicting

the flow which turns greater than 90 , i.e. past the nozzle lip and upstream.

The relation derived is

o
This function is of significance when it is desired to estimate the flow

which will occur on upstream spacecraft components and gives a gross measure

of the severity to be expected.

2. 2. A Entrained particulate trajectories

Particulate material can be expected to be present in the biowaste

resistojet exhaust. This particulate material can arise from: the condensation

of vapors in the resistojet propellant mixtures, the flaking of materials of

construction of the thruster system, the decomposition of methane to solid

carbon, and the traces of solid salts that can be present in some of the

sources of biowaste propellant. These particulates will be entrained in the
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jet during the nozzle expansion process and will exit with the jet. The

subsequent trajectory of the particles is of importance when considering the

possible interference of this effluent with other parts of the Space Station

and the overall mission of the spacecraft.

The particulate material is carried in the jet through friction with

the gaseous media. The: gases expand and turn as described in the previous

report on resistojet plume flow. Due to the inertia of the particles, they

cannot follow the gaseous expansion exactly but will only follow the gas

flow through the flow regime where the frictional drag is appreciable. As the

gas flow expands and the density decreases, the jet drag reduces and the

particles become essentially free bodies. This rarefaction is complete when

the mean free path of the gas flow materially exceeds the particle diameter.

In the continuum region of flow the drag acceleration of the particle is

given by
__ _

(a - u
f

In the free molecular flow regime, the drag acceleration is given by

The latter equation will only apply when the mean free path L greatly exceeds

the radius a. This condition occurs for the resistojet application

= ft t& /Q_ for methane

• -2
with 3 atm chamber pressure and (a) measured in cm. For (a) equal 10 cm

0 / 7this condition occurs when ("/ exceeds 10 in the plume. For the remainder

of this analysis, the continuum regime of flow will be analyzed, and the drag

outside of this regime will be neglected for simplicity.

To estimate the particle trajectory in the plume, the acceleration

of the particles will be analyzed in the cartesian coordinate system, with

origin at the nozzle centerline . The accelerations can be described as
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The gas velocity at any point in the jet is a very complex function of the

geometry. However, for approximation purposes there are simplifications that

are possible. First, it is assumed that the particles entering the nozzle are

initially all axial in flow direction at the exit gas velocity. The gas flow

is assumed to take on the velocity and direction at the nozzle exit that it

has in the far distant field. This assumption will result in slightly greater

particle turning than is actually experienced and is conservative in its

effect on the cone of particles. The gas velocity function under the assumptions

These functions are substituted into the above

u,< = . % ^. ̂  ̂&

These functions are difficult to solve in the exact form, but certain approx-

mations can be applied for the problem at hand. Using linearized approximations

for these equations the resultant predicted angled for the trajectory of

particles is given by;

u.
In this function

where U is the gas viscosity, Jr is the radius from the nozzle apex to the
' _7

outermost plume contour of continuum flow (about density ratio 10 ) , f is

particle density, a the particle radius, and V as before.

2.2.5 Vapor condensation in the exhaust

The ability of vapor exhaust products to condense in the exhaust jet

will depend upon the vapor pressure characteristics of the fluid relationship

to the partial pressure of the vapor in the exhaust mixture. For the biowaste



resistotjet propellant of interest, water, carbon-dioxide and methane are the

principal condensable species . The traces of oxygen and nitrogen are very small

and are quite similar to the more prevalent methane in vapor pressure character-

istic. Therefore, they may be assumed to follow the methane bahavior with small

error. If the vapor pressure equals the partial pressure in the exhaust at a

given exhaust temperature then condensation can occur. Whether condensation

does occur in a flow situation depends upon the presence of suitable nucleation

sites and sufficient time for molecular collisions. In general, some super-

saturation can be expected in all cases of flow situations.

The Clausius-Clapyron relation of thermodynamics is used to approximate

the vapor pressure-temperature characteristic of the fluid. This function is

an exact one, except that in our approximation, the heat of fusion is assumed

to be independent of temperature and the vapor phase is assumed to be a perfect

gas when far from saturation. The result is the function

which integrates to

P- -

This function has been used to curve fit the vapor pressure for water, carbon-

dioxide and methane. The results are:

log P « -516 + 4.77 for methane

log.-P = -1365 + 7.03 for carbon-dioxide

log P = -2180 + 5.78 for water
T

In these relations, P is in atmospheres and T in °K.

The prospect of condensation of a vapor in the exhaust occurs when

the jet exhibits a flow static temperature below the above predicted saturation

temperature, at a given pressure. In this determination the partial pressure of

the vapor must be accommodated since the vapor is only one constituent of the
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mixture. The prediction of condensation is conservative, in that considerable

supersaturation can be exhibited by the flow. The predictions of this analysis

are to be used as indicators of potential condensation problems and detail

treatment of the nucleation and growth of condensate, and the attendant

supersaturation are outside the scope of this study. Calculations using the

model predictions are presented in a subsequent section.

2.2.6 Condensation on adjacent components

The incident flux of biowaste exhaust upon adjacent spacecraft

surfaces can cause accumulation of a condensate film under certain conditions.

If the adjacent surface is cold, such that its capacity to reevaporate is low,

the condensate will accumulate. The continuity of mass function for this

phenomena is

Rate of change of surface film = condensation rate - evaporation rate.

The condensation rate may be related to the arrival rate of biowaste exhaust

through the use of a condensation coefficient, i.e., the fraction of incident

molecules that condense. This nature has been found to be approximately unity

for the gases of interest. The evaporation rate of a perfect gas into vacuum

is given by
f?

A/ = J^L
YLIT /m

where \\j~ is the vapor pressure, m the molecular mass, k is Boltzmann's constant

and T the surface temperature. To determine the condition where the condensation

rate just equals the evaporation rate, the incident flux is equated to the

evaporative flux. At this condition the surface film will be at the incipient

buildup condition. The incident flux is a function of the position of the

target in the plume. The plume isodensity contours and related velocity

predictions describes the incident flux on the target. Therefore, it is possible

to define the minimum arrival rate IAO that will cause incipient film

36



condensation. This limit is

/r -
/ 2.TT *-r»T~

The vapor pressure characteristic of the biowaste vapors was established in

section 2.2 to be of the form

combining the above results in

x 7
= 0.

where i/v is the vapor molecular weight in AMU.

The mass flux of exhaust impinging the target surface is given by

"V, - *V fi (fy) %,„ *"> •M*°i
where Z is the mole fraction of vapor in the exhaust, and c< is the angle

between the target normal and the influx velocity vector. The impingement

flux is a function of the plume shape and geometry. The evaporative flux is

a function of the target temperature and the vapor pressure function of the

vapor of interest .

For calculation purposes, the ;̂4K, function may be evaluated as

= Ylr.fr Zr.
Y-l '

2.2.7 Exhaust lifetime in the vicinity

The lifetime of the exhaust in the vicinity of the spacecraft is

important in estimating the residual effects of the jet between firings and

between orbits. At the altitude of interest in this study, i.e., 200-300 nmi.

(370-500 km)*the residual atmosphere is still significant. The ambient

8 9 3 5density in this altitude range varies from 10 to 10 particles/cm with 10

to 10 being the range of charged particle number density, the remainder being

neutrals. The equivalent temperature of these particles is approximately

1500°K. For methane at 3 atm pressure and ambient temperature, the resistojet
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20 3chamber gas density is 10 molecules/cm . To reduce to the ambient density,

-11 -12the gases must diffuse to a density of 10 to 10 of the chamber value.

At plume density contours of 10 , as was plotted in the last monthly report,

the plume dominates the environment. Using the plume theory developed, the

jet density would decay to the ambient density of space at a distance from

the nozzle given by

X * 0.5 x 106 r

For a typical resistojet with r = 0.05 cm, this results in a distance of
4

2.5 x 10 cm, or about 830 ft. Therefore, along the jet axis, the plume dominates

the environment for a distance approaching 300 m (1000 ft) if other interactions

can be neglected. This distance is large with respect to the spacecraft

dimension and if there are numerous jets, then there will be many such exhaust

cones extending into space.

Some of the interacting forces involved are gravity, drag, and solar

pressure. Consider the attractive force of gravity by the spacecraft in the

particles and gases. To do this, it is helpful to compute the escape velocity

from the spacecraft as a gravitational body. The escape velocity is

For spacecraft mass of 140,000 kg and a radius of 10 meters, this escape

-4velocity is 10 cm/sec. This is a very small velocity with respect to

typical gas velocity and will not be significant as an effect on the gases

in attracting them. Low velocity particulate debris may be affected however.

-5 2The gravity attraction of the spacecraft is approximately 10 cm/sec or

—8about 10 g compared with earth's surface.

When considering the particulate material there are several life

limiting features. If the material is condensate of a jet vapor, the particles
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will re-evaporate through interaction with the ambient atmosphere. Sharma,

et al, reporting in the December 1971 Journal of Spacecraft and Rockets have

analyzed the life in space of water ice and found that the radius decays in

time as _ t/~>

P = r <±p °f c>
where t is an evaporative time constant, which for water is about 1000 min.

Thus, the particles decay in radius by a factor of 1/e every 1000 min. There-

fore, the particle lifetime is long compared to an orbital period. Sharma

reports that the ̂ f°r oxygen ice is about 100 minutes.

In addition to the gravity pressure, the particles will be acted

in by the solar flux. This will generate a solar light pressure on the

particles and deflect their trajectories. The solar radiation pressure is

given by

P = 5 x 10"6 kg nf1 sec"2
K

For a particle of radius a and density

acceleration = * V̂ /fy**3? ' * ̂

For small particles of size a = 25//>*and density^ = 1 g/cc this acceleration is

- 3 2 - 4
acceleration = .15 x 10 m/sec = 1.6 x 10 g

2
At this acceleration level, the range that a slow particle will achieve is %at

in a specified time. In an orbital period of 90 min (5400 sec.) this range

change is approximately 4 km and the particle will be outside the region of

-4the next orbital pass. The solar pressure acceleration of 1.5 x 10 g is much

—8
larger than the gravitational attraction of 10 g and therefore dominates

gravity attraction.
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Particulate material from the jets will be acted upon by the solar

light pressure during the illuminated portion of the orbit and accelerate away

from the spacecraft. One question which arises is, will the jet effluent

remain in the proximity long enough that subsequent orbits of the spacecraft

will pass through the debris. The gaseous material and high velocity particulate

material will have a large relative velocity with respect to the space station

and will dissipate rapidly even without the solar influence. For example, the

jet velocity will approach the maximum speed of

which is for methane at 27°C equal to 3400 fps or lOOOm/sec. relative to the

spacecraft. Therefore, the gaseous material will not remain or persist as a

problem to the space station.

2.3 Model Applications

Having completed the analyses required to develop the predictive

models described in the preceding section, representative calculations were

performed to assess the conditions presented by typical biowaste propellant

compositions and thermodynamic states.

2.3.1 Biowaste reslstojet plume flows

The biowaste propellant mixtures and temperatures of interest exhibit

specific heat ratios in the range 1.2 to 1.3. as presented in Table 1.

Using the parameters of the thrusters of interest, the value of the G(Re)

function is typically 10 . This yields a C •* 0.89 and Xi/ = .885 from

Figure 8. Referring to Figure 9, this gives a value of (Ĵ -n) =0.6

for the flows of interest. For the three « values exhibited in the flow

situations of interest ( j* » 1.2@1000°K except for water, f = 1.3 at 300°K for

all and X = 1.25 @ 500 K for all except water) the corresponding YL values are

as follows:
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y
1.20
1.25
1.30

n

1.14
1.19
1.24

Reference to Table 1 indicates that these three values of 0 span the

range of interest from 300°K to greater than 1000°K. To compute the plume

shapes and properties it was necessary to determine the
-
velocity ratios

For the above cases, these velocity ratios are presented in Table 3 ,

calculated from the analytical model developed.

Table 3

Velocity Ratio

v/
/)

1.3

1.3

1.3

1.3

1.25

1.25

1.25

1.25

1.20

1.20

1.20

1.20

fi/r
4ioq

IO5

g
10°

IO7

4
10

5
10

g
10

7
10

io4

: 5IOD

g
10°

7
10 '

V/VMflx

.956

.978

.988

.995

.930

.960

.978

.987

.885

.936

.957

.973



Typical plume density contours were presented in section 2.2 in

Figures 7 through 9 . For convenience in representation of the data,

the coordinates have been non-dimensionalized by the nozzle exit radius r .

The conclusion to be drawn from these results are as follows

1. The viscous jet plumes spread appreciably greater than the

predicted inviscid jet does. This will give appreciably

greater flows off the jet axis, and particularly at high angles

off axis where the inviscid solution predicts negligible flow.

2. The decay of density on the axis of the jet is more rapid

for the viscous jet than for the inviscid jet.

3. Resistojet operation at high temperature (> 1000°Ky low thrust

(.12N) and low pressure (1 atm) puts the flow well into the

viscous effects regime and accentuates the spreading phenomena

described in 1. and 2. above.. High temperature and low thrust

may have to be avoided in some locations on the spacecraft

jets to preclude side and back-flow effects.

2.3.2 Condensation of the exhaust

The conditions under which the biowaste propellant mixtures could

condense were defined in section 2.2.5 . in this application section, the

properties of the propellants are inserted in the model to describe the

prospects of condensation under the various operating conditions. Condensation

can occur either in the nozzle flow or in the plume flow. Condensation in

the nozzle flow is potentially the more serious since nozzle blockage could

occur. Also, the earlier in the flow that condensation occurs, the larger

and more numerous the particles generated will be since there will be a

corresponding larger residence time at higher.density conditions for droplet

growth. The-principle condensibles are water, carbon dioxide and methane,

in that order.



2.3.2.1 Condensation of the molecular sieve

For the molecular sieve (carbon dioxide) output described as mixture

A in Table 2 the condensation prospects were evaluated. This required the

evaluation of the viscous parameter G (Re) for the flow conditions of interest,

These conditions were

Temperature (°K) 300, 500, 1000, 1600

Thrust (N) .12, .48

Pressure (atm) 1, 3

7 4The viscous parameter varied from .2 x 10 to 2 K 10 for these cases. The

results of the calculations are described below.

For the molecular sieve biowaste propellant source, the following

conclusions may be made regarding condensation in the plume and nozzle flow.

a) The effect of pressure from 1 to 3 atm is not significant.

This is equivalent to a change in temperature of about 30°K

and therefore has little influence on the flow. In general,

the higher the pressure, the more likely is the condensation

in the nozzle or plume.

b) The flow will show condensation, or incipient condensation,

in the nozzle at chamber temperature up to 500 K. At 300 K

it is very likely and at 500 K it depends upon pressure. At

3 atm and 500°K it is likely to condense. At 1 atm and 500°K

it is not. Thrust level has a small influence in the range

from 25 mlb to 100 mlb on nozzle condensation.

c) Condensation in the continuum flow portion of the plume is

not likely for temperatures above 1000 K and with the thrust

levels and pressures of interest.



d) Between 500 K and 1000 K chamber temperature the vapors

are likely to condense in the near plume but outside the

nozzle proper.

e) The thrust does not greatly influence the results. At lower

thrust the condensation limits on chamber temperature would

reduce slighly because of the viscous effects in the nozzle

on the thermodynamics.

2.3.2.2 Sabatier output

In the Sabatier output stream, methane, water and/or carbon dioxide

could condense. This output is described as mixture B in Table 2 . Temperatures

to 1000 K were evaluated. At temperatures above this, the methane can be

expected to undergo potentially troublesome dissociation. All three major

constituents were investigated for condensation. The results of these

analyses are:

1. Condensation of methane is not predicted at any of the conditions

of flow studied and, therefore, does not represent a condensation

problem.

2. The residual water vapor in the flow will be capable of condensation

in the nozzle at temperatures below approximately 1000 K.

However, the quantity of water is relatively small (1.5%) and

should not represent a problem of flow blockage.

3. Condensation of the carbon dioxide in the nozzle flow is

marginal at 300 K chamber temperature and not possible at

higher temperatures. The carbon dioxide will condense in the

plume at 500 K and above, but is not an appreciable weight

fraction of the flow (5.9%).

The viscous parameter for the Sabatier output varied from 3 x 10 to



o
8 x 10 for the flow condition of interest. This flow is more viscous than

the sieve output, and if it were operated at temperatures above 1000 K, the

viscous pluming would be significantly worse than that of the inviscid pre-

diction.

2.3.2.3 Water supplement

The use of water as a supplemental propellant is of interest for

certain mission periods. It was correctly anticipated that water is potentially

the greatest problem regarding condensation. The viscous parameter for water
Q £

flow varied from 2 x 10 to 10 . This indicates that water flows are also

significantly affected by viscous effects. Temperatures of 500 K and above

were studied, because below this the water is in a liquid state at the pressures

of interest (vapor pressure 3 atm at 400 K). The conclusions to be drawn are:

1. All cases at 500 K will show condensate in the nozzle.

2. At 1000°K, only the 1 atm, 25 mlb nozzle flow will be free of

condensate; all others will be at various degrees of condensation

conditions.

3. Above about 1100°K all of the flows will be outside the

condensation envelope for the nozzle.

4. Condensation in the plume is predicted for all temperatures

below 2200°K in the chamber.

2.3.3 Particle trajectories computation

The trajectory of particles in the jet is significant from a

contamination standpoint. Any particles in the vicinity of the spacecraft

can scatter optical signals and impinge surfaces at relatively high velocities

(km/sec) and generate damage. The analysis of particle trajectories was

treated In section 2.2.4. The predictions have been prepared for the biowaste



gas mixtures of interest and the pressures, temperatures, etc. that are

appropriate to the biowaste resistojet application.

The particle deflection formula was found to be

where <±s the cone ^ angle of the particle and & is the angle from the jet

axis that the gas flow takes. The parameter ̂ described in section 2.2.4 varies

with the plume shape for each thrust, pressure, gas, etc. For most plumes of

interest, it was found that the parameterPofliM© maximized, i.e., gave the largest

particle deflection angle at O = 30° and /^typically 250 nozzle exit radii.

This yields an approximation for yifj, A»*&of about 1?/£. The defining relation for

tan d) then becomes , approximately the following

For any gas the viscosity yU varies in temperature but independent of pressure

This variation is, by kinetic theory, proportional to "TT . In actuality, it

often varies by T where n is from 0.5 to 0.8 with 0.6 a common number. As

a result , it can be seen that the particle trajectories will be essentially

independent of chamber temperature for a given gas selection and only one

temperature need be evaluated for a specific biowaste mixture, except for minor

variations that take place in ^ versus temperature. The particle density ( £

can be assumed to be near s.g. of 1 for the contaminants of interest, and the

particulates may vary from 1-100 u m in size. The nozzle exit radius is

proportional to the throat radius. The throat radius of a resistojet is a

function of thrust level and the gas of interest. For the biowaste gases of

interest, the throat radius £31 given approximately by

lo
which for F = 25 mlb (.UN)

P = 1 atm (105 N/M2)

rs io~3m
"C



Also, from the above discussion

P = 103Kg/m3

(L = 10 ~6m to 10~4m

Evaluating at 300°K for the gas properties required results in the following

table for values of viscosity and V, for the various biowastes.

Gas Flow Properties for Particulate

Trajectory Calculations @ 300 K

Mixture

A

B

D

Source

Mole sieve

Sabatier

Water

M. (Nm/sec)

_5
2 x 10

_5
2 x 10

^1.2 x 10 "5

VMAV (m/sec)MAX

730

1210

1140

Typical values of the parameter VzT were computed for the biowaste mixtures

of interest, and from this the turning angle of particulates can be computed.

The results of the applications analysis regarding the particulates

are summarized below.

A. For a given biowaste, the particle cone will be essentially

independent of chamber temperature. The only effect of chamber

temperature will be a small variation of V in the plume, and a

very small effect on gas **scosity as discussed. The plume

Shape changes somewhat, but not sufficiently to alter the

magnitude of the particle turning.

B. The 100am particles are contained with 5° of the nozzle axis

for all the biowaste gases, pressures, thrusts, etc. studied.

Therefore, the particles of large size will be well collimated

along the axis. The small (lOyum) particles can be spread further,

out to about 30 from the axis. Very small (y<m) particles

can be expected to have an «>ven larger conical angle. However,



TABLE 4

Particulate Turning Angle for Typical

Mixture

A

A

A

A

A

A

A

A

B

B

B

B

B

B

B

B

D

D

D

D

Thrus t
(mlb)

25

25

100

100

25

25

100

100

25

25

100

100

25

25

100

100

25

25

100

100

Biowaste Mixtures

Pressure
(atm)

1

3

1

3

1

3

1

3

1

3

1

3

1

3

1

3

1

3

1

3

and Particle Sizes

Particle
Size
(/<m)
/

100

100

100

100

10

10

10

10

100

100

100

100

10

10

10

10

100

100

100

100

Particle
Turning
Angle (°)

2.3

1.8

3.2

2.5

21.8

17.1

29.2

23.7

2.9

2.1

4.2

3.1

27.1

23.1

34.5

29.2

2.0

1.5

3.0

2.2



particles this small do not represent a large source of damage

potential.

C. At a given thrust, the higher pressure cases show less turning

of the particulates. This is due to the smaller nozzle and plume

dimensions of these jets and, therefore, the shorter residence

time in the plume.

D. Higher thrust causes larger turning angles for the same reason

as in C above.

E. The various physical properties of the biowaste gases, namely

viscosity, V^ft)t ( Y are such that in any application there

is very little difference in particle turning result from one

to the other of the biowaste.

F. For the range of parameters studied, the particle cone is much

less in apex angle than the plume proper and simple line-of-

sight precautions may be taken. Only the smallest particles,

less than lO/jm, in radius need be considered as turning

appreciably.

The above analyses and prediction could be used to determine plume

opacity calculations once the particle number density is determined or estimated.

The plume opacity, or scattering analysis is outside the scope of the current

study. The particle turning calculations made for the biowaste resistojet appear

to be the first publication of this concern for small jets. Although the primary

flows of the biowaste gases will be filtered to remove particulates, any

particulates added downstream of the filter due to condensate, salt precipitation,

or material flaking will be carried off in the exhaust. In a prior effort under

this contract, the amount of salts present in the water were estimated to be of

the order of several hundred grams per thruster over the life of the thruster.

This assumed that there was no separate vaporizer to trap deposited salts.



3.0 TESTING AND FLIGHT EXPERIMENTS

It is recommended that ground simulation tests be conducted at

the thruster level using representative biowaste mixtures. The key simulation

required is that of the water content in the biowaste. To be meaningful, the

tests should be conducted in a facility of sufficient size and pumping ability

to achieve a full continuum flow plume. This can be accomplished in chambers

of a size of a few meters characteristic length. The key data to be obtained

is the verification of the off-axis flow predictions for condensation on

targets placed in the low density portions of the stream.

Flight experiments using resistojets with simulated biowaste

would be of value to determine effects on candidate or actual experiments.

The emphasis should be placed on two experimental areas a) those with cold

sensors where condensate would tend to accumulate and b) imaging or viewing

experiments in the wavelength range where particulate light scattering and

absorbtion would be critical. Biowaste res istojet operating parameters

would be selected so that the temperatures and flows would span the predicted

range of incipient problems described in earlier sections of the report.

The specific experiment that would verify the contamination aspect of

biowaste resistojets is one using water laden carbon dioxide as propellant.

Operation at a range of temperatures from ambient to about 1600 K could

be accomplished in sequential steps, with non-thrusting periods between to

obtain reference states for experimental observations.
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3.1 Ground Test Recommendations

Ground simulation tests to verify the predicted biowaste contamination

effects are essential to the continuation of the biowaste resistojet development

program. Considerable test data should be accrued before committing to a flight

test verification of contamination or a flight payload design. Two features

of the potential contamination problem were identified in the study and stated

above, namely plume shape for small jets, and condensation effects.

The ground tests could be conducted with humidified carbon-dioxide

propellant since both water and CO. are the most condensible candidate compounds,

Dew-point of the CO- of 5°C should be used as being representative of the space-

craft condenser heat sink. If another cold source is available, then the dew

point appropriate to the available source should be used. Additional tests

should be conducted with water alone, if this source continues to be an

interesting make-up propellant for high-impulse demand periods. The tests

should measure, through beam scattering techniques, the opacity of the jet

plume under various thruster temperatures in the range of 300 - 1600 K. Also,

the region of condensation upon adjacent surfaces should be investigated through

the use of chilled blocks arrayed around the plume area at temperatures repre-

sentative of the spacecraft sensors.. The use of quartz crystal micro-balances

as indicators is an alternative, but the response of these would require inte-

gration since it would be difficult to determine whether the deposited material

was condensate or adsorbed chemicals. Testing should be conducted in a chamber

providing ambient densities approximately 10 or less of the thruster chamber

density.

3.2 Flight Test Experiment

The flight test experiment to verify predicted biowaste propellant

exhaust contamination could best be performed as an auxiliary test on an

experimental payload using actual flight sensors and optics. After completion



of the primary mission, the resistojets could be operated at conditions

indicated by the results of the ground test to be conducive to contamination

conditions. The same carbon-dioxide and/or water propellants should be used

in these tests. Capability to test with humidified carbon-dioxide and water

separately would be very desirable. If the water proves to be a continuing

potential problem, it use as a propellent supplement would have to be

re-evaluated.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The analytical studies performed have resulted in the preparation

of a number of interesting conclusions. These conclusions must be considered

to be unsubstantiated until the verification testing suggested has been

completed. The pertinent conclusions of the study performed are:

Plume shape

The resistojet thrusters in the .12 - .SON (25 - 100 mlb) range

will exhibit plumes of greater apex angle for a given density contour than

would a scaled inviscid jet. Appreciable flows at 30-45 off-axis can be

expected. The flow occurring at angles greater than 90 can be expected

to be substantially greater than for an inviscid solution prediction.

Operation at low thrust, low pressure and high temperature accentuate

this pluming due to increased viscous effects in the nozzle flow. Operation at

500°K, 3 atm and .25N or greater will cause the flow to be less viscous

dominated and more like an inviscid jet.

4.1 Condensation Effects

Water will prove to be a condensible exhaust constituent for all

biowaste sources unless low dew points and/or high chamber temperatures are

used. At the expected water content of the Sabatier effluent, the chamber

temperature should be held above 1000 K to preclude condensation in the nozzle

flow. The use of pure water should be limited to high temperature operations

to preclude condensation effects. This is consistent with the intent of the

use of water as a supplement. When a supplement is required, it should be

used at its greatest impulse effectiveness, i.e., high temperature. The

recommendation to use high temperatures to preclude condensation effects is

countered by the desire to use low temperatures to minimize viscous pluming.

The net result is that the thrust level may have to be elevated and operations
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conducted at intermediate (500 - 1000°K) temperatures to achieve a compromise

between the two effects.

Condensation on cold targets is possible with any of the biowastes

depending upon the specific location with respect to the jet (the surface

temperature and the biowaste resistojet) operating temperature and pressure.

A detail analysis of each case is required to provide any conclusions. Given

jet conditions, isotherms could be plotted in the jet plume on which targets

at the specified temperature would condense out biowastes (water, carbon dioxide)

4.2 Particle Trajectories

The analysis predicts that the particle turning angle is essentially

independent of operating temperature and dictated largely by particle size.

Each particle size will be restricted to a conical plume which increases in

angle as particle size is reduced. The angles of particle turning are much

less than the plume envelope and so should not present a problem if the

plume gas impingement does not.

4.3 Effluent Life In The Vicinity

The biowaste resistojet effluent is traveling at high velocity (km/sec)

and is largely directed in the plume away from the craft. Both of these

features make the dumping of biowaste vapors through the resistojet nozzles

superior to simple ambient venting when considering possible residual effects,

i.e., contamination. Even the viscous related flow effects which cause the

resistojet flow to expand off-axis would not create the severity of back-flow

that can be expected from simple venting. Also, the simple vent will probably

require modest heating to preclude "icing" and subsequent flow stoppage.

Therefore, even the relatively simple ambient vent takes on complicating features.

The vent heating would require sequencing and power control to conserve energy

on the craft. The biowaste vapors when expanded in the resistojet at modest

temperatures (500°K) are mobile and directed within relatively tight bounds of



prediction. The same cannot be.said of simple vents.

Several papers presented at the AIAA 9th Electric.Propulsion

Conference of April 17-19, 1972 were of considerable value in preparing the

recommendation of this report. Notable of these was the work reported by

J. M. Kallis, et al, entitled "Viscous Effects on Biowaste Resistojet Nozzle

Performance," In this work, the nozzle specific impulse and associated flow

characteristics of biowaste propellants were presented. This data was useful

in the verification of the assumed simplified model of viscous flow developed

in the current work.
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