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Abstract

One potential gamehanging technology for future crewed missions to Mars is Nuclear Thermal
Propulsion (NTP). NTP rocket engines are characteristically designed with higher specific impulse, a
measure of engine efficiency, than traditional chemical roakgines. However, NTP engines typically
experience nominiform heating profiles becausachfuel element desnot generate the same amount of
heat over the crossection of the engine core and heat generated near the center of the core can be more
difficult to dissipate than the heat generated near the edge. These effects can lower the overall efficiency.
This study defines the causes of amiform heating, with a focus on the impact to specific impulse, as a
first step towards addressing this problemevidus investigations examined heat generation profiles from
specific engine designs, which required extensive neutronics calculations and simulations to achieve
appropriate accuracy. Instead, an alternate method to the intensive neutronics calcsitatiotikzie
mathematical distribution models of heating profiles. This work generates normal, bimodal, and skew
distributed heating profiles, to compare the impact various distributions have on the specific impulse. For
each heating profile, correlatioguations between heating factor standard deviation and engine specific
impulse were defined from the completed computations. The resulting analysis finds that for a typical
NERVA based engine, a normally distributed heating profile with a 0.05 standaatiatein heating
factors can cause the specific impulse to drop to 800s from 900s. This significant drop corresponds to a
costly 5%10% increase in the overall mass of propellant required for a typical Opposition Class or
Conjunction Class Mission to MarBeveloping a method which quickly estimates the impact of non
uniform heating is necessary for preliminary engine design and will lead to improved strategies to address

this issue, such as mass flow orificing or fuel loading.
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Nomenclature

a Speed of Sound [m/s] Subscripts

ANL Argonne National Laboratory 1 Inlet
CcC Coolant Channel 2 Outlet
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l. Introduction

The recent pusfor further crewed missions into space, to the Moon and Mars, along with
additional deep space proldess caused renewed interest in a promising technology, nuclear thermal
propulsion (NTFR. Variousfinancial, political, and technical challenges have prevented the achievement
of this goal—sending humans to Marsfor decads. The most advanced chemical propulsion systems
combined with favorable alignment of Mars to Eaddn at best delivesne waytravel times ofix
monthsWith the health and safety of crew members being top priority for these missions, such an
extended length of time exposed to solar radiation is intolerable. NTP rocket systems offer reduced travel
times to Mars and other interplanetary bodies, which would be beneficial to crewdnzrakk physical

and behavioral domains.

One method of comparison when examining different rocket systems is to compare the specific
impulse,’O, of the rocket engirge The specific impulse is analogous to the miles per gallon used to
compare cars, in that both specific impulse and miles per gallon describe the efficiency of theTargine.
specific impulse of rocket engines can be defined withlEbglow, and represgs the time, in seconds,

that 1 Ib. of propellant can producébl of thrust, orl N of propellant producing 1 N of thrudf]|
() o Y 1
Qad Q (1)
F is the thrust of the rocket engifi@, is the gravitational consta(®.81 m/$), & is the propellant
massflow, andu is the effective exhaust velocitiRearranging the termand applying the first law of

thermodynamicskg. 2 and Eg. 3heeffective exhaust velocihyEq. 4,can be foundh terms of the

chambertemperature)y, and ex temperature’y.

0 aQ Q a6 Y 'Y e (2
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Since the propellant exhaust flow expands isentropically in the rocket nozzlec&igbe
substituted into Ec4, as the ei pressureD , is often easier to measure than tkié &mperature’Y,

resulting in Eq. 6.

()

C1|C1
.

(6)

©
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For comparison purposes, assume the roclkaidsating optimallyn the vacuum of space where
the exit pressurd) , equals zero. Furthesincea variety of propellants can be used in rocket engines,
define the gas constam, in terms of the universal gas constaritandmolecularweight of the
propellant, MW Equation 7 results.

Yy
f plw

(7)
Substituting Eq7, into Eq 1, the specific impulse of a rocket engine can be defined in terms of
easily known parameters.

qy

o ;— 8
(@) S T el (8)

Examining Eq 8, theefficiency of a rocket engine @imarily dependent on the molecular

weight of the propellant and the combustion temperature.

Current chemical engines, with primarily wat@porbasedoropellant (Liquid Oxygen and

Liguid hydrogen combust to produce water vaplogye a molecular weight of3.8 g/mol, which

produces a specific impulse arourgdg( f or a combusti on tempe[Rlat ur e

of



Nuclear thermal propulsion rockets use hydrogen as a propellant; with a molecular weight of 2 g/mol, the
expected specific impulse would bearlythree time more than a chemical engine, for a specific
impulse of aroundd00s( f or chamber temper at[3@rHoweoef,isB 420 K, and
generation NTP enginese constrained by material failure temperatures in the reactoarmaned2800

K, and practically only produce &0 of 900s.

According to[4], increased Isp systeratiow for more variability in the launch date, with
relatively minor changes the overall fuel mass, compared to lower Isp systems, like chemical
propulsion, which may need a significantly more fuel mass depending on the launch date. This makes
NTP a more attractive option as it could meet mission requirerfigrdensecutive launctiates with

minor changes in design, unlike a chemical sy§égm

Furthermore, NTP engines offer a favorable combination of high thrust and high Isp, which other
high Isp propulsion methods, such as ion propulsion, cannot provide. The combinationtbfusghnd
high Ispcorrelates to improved travel times and more efficient use of fuel. Both are directly related to
cost. Longer travel times leads to more potential crew health issues, and of course the more fuel or

propellant needed will increase thezoall mass and cost of tehicle

While current NTP engine designs can produce Isps in the rangestb8HI0s, improving
engine efficiency ismperative As was stated previously, Isp is a function ofrtieanpropellant outlet
temperatureHowever, the geometry of typical NTP engines leads to aundform heating and nen
uniform radial temperature distribution inside the engine core. Thisinidormity is detrimental to the
mean propellant outlet temperature and thus detrimental to the overall Isp of theTrogkeiperly
address this problem and improve engine design, it is necessary to investigate the root cause of the

problem and why its effectseaso importaniThis study attempts to do just that.

A. Historical Background
Nuclear Thermal Propulsion rocket engines vieitéally researched and developed throughout

the 1950s, 60s, and early 70s during two governmental programs: the Rover progtaenNuntlear

3



Engine for Rocket Vehicle Application (NERVA) prograithe RoverandNERVA programs developed
multiple NTP engine designs with the intended goal of interplanetary misaitmsugh the programs
developed numerous designs, only a few werecsttitested on the ground, with no flight tests. These
engine programs were able to achieve a maximum thrust of 2589@@d specific impulse of 850%].
Figure 1below displays a typical cross section of the NTP engine[6hrOf particular importance,
hydrogen propellant flows through the coolant channels,(@@)inFig. 1, absorbinghe heat generated

by the uranium fuel elements (FE) to produce thruben expelled as a result of the recovered
temperature and pressuthe tietubes contain neutron moderating materials to slow down the neutrons
in the core, improving theumber of fission reactions that could take place within the uranium fuel
elements. The titubes also provide structural support and cooling capabilities to keep the engine core

below materiafailure temperaturesanging from2700K to 3100K.
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Fig. 1. Typical NERVA Engine Core Cross SectionOne hexagon is one fuel element. Coolant Channel
highlighted in red [5].
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Near the end of the NERVA program, during the early 1970s, a subproghaahthe Small
Nuclear Rocket Engine (SNRE) program, built upon a previous reactor designed during NERVA, but
utilized improved fuel compositiorj6]. The SNREuel was composed ob) Zr) C carbide in a graphite
matrix, as opposed to uranium beads in a graphite njé}rik’]. Two similar designs were developed,
with one designed for an Isp of 860s and the other an Isp of@]73%is subprogram of the NERVA
program has been ustat several recent studiesince the summary reports include numerous design
points,and the designs producdigh thrust and Isp. This current study will utilitee 860s engine

design points for calculations of engine performance.

Additional studies, such as a design study by Argonne National Laboratory, investigated-ceramic
metallic (CERMET)based fuel elements. Thesesignautilized fast neutron fission reactions, so ne tie
tube moderators were present. To achieve the necessary reactor power with fast neutron fission reactions,
these designs required roughly 10 times more mass of uranium fuel than the NERVA resigha:. de
Whereas the SNRE and other NERVA engines hacbb®nt channel®r hydrogen propellant, the

Argonne National Laboratory CERMET designs had6édlant channelfs].

[I. Non-Uniform Heating

The principal source for nemniform heating profile in a NTEngine is due to neutronic fission
processes. Fortunately, a NTP engine core can be approximated as a cylinder with volumetric heating in
the same manner that a nuclear power plant core is approximated as a cylinder. This similarity allows for
simple compesons between the two. For a reactor core with uniformly deposited uranium fuel
(homogenous corgnd neutron reflectors placed radially around the outside of the core, the power profile
will follow Fig. 2. A generic NTP core will follow a similar profile. The peak power, heat generation,
occurs at the center axis of the cylinder since this axis experiences the highest rate of neutron flux and

thereforehigher rates of fission reactioft.
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Fig. 2. Radial Neutron Flux Distribution.

The power profile will closely mirror this shape[8].

Contrarily, the power generation profile for a nuclear reactor withumiiormly deposited fel
(heterogenous corepnnot be represented with a simple analytical pri8jleHowever, for typical NTP
reactor designs, conduction heat principles still apgthetemperature profile in a solid cylinder with
uniform heat generation will peak at thent® axis as the temperature gradient decreases from the center
to the outer surface as a result of the heat transferring to the surrounding environment.
Furthermoreneutrons near the center of the reactor are less likely to escape considering the significant
amount of fissile, scattering, and absorption atoms impeding the neutrons path to escape the reactor.
Comparatively, neutrons near the edge of the reactorfbaes materials that could interact with the
neutrons on their path outwardss a resultthe neutron flux distribution of a heterogenous core will

likely peak along the center axis similar to the homogenous core.

A. Power Peaking Factor, PPF
Beforecontinuing the discussionmahe root causes for namiform heating and neaniform

temperature distributions in the engine ¢caecifically for one FEt would be beneficial to define a
normalized, nordimensional unit to compare varioesgine geometries atgbat distributions.

Employing the same definition as Stew&it the Power Peaking Factor (PPF) relates thedessdration



aroundonecoolant channel to theeat generation of the average coolant channel in the eagisbpwn

in EQ. 9.

TT"OU 9
00 - 9)

Utilizing general equations for heat transfer, an equation for calculatingd®Re derivedvith
known propertiesAssumingall the heat from the surrounding FE is transferred through the coolant

channel to the propellargpnvective heat transfer equation, BE§can beapplied
0 ad Yy (10)
Utilizing the definitions for ideal gas law (Efj1), speed of sound (E4 2, andMach number

(Eg. 13, themassilow rate(Eqg. 14) can be defined in terms of design conditions pressure, temperature,

Mach number and flow areSubstituting Eq10throughEq. 14into Eq. 9, Eq. 15 & found.

0 "'Y'Y (11)
» Y'Y (12)
Y
0 - 13
b = (13)
. 0007 YY
Y " YY) ———— (14)
a 0 Ny
000 YUY, — 0 Yo
Y.,FY 8 Yy v T Y%y'v
U U O 5 W"Y FY o Mu— (15)
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Fortunately, the geometry of each coolant channel does not caearogs the reactor, all the

coolant channels are designed to have the same inlet pressure, and approximately the same inlet

temperaturg’Y, allowingthe following terms to canceb;, P, A, vy, EqalGdheRYis| eavi ng

the temperature at the exit of the coolant channel.



- ~ Y 'Y
0L O - — (16)
v Y Y 'Y
~
Since"Yissetto’Y , the formula can be simplified further to By, whered is the

designed coolant channel inlet Mach number, constant across all coolant channelsisaihé true inlet

Mach number for the coolant channel of interest. Equdt7will be the basis for further calculations and
characteization of various FE geometries.

Y 5 .
~ Y 5 (17)

00O

For simplicity, the heating profile famecoolant channel is limited to a hexagonal shape around
onecoolant channel, as seenfig. 3. The PPF provides a ratio of the relative heating deposition present
aroundonecoolant channelra oneFE, rather than looking aixclusivelythe temperaturer heat

distribution, whit can olscurethe relative heating afneFE.

Fig. 3. PPF Heating aroundone Coolant Channel.(a) Generic cross section of a typical NERVA fuel element.

(b) Heat deposition around the CC of a simulated FEL0].

B. Inter Element Heating
The heating distribution throughout one fuel element is naturally influenced by the surrounding

fuel and moderator elements. This is due to several reasomsnay be expiaed primarily by heat

transfer principles, while the other is due to the neutronics of the engine geometry.



Examining the cross section of a SNRE fuel

between the edges and the outer ring of coolamtrefia, compared to the space between the interior
coolant channel®ue to material strength properties and various manufacturing difficultieSEtheere
designed to have “extra” ma tFg.4iites bbvieus that outér ringlofe

coolant channels is closer to the next ring of coolant channels than thefuhadd-E[3].

N\
e S S\ S\ \
(/ \§> (( A
| |l ) ) | A\
) .‘{\; : ///// (Q\ /'//’/‘ \Q \
R p— \\
“ ‘/ \\‘\
“"E‘\\,‘_,,{ // \\

Fig. 4. Overheated edgecoolant channels in red.

The optimal configuration is an infinite array, in orange[3].

Further, the optimal arrangement of coolant chanmagsnfinite array shown in orang&ould
pass right through the FE edge wllg Since the 235 atoms, whig will undergo fission reactions and
generate the heat for the engine, are assumed to be uniformly distributed throughoutiibeéges

will generate additional heat compared to the inner sections of the FE. While this may sound

el e

out e

advantageoulecaus¢he Isp and thrust of the engine is related to the engine and propellant temperature,

the opposite iactuallytrue. Due to the additional heat generated around the edges, the outer ring of

coolant channels must dissipate more heat from the fuel compateditmer coolant channelss

described by Stewaj®], themasdlow ratethrough these outer channels is less than sufficient to remove



the generated hediig.5below.Hi gh PPF cool ant channels are “staryv

coolant channels are supplied with excessive cof@nt

assflow Ratio
|l ol B ol ol
= w w -~ "=

M
)
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\
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PPF for Channel

e ©
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Fig. 5. Massflow Ratio vs PPFE with coolant channels at the same pressure ratio.
High PPF channels have insufficienmass flowto remove the high heat generation around themOptimal
relationship in gray [9].
Ignoring the immediate consequences of the insufficientreeatval such as additional tension
and compression forces as well as higher temperatures (which could reach material melting points), this

will not be helpful to engine efficiency. Remembering there wilhbadjacent fuel element with the

same thickedgs, combines to produce edge cool ant channe

than internal coolant channels.

The higher PPFs along the edge coolant chammetiso due to neutronics processes. The
majority of the energy released duringsfan reactions s r el eased awayftomthesdita der
of the fission reactiof®], [11]. This isthreeordeis of magnitude smaller than the fimtflat dimension of
the fuel elementwhich makes it difficult to remove all the fission energytigh the coolant channels,
unless the reactions occur directly next to the coolant channel &dgesion18, which describes the
intensity of a neutron beam as a function of depth into a fuel eleithesttatesin Fig. 6, that the

intensity of neutrons drops exponentially with distaj®je[11].

10
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Cn  0Q (18)

Neutron Beam, | Fuel

Fig. 6. Neutron Beam Intensity over depth x in a materia[9].

Within Eq. 18, Stewart extracts— which describea characteristic interaction depth for

neutrons entering a material; in fact, 63% of neutrons incident on a material will interact before one depth

— [9]. Assuming the neutrons disperse uniformly after interacting with the moderator, the characteristic

depth,— can be integrated over a surface area to obtaid®Hoelow—the interaction deptfQ [9].

0 — (19)

The interaction depth can be utilized to calculate deptteofronelastic scatterindission, or
capture interactions, with the elastig fission, , or capture, cross sectiondlhe principal interaction
of interest is fission reaction$he dher interactions caessentially be ignored as 96.5% of the energy
deposited into the FE is from the fission reactions and fission bypredti@other 3.5% is a
combination of neutron capture and inelastic scatt¢@hdgstewart conducted an analysis the SNRE
and a CERMET design, finding tipeedicted heating depth for relevant neutron energies, was 35.5mm
and 1.1mm for the SNRE and CERMET design, respectj@¢ly-or the SNRE, 35.5mm is sufficient

depth to traverse éhentire width of one FE. Conversely, for the CERMET, 1.1mm is considerably

11



inadequate. Insufficient heating depth leadBitp 7 below—the edges of the FE experiendghter

heating than the interi¢®].

Fig. 7. Power density plot of the Alternate Design.

Linear color scale is a factor of ~3, extreme values are cutoff to bljg].

Examining the cross section closer, the variation in PPF near the edge of the fuel element can be

seen ands plottedin Fig. 8 for improved clarity{3]. The edge reaes a PPF above 2, shown in red.

2.5

.
20 .

PPF

1.0 N —_—

Local Power Peaking Factor,

00 =
0.0 1.0 20 o 4.0 5.0

Distance to FE Edge (mm)

Fig. 8. Predicted fuel element PPF near an average FE edderedicted factor (left) and inclusion in a

fluid/thermal model as a heat deposition source term (right) [R
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lll. Effect on Isp

To obtain an accurate sense of the impacturaform heat distribution has on Isp, it is beneficial
to compare multiple distributions against each other. As mentioned previously, theeevwersdNTP
engines designed in the past, including graphiteGERMET-based fuels. Ideally, this study would use
the PPF distributions for those engine cores, to provide a more realistic view of the impact to Isp.
However, calculating an accurate PPF distribution for a designed engine involves various Monte Carlo N
Paticle (MCNP) neutronics simulations and analyses, which are beyond the scope of this work.
Fortunately, Stewaf®] provides sample PPF distributioreeen irfFig. 9 (a) and(e), for two engine
designs—the SNRE and an alternate design (from here on referred to as Alternate Design). The Alternate
Design isrepresentative of more modern NTP englasigns However,informationis limited, and inlet
conditions and geometsgpecific to the Alternate Desigare not utilized. Nonetheless, the PPF
distribution detailed by Stewd@] provides a glimpse of the design as well as another sample

distribution to compare the SNRE distribution against.

To aid in the comparison of iaus engine designs, mathematical PPF distributiodelscan be
utilized for comparison against the SNRE and Alternate Design distribuBgrike very definition of
the PPFthere must be coolant channels with heat lower than the average. Givite thatnber of
coolant channels in orengineis on the order of 10,00 is likely that the PPF distribution acrabe
enginewill approximateéhe characteristics ofreormalGaussian shaped distribution. For simplicity, the
study primarily examined thdfects of nonuniform heating across one FE. Multiple mathematical PPF
distributions were created to compareithpact to Isp of various heating distributions, including a
Gaussian (Normal) distributioBjmodal distribution]eft andRight skewed distribtions(to reflect the
Alternate Design distributionps well as a EqualPPF distribution where all PPFs are egidiew of
these distribution models, especially the Bimodal distributions, areadiy expectedb reflect the
heating distribution ira physical engindue to the inherent neutronics interactions described previously

Nonetheless, tisecalculations required minimal additional effort over the typical heating distributions
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and the results are includethough each individual heating distribution may not characterize a specific
fuel element or engingesign the resulting analysis could be utilizetth the principle of superposition

in future work to characterize complex heating profiles. Corresporyditingd exact location of each PPF
channel within the fuel element may not be known and is not required to investigedédbeve flow
properties of the fuel element and engine. These heating distribution ragdeide unnecessary

complexities taffer quick insight into the effects of various raniform heating profiles

The conditions to generate these various distributions are listed bel@bleil, with Fig. 9
displaying the distributiong:or consistency between the SNRE, Alternate Design, and mathematical
distributions, the SNRE and Alternate Design PPF distribution mearesshifted to one. With the
exception of the SNRE and Alternate Design distributions, an array of random PPF values, representing
the coolant channels in one FE, was extracted from the generated parent distributions to generate the final
distributions sen inFig. 9. To obtain an accurate representation of the possible PPF distributions, various
numbers of CC were implementé&ithe SNRE distribution used 19 CC and &ternate Desigrused
37 CC as per their desigf$. The mathematical distributions were created with 19 and 61 CC, reflecting
the SNRE design and previous CERMET designs. Note, the Bimodal distributions were created with a
total of 20 and 62 coolant chagia to ensure the lower and upper curves contain the same number of
coolant channels, with 10 or 31 respectively. Additionally, the Equal distribution has only 38 CC,
61 CC would lead to the same results. The skew and kurtosis values for the Right and Left Skew
distributions were calculated from the Alternate Design PPF distribution, in order to be representative of

possible distributions.
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Table 1. PPF Distribution Properties

Number of PPE Value Frequency (# of PPE Value Frequency (#
Geometry Coolant (Valuein [9]) Coolant (Valuein [9]) of Coolant
Channels Channels) Channels)
0.96 (.06 1 1.00 (.10 2
SNRE 19 0.98 (.09 9 1.02 (.12 7
Gaussian Mean =1
Distribution 19/61 Sigma=0.1 1961
. Lower Mean = _
Bimodal 20/62 0.5 1031 UpperMean =15 ;a4
Distribution . — Sigma = 0.05
Sigma = 0.05
Equal 19 1 19
0.76 0.89 4 1.11 .2 1
0.81 0.9 8 1.16 (L.25 2
0.86 0.95 4 1.21 .3 2
A[')te”.‘ate 37 0.91 (.0 4 1.36 (L.45) 2
esign 0.96 (1.05 2 1.46 (L.55 2
1.01¢.) 2 1.51 (.6 2
1.06 (L.15 2
Mean =1
Sigma = 0.05
Right Skew 19/61 Skew =0.9417 19/61
Kurtosis =
2.6874
Mean =1
Sigma = 0.05
Left Skew 19/61 Skew =0.9417 19/61
Kurtosis =
2.6874
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Fig. 9. PPF Distributions. (a) SNRE Distribution (b) Equal PPF Distribution (c) Gaussian Distributions
(d) Bimodal Distributions (e) Alternate Design Distribution (f) Skew Distributions 19 CC

(g) Skew Distributions 61 CC.

The histograms ifrig. 9 represent the sample distributions extracted from the parent distributions
detailed inTablel, sowill not precisely resemble the parent profile until the number of CC is
significantly large. Nonetheless, these models offer a means to quickly determine the effects of various
nonruniform heating profilesstrict adherence to the parent distributionpgsais not necessary. Although

proper nomenclature would categorize these distributions as Approximately Gaussian Distributions,
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Approxi mately Bi modal Distributions or Approxi mat

dropped for conciseness.

A. MATL AB Code
Given the number of calculations and iterations necessary to properly compare the various PPF

distributions, generating a MATLAB code to perform all the calculations is advantgdg@pus
Fortunately, theropellant propertiethrough theCC can ke approximatedsing theRayleighFlow
relations for fluid flow with heat additiorfEquation20andEq. 21 arethe relevant Rayleighlow
relations for these calculationshereTempRatio is the temperature ratio of the infet,and outlet, 7,

temperatures and ARthe pressure ratio of the inlét, and outlet) , pressurefl3].

Y, 0 0
QAN Y O GZQE — JE—LT— (20)
Y U p UL
-, 0 p ID
0Y — ——— (21)
0 p U

Manipulating the Rayleigh flow relations, along with the definition of PPE2EgndEq. 23can
be derived to describe the inlet and outlet Mach numbetemmplerature of the flow through eaCk.

YQa YOl QYA Rd YOb 0 22
n NO4aTH YQ QOQi (22)

z z z

0 = (23)

Attempting to solve this system of equations for the inlet or outlet Mach numbgasid\\b, by
hand would be difficult. Fortunately, MATLAB hasailt-in function, VPASolve, which wilkolve the
system of equations numeally for a desired variablg.4]. In this instance, Mis needed to calculate the

remaining coolant channel flow conditions.

Table2 below detailghe general dimensions airdtial conditions for each PPF distributiorhe
dimensions and initial conditions were taken from the SNRE design since SNRE parameéatsiare
available compared to modern NTP engine ded@Jn$7]. To account for material constraints, the

maximum fuel temperature is set below the melting point of the FE matrix.
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The Design M, or design inlet Mach number, wast reported in SNRE documentation, so the
proper value had to mlculated The Design Mwas determined by solving the Rayleigh flow relations
for a PPF equal to one with the design inlet and outlet temperaturesthighdssign inlet Mach number
was found to be 0.115%his Mach number produces outlet flow conditions consistent with palyisass

and specific impulse results of proper magnitude.

An additional val ue of not e, Y, the ratio of
averaged for temperatures ranging from 298 K to 29001K]. Lastly, the overall efficiency faot, n ,
was rounded from 94.6%tilized in SNRE calculationso 95% in ordeto be more consistent with

modern calculationgs].

Table 2. Initial Design Conditions and Coefficients

Design Input Conditions
Coolant Channdbiameter (m) 2.46%E-03
Coolant Channel Flow Areaf) 4.772E-06
Number of Coolant Channels 19/37/61

Inlet Temp. (K) 356.4
Design Temperature Rise (K) 2322.6
Max Temperature (K) 2860
Inlet Pressure (Mpa) 3.96
Outlet Pressure 3.1
Pressure DropMpa) 0.5
Pressure Ratio 8.61E01

Mass flowRate per FE (kg/s) 1.476E02
Mass flowRate per CC (kg/s) 7.77E03

Design M 0.1155
Coefficients
MW (kg/mol) 2.0E03
Y (J/molK) 8.3143
g (m/<) 9.81
y 1.347
n 95%

Once the'Primary@dée’, in AppendixA: “PrimaryCodé and Functionshas generated the PPF

distributions described in the previous section, an array of the PPF distribution al@egivith the
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input conditions above, to a custom functibt@CFlowProp, that inserts the proper conditions into the
MATLAB VPASolve function. This calculates the specific inlet Mach number for each darlannel,
(i.e.,at each PPF of the distriboii). Next, the inlet Mach is input EBOthrough Eq22to calculate the

other flow properties, oI M2, mass flowratio,andTempRise, for each coolant channel.

As stated previously, all the generated heat energy is assumed to be dissipated intelthatprop
flow throughthe coolant channels. Correspondingly, the temperature of the propellant flow is assumed to
be equal to the FE temperature. In reality, there will be a temperature difference betweenTbe two.
simplify the calculations, and for consacy purposes, the maximum allowable temperature for each
geometry is 2860 K, taken from the SNRE Deggjn After the outlet flow properties have been

calcul ated,” ‘c@ekElkeswRrh@ag the maxi mum outl et temper

If the maximum outlet temperature is above the maximum temperature congigai2tbelow is
employed, relating theass flowrate ratio of each coolant channel to thass flowrate ratio of the
highest PPF coolant channel. These vatapsesent the proportional flow rateough each coolant
channel relative to the flow rate through the highest PPF channel. Theseavalept for reference in

future steps.

a g (24)

The outlet temperature for the highest PPF is then set to 2860 K, before undergoing similar
calculations performed previously to determine the outlet conditionmtieg 25 through Eq27are

defined tocalculate the flow properties for the highest PPF channel.

vy
YQan Yo Q¢ w 560 "Y (25)

N,YQANYDO Qe ¢

YQARYQI QYD N 26
an Yo fevwo &RVl Q00 (26)

000 20
YQG& R YQ QY®Do QE G

(27)

20



Themass flowrate ratios calculated with Eg8are nowemployed to find the propenass flow
rate ratio through each coolant channel.
a a zq (28)
The outlet flow conditions can then be calculated utilizing the newly foags flowrate and the
Rayleigh flow relations discussed previoudihie computedcoolant channel flow propertiese then

returned from the CCFlowProg function to the'PrimaryCodé for further assessment.

Once the individual coolant channel flow properties have been calcbit&CFlowProfi and
filed in the“PrimaryCodg, these values are sent to tit@ombOutFlow function to calculat¢he mixed
mean outlet temperaturr the FE Equation29 belowdefines the mixeanean outlet temperatyrehere

a is themass flowrate througlonecoolant channel, defined by E2{.

BT & zvY
"Y - (29)
Ba

B

a a z 4 =
0

2 & (30)

The mixedmean outlet temperature takes thass flowrates from each coolant channel into
account. If a simple average of the outlet temperatures across the coolant channels were taken, it would
fail to considethatsome channels contribute a larger volume of propellant than ofheisiple average
would be comparable to saying the average temperature betwegaltmreof iced tea (32F or 0°C)
and one cup of boiling tea (222 or 100°C) is 144°F or 50°C, when in reality, if we were to mix the

two together, the overall temperature would be moaker because there is more cold tea than hot tea.

The mixedmean outlet temperature is utilized to calculate the collective Isp of the coolant
channels, the Isp of one Fiith Eg 8. For comparison purposes, the Isp is also calculated with the
maximumoutlet temperature from the coolant channel with the highest PPF, as well asuitehe

temperature from the mean PRhe Isp from this average PPF is treated separately from each PPF
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distribution, as though all the CC are equal to this average PPElaFity, this PPF will be referred to as
the Average PPFRand thaesulting specific impulse dee Average Isp (note the capitalizations).

¢y

o, ;— 8
° 5 TRR 8)

1) Gaussian Distribution
The second set of codgGaussianDistribtion”, developed compares multiple sets of Gaussian

distributed PPEsThe input conditions are the same as described fdPttimaryCodé above inTable2.
Three different distributions were compared against each other, one distribution @i 3BCC, and
61 CCto properly represent the rangeNdSfTP geometries (SNRE, Alternate Design, and CERMET)
Utilizing MATnakedistsnctiony with & meamof one and an array of 20 equally spaced
standard deviations from O to 0Z) normal distributios werecreatedThe PPF arrays for each normal
distribution and each CC geometry (19, 37, and 61) were composed of randomly seledietsn

extracted from the parent distributiorable3 summarizes the utilized characteristics

Table 3. Gaussian Distribution Input Characteristics.

Gaussian Number of Coolant Mean Standard Deviation
Distribution Channels
19/37/61 1 0-0.5

To ensure the distributions represented possible PPF distributions for a NTP engine, any values
below zero were set to 0.0001. A PPF below zero would correspond to heat energy flowing from the
coolant channel to the FE, which is counter to the true prodes® heat energy flows from the FE to the
coolant channel. The PPF value 0.0001 was chosen apjprieximately 0.01% of the mean PPF value,
and significantly smaller than the next lowest PPF value. Thus, 0.0001 will result in similar effects to the
overall distribution that a value aerowould, without the mathematical errors that arise when dividing

by zero.
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Figure 10below displays sampleistograns for the PPF distributionsyith a standard deviation
of 0.26316 The remaining histograms can be foundppendix C: Gaussian Distribution PPF

Frequency Plots

Gaussian Distribution, 19 coolant channels Gaussian Distribution, 37 coolant channels
3 o=0.26316 5 o=0.26316

25

05 ] J
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0 0
0.5 0 05 1 15 2 25 0 05 1 15 2
PPF PPF

(a) (b)
Gaussian Distribution, 61 coolant channels
o=0.26316

Frequency (# of CC)
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Frequency (# of CC)
o
o

- o on

Fig. 10. Gaussian Distributions, with standard deviation = 0.263(a) 19 CC (b) 37 CC (c) 61 CC. Additional
distribution plots found in Appendix C: Gaussian Distribution PPF Frequency Plots.
Once the PPF distribution arrays were created, the ‘sa@ElowProp and“CombOutFlow
functions utilized for thé PrimaryCodé&, were employed to calculate the flow properties through each
coolant channel before finding the mixaaan outlet temperature and collective Isp. This process was

repeated for every array of PPF distributions generated from each standard deviation.

2) Full Engine Distribution
Similar to the Gaussian Distribution code described abidudlEngineCodé compares the

collective Isp for a full engine geometry over a range of standard devijal@ile4 summarizes the
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utilized characteristics\ normal distribution could have been generated for each FE, with a range of
means and standard deviations. However, this can become quite computationally and ti#ive,inten
given that there are 564 BEeach with 19 coolant channels, based on the SNRE désgymilar result

can be achieved mandomly selecting orbalf the total number of coolant channel PPFs. This lowers the

number of PPF values in tliéstributionfrom 10,716 to 5358.

Table 4. Full Engine Distribution Input Characteristics.

Full Engme Number ofCoolant Mean Standard Deviation
Gaussian Channels
Distribution 5358 1 0-0.5

Once agai n /‘makkdidt furctidn vgas utilized to creathe rormal distributios, with
a mean of one and an array of standard deviatidresPPF distributions were created by extracting 5358
random numbers from the parent normal distributidssdescribed previously, any PP&wes below

zero were set to 0.0001.

Figure 11below displays a sample histogram for the PPF distributions, with a standard deviation

of 0.18421 The remaining histograsrcan be found iAppendix E: Full Engine PPF Frequency Plots

Full Engine Distribution, 5358 CC

o= 0.13158
350 - T T T

300 -

250 -

200 -
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100 -
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PPF

Fig. 11. Full Engine PPF Distribution, with standard deviation = 0.184.

Additional distribution plots can be found in Appendix E: Full Engine PPF Frequency Plots.
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Once the PPF distribution arrays were created, the S@@ElowProp and“ CombOutFlow
functions utilized for thé PrimaryCodé and“ GaussianDistributioh were employed to calculate the
flow properties through each FEefore finding the mixedhean outlet temperature and collective Isp.

This process was repeated for every array of PPF distributions generated from each standard deviation.

B. Resultsand Discussion
Long lists of numbers are hardly conducive to comparaiges of any sort, let alone Isps with

magnitudes ranging from 500s to 900s varying along PPF distributions, which range around one. The
“PrimaryCodé ends by plotting the calculated Isp results against the sample standard deviation from each
PPF distribubn geometryWhile the sample standard deviation is relatively close to the population
standard deviation used to create the PPF distribution, for the Gaussian, Bimodal, and Skew distributions,
it will not be exactEach curve in the Bimodal Distributidrad a standard deviation of 0.@&mbined,

however, the bimodal peaks had a sample standard deviation of much greater mapproctanately

0.575. While one standard deviation is typically not utilized to describe a bimodal distribution, it is
helpfulfor illustrating the effects on Isp. RixaminingFig. 9 (d), the PPFs can clearly be seen to have a
widerrange than the other distributions; plotting the Isp resghnat the 0.05 standard deviation is

misleading.

Figure 12displays the results of thep calculationsFigure 12(a) contains the results of all the
PPF distributbns, whileFig. 12 (b) removes the Bimodal Distribution results to zoom in ornuhygerleft

clusterof the graph.
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Isp vs Standard Deviation
Various Geometries
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Fig. 12. Isp vs Standard Deviation for various PPF Distributions. (a) Includes all distributions. (b) Includes

all distributions except Bimodal Distributions. X is the Collective Isp, O is the Average Isp, + is the Max Isp

Upon first examination of the Isp plots, as the standard deviatithre PPF profiléncreases, the

Collective Isp decreaseshiswidens thadifference between theollective Isp andMax Isp as well as the

difference between theollective IspandAverage Isp.Table5 presents these difference values.
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Table 5. Summary differences between Max Isp, Average Isp, and Collective Isp for various PPF

Distributions.

Distribution Max Isp— Collective Isp (s) Averagelsp— Collective Isp (s)

SNRE 18.69 0.14

Equal PPF 0.00 0.00
Gaussiarl9 CC 177.42 177.42
Gaussiarb1l CC 200.04 185.20
Bimodal19 CC 411.93 411.93
Bimodal61 CC 429.78 372.12
Alternate Design 273.07 243.14
Right Skewedl19 CC 138.66 136.85
Left Skewed19 CC 66.41 42.42
Right Skeweebl CC 147.27 106.18
Left Skewed6l CC 70.69 42.60

Expectedly, the collective Isp is lower than Maximum Isp for each distribution, barring the
Equal PPF DistributionThe Maximum Isp corresponds to the maximum outlet temperature achieved in
each FEand not every CC reaches the maximum outlet temperature, leading to th€ddeetive Isps
Notedly,the Maximum Ispis 930s for the following distributionsteft Skew Distributior—19 CC and
61 CC,Right Skew Distributior-19 CC and 61 CCGaussian Distribution-19 CC and 61 CCthe
Alternate Design, and Bimodal Distributierl9 CC and 61 CC. An Isp &30s results from the
maximum outlet temperature reaching the constraint maximum temperature of ZB€6 Kax
temperature of 2860 K is produced by the highest PPF in each of the mentioned distributions, which
corresponds to a PPF rarmfeapproximately 09to 2.2.0f these, thé.eft Skew distributions have the
second and thirtbwest standard deviations, and lowest maximum-RP&@und 109. The Bimodal
Distributions have the highest standard deviataomd highest maximum PPFaround 2.2. If the
Bimodal Distrbution is treated as an outlief sorts, inFig. 12 (b), the Alternate Design has the highest
standard deviation and the highest maximum-RPRfound 1.6As shown byFig. 12 andTable5 the
difference between th@ollective Isp and th&laximum Ispdoesincrease astandard deviation increases.

This indicategshat—for PPF distributions with similar characteristics to those pleti@dPPF above @9
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is not beneficial to th€ollective Isp. A PPF higher thanOB.is in fact detrimental to the overall Isp of
the FE since the outlet temperatures for the other C@raportionally lower than the maximum. Recall
that lower outlet temperatures correlate to highass flowrates, whichead to lower overalisps

As noted previously, thdifference between th€ollective Isp and théveragelsp (from the
Average PPFappears to follow the same trend asNhax Isp—as standard deviation increases, the
difference between the two growecall that théAverage PPF for each distribution is treated as its own
entity—as though the FE has one PPF. dtfierence between theollective Isp andiverage Isps
smallat low standard deviationsincethe Average PPIkas anass flowrate similar to the lowest PPF,
which has the highestass flowrate. When the standard deviation is high, the AveragenBf4a
significantly lowermass flowrate than the lowest PPF, which has the higmests flowrate and largest
influence on decreasing the collective outlet temperatiig 29. This trend indicates thahe
performance oéach geometry (PPF distribution) would be better suited if all the/€¥€ equal to the
Average PPFOne PPF for all the CC would lead to expected results shown by the Equal PPF
distribution—the Max Isp, Average Isp, and Collective Isp are all eqDampaatively, each original
distribution contains higher PPFs than the Average PPF, but lower overall performance.

The Average PPF for the Gaussian 19 CC, a PPF value of 1.06, and Bimodal 19 CC, a PPF value
of 1.15, distributions reach the max material terapge of 2860 K and produce an Isp of 930s, leading
to the same difference from the Max tspthe Collective Isp and Average Isp to the Collective Isp, for
each profile respectivelf.his reinforces the notiatihat each fuel element geometry, or haapnofile,
would benefit from a uniform PPF distributias this uniformity could result in the maximum possible

Isp performance.
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Isp vs Standard Deviation
Skew PPF Distributions
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Fig. 13. Skew PPF Distribution Results.Contains Left and Right Skew Distributions for 19 CC and 61 CC.

Shifting focus to the Skew Distributionisig. 13 abovedisplayssolely these results. The Left
Skew 19 CC and 61 Cdistributionsboth have higher Collective Isps and Average Isps than the Right
Skew61 CC, as well as higher Collective Isgigan the Right Skew 19 CC distributidturther, the Left
Skew distributions have smaller differences between the Max Isp and Collective Isp, as well as the
Average Isp and Collective Isp, compared to the Right Skew distribuEmasexamining the maxiom
Isp, Fig. 9 (f) and (g)reveal that the Left Skew distributions do not contain as high PPFs as the Right
Skew distributions, which explains the lower Max Isps. Funtioee, the Left Skew distributions contain
a greater frequency of high PPFs whidunterbalance the significamiass flowrates of the lower PPFs,
thus partially offsetting the low outlet temperatures from the low PPFs. Conversely, the Right Skew
distributions have a greater frequency of low PPFs that havenagis flowrates, leading to a decrease in

the Collective outlet temperature that cannot be offset by the few high PPFs. Returning to the iced vs
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boiling tea analogwllows for a simpler explanatiaf this trend. The Left Skew distributions have

numerous hot cups of tea, not quite boiling, and only one or two gallons of iced tea. Mixing these together
leads to a relatively lukewarm tea, but nold—the number of hot cups of tea helped offset/melticle.

On the other hand, the Right Skew distributions, have numerous gallons t#a;aldt quite iced, and

only one or two cups of boiling tea. Mixing these together leads to a still celdhieasmall amount of

boiling tea could not offset the sigrméint amount of cold tea.

While the Left Skew distribution does not reflect a physical engine heating profile, as opposed to
the Right Skew distribution which reflects the Alternate Design profile, the Isp results indicate a Left
Skew distribution performs better than the Rightkeofile. This makes intuitive sense as there are
more “hot” CC, CC with high PPF, in the Left Skew
These results reinforce the argument to design the FE not to have the highest PPF possible,aut rather

grouping of relatively high PPFs with only a few low PPF coolant channels.

1) Gaussian Distributions
The previously examined plots provided an indication of tte¥sp drops with increased
standard deviation in the PPF distribution. However, the bligtains had varying characteristics.
Comparing a singular distribution, with only the standard deviation of the PPFs varying would be more
beneficial.Figure14 displays he Collective Ispresultsfrom the" GaussianDistributiohCode for 19 CC,

37 CC, and 61 CC
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Gaussian PPF Distribution
Isp vs Standard Deviation
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Fig. 14. Gaussian PPF Distributions. Isp vs Standard Deviation Results.

Fitting quadratic trendlines to the data, a correlation can be found between the standard deviation

and Collective Isp for each CC distribution. TiHeal Design Isp anMlaximum Isparefitted with linear

trendlines.Table6 displays these correlations.

Table 6. Gaussian Distributions PPF vs Standard Deviation Correlations

Distribution m o, T®
19 CC 0 PO@P CTUY pxXBI WKL
37CC 0 PCBY CU@I PUYUWRP wTEG
61 CC 0 pET op@Y (TGP WNFPTN
Designlsp O wnany

The Gaussian Distributions follow the same general trend notided.ih2 with the various
distributions—the Collective Isp decreases as the standard deviation BPthelistribution increases.
TheDesignlsp is plotted for reference to see that the difference between the Collectidesigdisp

grows as standard deviation increasssyell.The decay in the Collective Isp is a result of the
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unfavorable imbalanceimass flow rates discussed earli&ren though the increase in the PPF

distribution standard deviation leads to both a higher probability of low PPF and high PPF channels, the
mass flow rate imbalandavors the low PPF channelghe low PPF, or cold cinaels, receive higher

mass flow rates than the high PPF, or hot channgsls volume of cold tea is significantly more than the

hot tea—pulling the mixedmean outlet temperature lowéwdditionally, notice that the 61 CC

distribution has the lowest Collee#i Isp.This lower Collective Isp is a result of the 61 CC distribution

containing the lowest PPF of the three distributions.

Comparing the Gaussian Distributions, with only differences in the standard deviation and
number of CC clarified the trends sérrthe previous calculations. The previous analyses of the various
distributions could noproduce similar polynomial relations between the Isp and PPF standard

deviation—a valuable discovery.

The tail of the plot suppathe inference that a significant standard deviation in the PPFs will
lead to a dramatic reduction in Collective Isp, that is dramatic reduction in efficiency of the Tdeket.
Collective Isps in the range of 40660s, as low as36s for the 61 CC distoution at a standard

deviation of 0.5would put the NTP engine in the range of typical chemical rocket engines.

2) Full Engine Distribution
The Gaussian Distributions demonstrated that the Collective Isp for one FE can reach as low as
436s,; realistically,the PPF distribution for one FE is unlikely to have swigh variation inits PPFs.The
Full EnginePPF distributiorhas a higher likelihood & standard deviation as large as thbugh still
relatively improbableFigure 15displays the results of the Full Engine distributions, with a range of

standard deviations from 0O to 0.5.
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Full Engine (5358 CC)
Isp vs Standard Deviation
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Fig. 15. Full Engine PPF Distributions Isp vs Standard Deviation Results.

Fitting quadratic trendlines to the data, a catieh can be found between the standard deviation
and theCollective Isp TheMaximum Ispand Average Isp affitted with linear trendlinesTable7

displays these correlatior@nce again, the Collective Isp is seen to decrease as a function of the

increasing standard deviation.

Table 7. Full Engine Distributions PPF vs Standard Deviation Correlations

‘O m , T®
Collective Isp O CO@w ox@BIT CpX@RYW wWNHO
Average Isp O p@ ¢ wngmo
Max Isp _ m , T¥uVCgCOo T[8IUCO,, ™
O voBy wTd X O wod@np
Designlsp O wnany
Reported SNRE Isp O vyYyom

At a standardieviation of 0.5, the Collective Isp i24.96—a difference o#184.8& from the
Average 1s909.82)and505.55drom the Maximum Isf930.51s) Reviewing the PPF distributions in
Appendix E: Full Engine PPF Frequency Pibis noted that from a standard deviation of approximately
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0.35 upward to 0.5, there is an increasing frequency in PPFs below PPF equal to 0.5, with many relatively
close or equal taero. Since these low PPF values heavily influence the mmrazth outlet temperature,

they contribute heavily to decreasing the Collectivelfsfhe minimum PPHs set between @.and 08,

in line with the minimum fuel element thermal energy deposita found ir{5], the resulting

Collective Isp is in the range of 710s to 80fas a PPF standard deviation between 0.05 and W/hie

this range is an improvement over an Isp of 450s, the difference from the Avera@@29ps192 and

97s. Thedifference from the Maximum Is®80s) is of course greater, &2 andl27s.

Delving further, the SNRE 860s design engine reports can be dissected taombamrealistic
PPF standard deviation. The mean outlet temperature was 2670 K, which catsaspam Isp of 899.1s
(assuming an overall engine efficiency of 95%, which is reascrs®RINRE calculations used an
efficiency of 94.6%o0 calculate the average )4p]. This is a difference of approximately 40 seconds
from the reported Isp and the Id&sign Isp. Examiningig. 15above,a dropfrom 900s down to 860s

occurs for a PPF standard deviation of approximately 0.025.

Collective Ispsat standard deviations above 0.1 diare less likely to occur in a realistic NTP
engine, andnerelyprovide an indication of the effects if the PPF does varying significabdgversely,
standard deviations aroundBare likely to occur in a PPFsiribution for the full engine, leading to

substantialosses in overall efficienayn the order of 100 seconds.

The Max Isp remains approximately constant as the standard deviation increases due to the
maximum temperature constrainthe flow cannot excekthemaximum fuel temperature of 2860 K.
there was no maximum temperature constraint, the outlet flow temperature could reach greater than
4000 K. Unfortunately, current NTP materials cannot reach £0@0higher without melting. To
compensate for thj the mass flow rate must increase, leading to a decrease in the outlet flow
temperature. Consequently, the mass flow rate thrtheghighest PPF chanpn&lhich produces the Max
Isp, rises to meet the maximum temperatmestraintSince the mass flovates through the remaining

CC are proportional to the Max PPF channel, the mass flow rates through the low PPFs increase, thereby
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decreasing the mimean outlet temperatur@nce again, this supports the notion that designing the

engine to reach the highgmssible PPF will not lead to higher performance. Beyond a certain PPF, the
mass flow rate must rise higher than the desired rate to prevent the outlet temperature from surpassing the
fuel material constraints. The high mass flow rates combined withighevariance in PPFs lowers the
mixed-mean outlet temperature and leads to a lower Collective Isp. The heating distribution should

instead be designed with low variability to achieve the highest possible Collective Isp.

3) Impact of Low Isp
The previous callations demonstrated that greater variation in the PPFs for one FE, or across

the entire engine, leads to a severe loss in efficiency. How does this impact the mission?

Rearranging Edl and Eq.7 then integrating from the initial mass to final vehiclassand

assuming initial velocityy , is zerothe rocket equation, EQ1, is found ].

’ ool Td
® 9 (31)

The mass ratio, MR, is typically defined as the final vehicle ndassopver the initial vehicle
mass@ . The MR indicates the mass of propellant necessary to achieve required vehicle velocities. All
space vehicles require a specific daftea changdn velocity, to maneuver from orbit to orbit, planet to
planet.Figure 16displays the delt& requirements for two possible missions to Mars, an Opposition
ClassMission,and a Conjunction Class Mission, defined by NA38]. These mission trajectories start
from a LowEarth Orbit(LEO), include a deegpace maneuver, propulsive capture at Mamd, Mars

departure with direct entry at Eaftt6].
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Opposition Class Missions (Short-Stay) Conjunction Class Mission (Long-Stay)
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entry at Earth with an entry speed limit of 13 km/s Mars. Direct entry at Earth with an entry speed limit of 13 km/s

Fig. 16. Interplanetary propulsion requirements. Comparison between Opposition Class and Conjunction

Class Missions to Marq16].

Applying the average deld requirements for each of these missions to the rocket equation,
Eq. 31, the average mass requiremestarting from LEO¢an be found for eange of Isp values. The
“PrimaryCode” <calcul ated the mass ratio ftler each
Full Engine distribution. An average deNarequirement of 10 km/s for the Opposition class and 7 km/s

for the Conjunctionlass missions were used in the calculations.
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Opposition Class Mission
1/MassRatio vs Isp
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Fig. 17. 1/MR vs Isp displays the mass requirements for a range of Isfa) Opposition Class Mission to Mars

with delta-V = 10 km/s. (b) Conjunction Class Mission to Marith delta-V = 7 km/s.

As Fig. 17illustrates, the ratio of initial mass to final magem LEO to reentrydecreases
exponentially as the Isp increasa@sdrop of40s t0100sfrom theDesignisp of 900s, reasonabléy the

previously discussed analysis, leads to an increase in initial mass of approxbriftety 14.4% for the

37



Opposition Class Mission, ar&d6% to 9.9 for the Conjunction Class Missiowhen thepropellant
required for such extended mi@ss is on the order of metric tons, a small increase in mass is quite costly;

an increase af0% to 15% is exceedinglycostly.

Conversely, thincreased nmes of propellant that accompanies lower Isp engines, could improve
the thrust available to propdid rocketRearranging Eqg. 1, the thrust, F, can be relptegortionally to

the Ispand the total mass flow raté the rocket through Eq. 32.

O "0 (32)

Initially, Eq. 32 indicates the thrust will decrease with the Isp as the standaatialeun the PPF
profile increasesRecall that the engine Isp is heavily influenced by the mass flow rates through the
“cold” or |l ow PPF channel s and Additonallystipe totalnrasse | at e s
flow rate through one FE andrass the full engine increases as the standard deviation in the heating
profile rises sincaupplementary mass flow is required to keep the highest PPF channel below the
temperature limits. The combined impact of the lower Isp and higher mass flow rates isFSgeb3n
Since only half of the total CC in an SNRE were included in the calculations, the thrust ratio is plotted
instead of comparing the absolute thrust, which would be approximately half of the thrust produced by the
full SNRE geometry (10,716 CCJhe thrust ratio is calculated from the Collective Isp and collective
mass flow rate of all 5358 CC over the design Isp and design total mass flow rate for 5358 CC.

Figure 18demonstrates that the increased mass flow rates at iSiginelard deviatioris the
PPF profileoffset the lower Isp values and lead to an overall increased thhisis a valuable
discovery; tle higher variation in the heating profigenotdetimental to all aspects of rocket
performance, in fact it improves thrust performance while reducind lepengineneating profileshould
therefore be designex a balance between higher ¢sfnigher thrustparticularly asigherlsp

correlates to loer requiredpropellant massand thuslecreased mission cost.
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Full Engine (5358 CC)
Thrust Ratio vs Standard Deviation
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Fig. 18. Thrust Ratio vs PPF Standard Deviation.
IV. PossibleMethodsto Improve Isp

A. Coolant Channel Orificing
One method to improving the Collective Isp is to utilize coolant channel orifieatjusting the

mass flowrate of propellant through each coolant chanfighle8 below defines thanass flowrate for
four functions, which were utilized to calculate the flow properties through each coolant chaheel in

19 CC Gaussian PPF distributien

Table 8. Defined Mass Flow Relations.

Model Equation
Constant a a
Linearly Increasing (Slope = s %
y Increasing (Slop a 00
a )
Linearly | i I = s o
y ncre:asmg (Slope 4 B0 5 Ok
™za )
Square Root of PPF a Mo 0

These defined flow rates were based on the ideal rate S{@jvdiscusse@ndcan be seen in

Fig. 5. Stewarf9] suggeste@ directly proportionatelationship betweethe PPF and thmass flowrate
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ratio; this is represented by theearlyincreasing relation with slope equalkto . Naturally, observing
the effects of a constamtass flowas warranted, as well as variatimighe ideal rate Stewart proposed
[9]. To achieve these defined mass flow rates, the flow area for each coolant channel wastharied
mass flow ratio was defined as the flow area ratio as opposed to the inlet Maodr matio utilized

previously. This leads to a change in the PPF definition from Eq. 17 t8Eq. 3

550 YUY 0 17
0L ~ Y 5 (17)
00O Y Y 0 33
00 O~ 5 (33)

The MATLAB script used to calculate the flow properties for the defined relations can be found
in Appendix F:*SolutionsCodé The flow properties were calculated with the same inlet conditions as
described inMrable2 except for he pressure ratio which was left undefined. Additionally, the inlet Mach

number for each coolant channel was set talésggn inlet Mach number (0.1155)

Massflow Ratio vs PPF for Defined CC Massflows
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Fig. 19. Mass flow Ratio vs PPF for various definedMass flow Relations.

PPF Distribution standard deviation = 0184.
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Figure 19llustrates themass flowratio profiles for thezariousmass flowwersus PPF relations
detailed inTable8. Theun-adjustednass flowratio hasfour times moremass flowthrough low PPF
coolant channels than the other defined relatidesiemonstrated by the previous PPF distributions, the
highmass flowrate through low PPFs will result in a loweol@ctive Isp.Figure 20displaysthis
expected result. The Collective Isp for each defimads flowrelation over a range of PPF standard
deviations is plotted, with the definethss flowrelations obtaining better Isp results compared to the
unradjustedmass flow The Mllective Isp for the linearly increasimgass flowrates are constant for the
enire range of PPF distributiongith an Isp 0f930s and900s for the slope ofi@a and slope of

a respectively.

Isp vs Standard Deviation for Defined CC Massflows

ISp (8)

600 RE
~ o

550 - [= -Un-Adjusted s e

—6— Constant Tx -

—+-Linearly | ing (slope=1) ik "3
500 - Lﬂ:x EE:ZZZ:E(ZESZ:o_s) o =%

B sqrt(PPF) TR e
450 ‘ | | | ‘ | ‘ | ' —

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Standard Deviation of the Sample PPF Distribution

Fig. 20. Isp vs Standard Deviation for definedmass flowrates for Gaussian distributed PPF coolant channel

As Fig. 20illustrates, coolant channel orificing can improve the Ispref FE and thus the whole
NTP engine. Defining thmass flowrate as proportional to ofielf the coolant channel PPF leads to the
highest overall IspAdditionally, Fig. 21 below reveals that the tadjusted CC requires significantly

more mass flow rate, hence significantly more mass of propeitaachieve loweperformance.
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Fuel Element Massflow Rate Ratio vs Standard Deviation for Defined CC Massflows
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Fig. 21. Total Mass Flow Rate Ratio for various CC defined mass flow rates.

The lower rates of mass flow over the entire range of heating profiles further supports the benefits
of coolant channelrdicing. Conceptuallythe flow area of each CC could tdified,or tubes could be
connected teach CC to supply the necessary mass flow rates to each CC. However, implementing a
physical mechanism to contrible mass flow rate to each CC within aniaeggiven that there are
approximately 10,000 CC in a typical NTP engiwdl be complex andaill require significantmass.

Further, théheat distribution profiles across the reactor engine may change during flight as the engine is
brought to different pwer levels, altering the PPF distribution and thus altering the requiss flow
rate[17]. Despite the changes in power levels dutimgmission timelinethe neutrons will primarily

flow from the moderator elements (tie tub#spugh the edges of the FE before reaching the center of
each FE and as a result, the heat and temperature gvafilgenerallyremain consisteniThe outer CC

will still have higher PPFs than the inner CC, although the magnitude of the distributions might change.
Accordingly, the outer CC will generally require higher mass flow rates than the inner channels.
Advances in manufacturing, specifically additive manufacturing, shre®ERVA program ended could

allow for easier fabrication of FE with CC of different flow areas. Of course, concessions would need to

42



be made as the optimal mass flow rate, and thus optimal CC floymalieznange slightly depending on
the engine powdevels.Nonetheless;oolant channel orificing is one method to compensate for the non

uniform heating distribution throughout the engine.

While the decreased mass flow rates associated with coolant channel orificing are beneficial to
the overall mass akquired propellant, thiower mass flow rates are detrimerntathe thrust.
Equation 34s utilized to calculate the thrust produced for each defined mass flow rate functions, with
Fig. 22 displaying the results. Once again, the thrust ratio is the thrust produced for one FE (19 coolant

channels) for each mass flow rate function, over the design thrust for one FE.

Fuel Element Thrust Ratio vs Standard Deviation for Defined CC Massflows
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Fig. 22. Fuel Element Thrust Ratio vs PPF Standard Deviation fodefined massflow rates

As expected, the vadjusted geometry produces an increase in thrust as the standard deviation in
the PPF profile increases because higher standard deviations correighetaortass flow rates which
compensate for the low Isphe thrusincreases fobothlinearly increasing mass flow rate functions,
remains constant for the square root mass flow rate function, and decreases for the constant mass flow

rate functionThesethrust results naturally arise from the combination of the Isp and mass flow rates in
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Fig. 20andFig. 21. As stated previously for the full engine analysis in the previous section (1]1&B.3)
tradeoff between the Ispotal required masand thrust will benecessarin future engine designs.

Figure 22reinforces the argument for coolant channel orificohgmonstrating the beneficial

characteristics different mass flow rate functions could have when balancing Isp, propellant mass, and

thrust.The inearly increasing mass flow rate function, with slope equal to half the design mass flow rate

can provide high Isp with half the total required propellant mass, but only produces half of the design
thrust. Converselyhelinearly increasing mass flow mfunction, with slope equal to the design mass
flow rate,appears to providefavorable balancbetween all three parameterthe design Isp is
maintained, with a slight increase in the required mass of propellant, and slight improvements to the
thrust caabilities over the range of heating profile standard deviatitils.the other analyzed functions,
or functions not analyzed, could provide similar benefits to future engine designs, depending on the
precise design constraints and requiremdreglardéss of the engine designpamary difficulty will be

the development of a mechanism to deliver the defined mass flow rate to each coolant channel as a

function of the PPF.

B. Fuel Loading
While coolant channel orificing is designed in reaction to-moiform heating profiles, fuel

loading could be utited to preemptively flatten the heating profile in an NTP endinel loading
adjusts the density of uranium fuel in the FE to alteatheunt of heat generation. Fuel elements with
varying fuel loading factors can be assembled to produce a desirad)hafile across the reactor core

For instance, the SNRE design implemented a range of fuel loading froen @086  to 640

& "QH |, seen irFig. 23. Although the results of hSNREfuel loadingdo not a p pRga2s, *“ f

the power factor ranges froapproximately0.90 to 1.02
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The nomencl ature, “Overall Hot/ Col d Power Fact
defined, so a direct comparison to the PPF is difficult to estgdblisMevertheless, the context of the
report allows for the logical interpretation that the oCold Power Factor ratio is a ratio of the higher
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heat generation FE to the lower heat generation FE. Most of the SNRE core lies around 1.00, an
approximately equal ratio of high heat generation to low heat generation, or the average heat generated
acros the reacter-which parallels the definition of PPF. Consequently, the Hot/Cold Power Factor range
from 0.90 to 1.02 corresponds to a PPF standard deviation slightly lower thar-the2fame

conclusion arrived at in tharevious sectioflll.B.3).

Additional implementations of fuel loading can be founflLibi, with the results displayed in
Fig. 25. [10] is not clear if the reported PPF is the max PPF for each poofitee average PPF for the
reactor ei ther way the “After Flattening” agwibfil e
lead to improved specific impuls€his flattened profile was achieved bypgesitioning the FE and tie
tube elements and/tslight variations in the fuel enrichment, although the exact enrichment profile across

the reactor is not specified.

Before .
Flattening ' 0.8
(PPF 1.28) . !

0.7

10.6

10.5

104

After 03
Flattening '

(PPF 1.09) 0.2
0.1

Fig. 25. Radial power distribution flattening . Dark blue tiles are the tietubes moderator elements. All other

colors are the FE[10].
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ComparablyFig. 26 presents two NTP coregth different fuelloading factors, produced by
altering the position of the FE and-tigthe moderator elemen®oth cores utilize uranium nitride
CERMET fuel with approximately 20% uranium enrichment and are based on the NERVA Pewee reactor
design[18]. The reference cogeometry follows a typical NTP engine layout, with rings of FE
surrounded by rings of moderator elements. The Simulated Annealing (SA) Optimal core was generated
from an algorithm that generates new core geometries by swapping the position of one RE and o
moderator element with the goal of minimizing the PPF and maximizing th&8k@#\s Fig. 26 displays,

the optimal cordas a decreased PRISulting in a higher Isp.

Reference Core SA-derived Optimal Core

0100000000

°
o
o
o
°
o
o
o
°
o
°
o

Max Radial Power Peaking = 1.3322 Max Radial Power Peaking = 1.0605
Isp = 755.29 Isp = 848.09

Fig. 26. Comparison of unaltered core geometry and optimized cor@&lue elements are FE, yellow elements

are tie-tube moderatbr elementg[18].

V. Conclusions

Generatingnathematical distributions for th@muniform heating profiles in an NTP engine
allows the study to examine the impaxdtnonruniform heating orspecific impulse. PPF profiles for the

SNRE, Alternate Design, Equal Distribution, Gaussian Distributions, Bimodal Distributions, and Skew
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Distributions demonstrated potentially high losses in Isp for a variety of geometries. Further
investigatios comparing Gaussian Distribution profiles for 19, 37, and 61 CC over a range of standard
deviationssupported the finding that Isp decreases with incesiasihe PPF standard deviation, with
losses on the order of 100 secarfds standard deviatiorsf 0.05 and higherAn analysis of a full engine
distribution indicated potential losses ranging fre@a to 200s, for PPF standard deviatiofrem 0.@5 to
0.10 These significant losses in Isp leads to an increase in required vehicle mass, primarily propellant

mass, 0b% - 15%, which substantially increases the costwth a system.

These analysaetemonstrate the need to design NTP reactor engines $oralsof a variation in
the PPF standard deviation between the coolant channels as possible. Even with a standard deviation of
0.025, as the original SNRE design hadgecrease in Isp of 4@sn be expectedorresponding to an
increase of 3%0 5% in themass of propellant necessary to complete a mission to Maesctor that
achieves a few high PPF coolant channels or fuel elements, with a high variation across the engine, will
do so at the cost of overall efficiendyigure 12demonstrated the importance of a low standard deviation
in PPF—the Average Isp was higher than the Collective Isp, even though the Collective PPF distribution
contained some outlet temperatugesater than the Average PPF outlet temperalire.more uniform,
or less variation, in the PPF distribution, the more uniform the outlet temperatures, and thas értier
engine efficiency.
A. Future Work

As NTP rocket engines are one of the leading optiodslteer humans quickly to Mars in the
2030s and 2040s, reductions in engine efficiency and surges in cost could delay future interplanetary
travel.Future work should analyze the effect various heating profiles have on the balance between Isp and
thrust,with a focus on the impact to mission travel tifearthermore, the principle of superposition could
be implemented to characterize more complex heating profiles from a combination of the generic profiles
examined throughout this workhe principle of sugrposition could be utilized to analyze complex

engine designs more quickly than traditional simulation techniques.
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Coolant channel orificing could improve the overall Isp for an NTP engine, however, the
mechanisms to do so may be costly. Future wbduld examine potential mechanisms to apply specific
mass flow rates to each coolant charaseh function of the PPF, while also investigating the optimal
mass flow ratéunction to meet various design paramet@dditionally, future work shouléhvestigate
fuel loading within one fuel element to increase the heating depth, leading to more uniform heating across
each fuel element in the reactas well as optimal configurations of fuel enriched elemé&reseloping
these methods to improve heatiprofiles or compensate for the effects on-onaiform profiles is crucial

to enhancing NTP engine performance.
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Appendix A: fiPrimaryCodeo and Functions

% Spencer Christian.262

% Contact: christian.262@osu.edu

% Undergraduate Research Project

% Advisor: Dr. John Horack

% Thesis Title: Non - Uniform Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Primary Code

%

% Calculates t he propellant flow properties for a variety of heating

% profiles. Utilizes C CFlowProp.m function to calculate the flow properties
% through each coolant channel (CC). Utilizes CombOutFlow.m function to

% calculate the collective flow outlet temperature an d resulting
% performance values.

%

% cc (CC) = coolant channels

% IC = Initi al Conditions

% FE = Fuel Elements

% Temp. = Temperature

%

% Units: S| Units

clear; clc;

% Important Coefficients

gamma = 1.346889267; % Ratio of Specific Heat Capacities for Pro pellant
MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant

Ru = 8.3143; % [J/mol - K] Universal Gas constant

g=9.81; % [m/s"2] Gravitational Acceleration due to Earth
n =0.95; % Efficiency
Tout_max = 2860; % [K] Maximum Outlet Temperature

% Inlet F  low Properties

Tin_des = 356.4; % [K] Design Inlet Temperature

TempRiseDes = 2322.6; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)
TempRatioDes = TempRiseDes/Tin_des+1;

mdot_des =7.77e - 4; % [kg/s] Design coolant channel massflow

PR_des=0.8611 11111; % Design Pressure Ratio (Outlet over Inlet Pressure)

syms M1

M2 = sqrt((((1+gamma*M172)/PR_des) - 1)/gamma);

egnl = M1 == sqrt(((M2*(1+gamma*M1.2)/(1+gamma*M2/2))*2)/TempRatioDes);
M1ldesans = double(vpasolve(eqnl,M1));

M1_des = Mldes ans; % Design Inlet Mach Number

Test/Verification

t est=13;
PPF =[0.601, 0.7,0.8,0.9,0.950,0.981,1,1.020,1.051,1.099,1.2,1.4,1.6];
%PPF = [mean(PPF_chan); PPF_chan];
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Tin=356;

Temprisedes=2350;

Mldes=0.1;

PR=0.86111;

IC =[n, M1des, PR, Tin, Temprisedes];
test_flowvalues = CCFlowProp(PPF, IC);
mdotdes=7.77e - 4;

test_massflow = ( test_flowvalues(:,2)*mdotdes);
sum(test_massflow);

Small Nuclear Reactor Engine (SNRE)

cc_snre = 19; % Number of coolant channels (CCs) per fuel element (FE)
PPF_snre_chan =[1.06 1.0 81.101.12]; % Approximate PPF values
PPF_snre_chan_freq = round(cc_snre *[0.05 0.475 0.1 0.375)); % PPF frequencies
if sum(PPF_snre_chan_freq) ~= cc_snre % Verify the number of CCs

fprintf( "\ nError \ nReview PPF Channel Frequency \n');
end

T_in_snre=T in_des; % [K] Design Inlet Temperature
TempRiseDes_snre = TempRiseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_snre_des = M1_des; % Design Inlet Mach Number
mdot_snre_des = mdot_des; % [kg/s] Design coolant channel massflow
PR_snre =P R_des; % Design Pressure Ratio (Outlet over Inlet Pressure)

% Create mat rix with proper distribution of PPFs
PPF_snre_cc = zeros(1); % Initialize PPF matrix
for i=1l:length(PPF_snre_chan_freq)
A = PPF_snre_chan(i).*ones(PPF_snre_chan_freq(i),1);
PPF_snre_cc = [PPF_snre_cc; AJ;

end
std_snre = std(PPF_snre_cc(2:20)); % Calculate the standard deviation of the PPF distribution
PPF_snre_cc(1,1) = mean(PPF_snre_cc(2:20,1)); % Set element 1 to the average PPF of the CCs

PPF_snre_cc = PPF_snre_cc - (PPF_snr e_cc(1,1) -1);

figure (1) % Plot histogram of PPF distribution

histogram(  PPF_snre_cc(2:end), ‘Normalization' , 'probability’ , 'NumBins' ,6);
xlabel( 'PPF' );

ylabel( 'Normalized Frequency' );

title(  'SNRE Heat Deposition Distribution’ );

% Set initial conditions to calculate flow properties

IC_snre = [n, M1_snre_des, PR_snre, T_in_snre, TempRiseDes_snre, mdot_snre_des];

% Call CCFlowProp to calculate the flow properties for each CC. Input PPF
% distribution array and IC.
cc_flowvalues_snre = CCFlowProp(PPF_snre_cc, IC_snre);

%massflow_snre_cc = (cc_flowvalues_snre(:,2)*mdot_snre_des);
Y%sum(massflow_snre_cc(2:20));
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% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% properties. Input CC flow properties and IC.
SNRE_Outflow = CombOutFlow(cc_flowva lues_snre, IC_snre);

Equal PPF Heating Distribution

cc_equ = 19; % Nunber of coolant channels (CCs) per fuel element (FE)

PPF_equ_chan = [1]; % Approximate PPF values

PPF_equ_chan_freq = round(cc_equ*[1]); % PPF frequencies

if sum(PPF_equ_chan_freq) ~= cc_equ % Verify the number of CCs
fprintf( "\ nError \ nReview PPF Channe |Frequency \n');

end

T_in_equ = Tin_des; % [K] Design Inlet Temperature
TempRiseDes_equ = TempRiseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_equ_des = M1_des; % Design Inlet Mach Number
mdot_equ_des = mdot_des; % [kg/s] Design coola nt channel massflow

PR_equ =PR_des; % Design Pressure Ratio (Outlet over Inlet Pressure)

% Create matrix with proper distribution of PPFs

PPF_equ_cc=zeros(1); % Initialize PPF matri X
for i=1:length(PPF_equ_chan_freq)
A = PPF_equ_chan(i).*ones(PPF_e qu_chan_freq(i),1);
PPF_equ_cc = [PPF_equ_cc; A];
end
std_equ = std(PPF_equ_cc(2:20)); % Calculate the standard deviation of the PPF distribution
PPF_equ_cc(1,1) = mean(PPF_equ_cc (2:20,1)); % Set element 1 to the average PPF of the CCs

figure (2) % PI ot histogram of PPF distribution

histogram(PPF_equ_cc(2:end), ‘Normalization' , 'probability’ , 'NumBins' ,6);
xlabel( 'PPF' );

ylabel( 'Normalized Frequency' );

title(  'Equal PPF Heat Depositio n Distribution' );

% Set initial conditions to calculate flow properties
IC_equ =[n, M1_equ_des, PR_equ, T_in_equ, TempRiseDes_equ, mdot_equ_des];

% Call CCFlowProp to calculate the flow properties for each CC. Input PPF
% distribution array and IC.
cc_f lowvalues_equ = CCFlowProp(PPF_equ_cc, IC_equ);

%massflow_uni_cc = (cc_f lowvalues_uni(:,2)*mdot_uni_des)’;
%sum(massflow_uni_cc(2:20));

% Call CombOutFlow to calculate the fuel element Isp from the CC flow

% properties. Input CC flow properties and IC.
Equ_Outflow = CombOutFlow(cc_flowvalues_equ, IC_equ)’;
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Gaussian Distribution

cc_gausl19 = 19; % Number of coolant channels (CCs) per fuel element (FE), 19 CC geometry
cc_gaus61 = 61; % Number of coolant channels (CCs) per fuel element (FE), 61 CC geometry

mu=1; % Set the Mean of the PPF Distribution
sigma = 0.1; % Set Standa rd Deviation of the PPF Distribution
% Create Normal distribution with mean (mu) and standard deviation (sigma)

pd = makedist( ‘Normal' , 'mu’ ,mu, 'sigma’ ,sigma);
rng default
gausl9 =sor t(random(pd,cc_gausl9,1)); % Create an array of 19 random PPF values from

distribution (pd)
for j=1l:length(gaus19)
if gausl19(j) <0

gaus19(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solutions
end
end
rng default
gaus61 = sort(random(pd,cc_gaus61,1)); % Create an array of 61 random PPF values from the

distribution (pd)
for j=1l:length(gaus61)
if gaus6l(j) <O

gaus61(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solution
end

end
PPF_gaus19_cc = [mean(gaus19); gaus19]; % Set arra  y of average PPF and PPF distribution, 19 CC
geometry
PPF_gaus61_cc = [mean(gaus61); gaus61]; % Set array of average PPF and PPF distribution, 61 CC
geometry
std_gaus19 cc = std(PPF_g ausl9_cc(2:end)); % Standard deviation of the sample, 19 CC PPF
distribut ion
std_gaus61_cc = std(PPF_gaus61_cc(2:end)); % Standard deviation of the sample, 61 CC PPF
distribution
T_in_gaus = Tin_des; % [K] Design Inlet Temperature

TempRiseDes_gaus = TempR iseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_gaus_des = M1_des; % Design Inlet Mach Number
mdot_gaus_des = mdot_des; % [kg/s] Design coolant channel massflow
PR_gaus = PR_des; % Design Pressure Ratio (Outlet over Inlet Pressure)

fi gure (3) % Plot histogram of PPF distribution for 19 CC geometry
histfit( PPF_gaus19_cc(2:end),35, ‘normal’ );

title({ 'Gaussian Distribution, 19 coolant channels' i[ " \'sigma=" ,num2str(sigma)]});

xlabel( 'PPF' );
ylabel( 'Frequency' );

figure (4) % Plot histogram of PPF distribution for 61 CC geometry
histfit(PPF_gaus61_cc(2:end),75, 'n ormal' );
title({ 'Gaussian Distribution, 61 coolant channels' ;[ " \sigma=" ,num2str(sigma)]});

xlabel( 'PPF' );
ylabel( 'Frequency' );
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figure (5) % Plot histogram of normalized PPF distribu tion for 19 and 61 CC geometries
hold on

histogram(PPF_gaus19_cc(2:end), ' Normalization' , 'probability’ , 'Binwidth* ,0.02);
histogram(PPF_gaus61_cc(2:end), ‘Normalization' , 'probability’ , 'Binwidth* ,0.02);
title(  'Gaussian Heat Deposition Distribution’ );

xlabel( 'P PF");

ylabel( 'Normalized Frequency' );

legend( '19 Coolant Channels' ,'61 Co olant Channels' );

hold  off

% Set initial conditions to calculate flow properties
IC_gaus =[n, M1_gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, mdot_gaus_des];

% Call CCFlowProp t o calculate the flow properties for each CC. Input PPF
% distribution arr ay and IC.
cc_flowvalues_gaus19 = CCFlowProp(PPF_gaus19_cc, IC_gaus);

%massflow_gaus19 cc = (cc_flowvalues_gaus19(:,2)*mdot_gaus_des)';

% Call CombOutFlow to calculate the fuel elem ent Isp from the CC flow
% properties. Input CC flow properties and IC.
Gaus19_Outflow = CombOutFlow(cc_flowvalues_gaus19, IC_gaus)';

% Set initial conditions to calculate flow properties
IC_gaus =[n, M1_gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, md ot_gaus_des];

% Call CCFlowProp to calculate the flow properties for eac h CC. Input PPF
% distribution array and IC.
cc_flowvalues_gaus61 = CCFlowProp(PPF_gaus61_cc, IC_gaus);

%massflow_gaus61_cc = (cc_flowvalues_gaus61(:,2)*mdot_gaus_des)';
% Call Comb OutFlow to calculate the fuel element Isp from the CC flow

% properties. Input CC flow properties and IC.
Gaus61_Outflow = CombOutFlow(cc_flowvalues_gaus61, IC_gaus)’;

Bimodal Distribution

cc_bimod19 = 20; % Number of coolant channels (CCs) per fuel element (FE), 19 CC geometry,
adjusted by 1 for calculations

cc_bimod61 = 62; % Number of coolant channels (CCs) per fuel element (FE), 61 CC geometry,

adjusted by 1 for calculations

mu_bimod =[0.5 1.5]; % Set the lower and upper Mean of the PPF Distribu tion
sigma_bimod = [0.05 0.05; 0.05 0.05]; % Set Standard Deviation of th e PPF Distribution

% Create Normal distribution with mean (mu) and standard deviation (sigma)
gm = gmdistribution(mu_bimod,sigma_bimod);

rng default
% Create a matrix of 19 random P PF values from the distribution(gm), for
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% the lower and upper Mean
bimod 19 = sort(random(gm,cc_bimod19/2));
% Create an array of the PPF distributions from the lower and upper means,
% 19 CC geomtry
bimod19 = [bimod19(:,1); bimod19(:,2)];
for j=lileng th(bimod19)
if bimod19(j) <0

bimod19(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solutions
end
end
rng default
% Create an array of 61 random PPF values from the distribution(gm), for
% the lower and upper M ean
bimod61 = sort(random(gm,cc_bimod61/2));
% Create an array of the PPF distributions from the lower and upper means,

% 61 CC geomtry
bimod61 = [bimod61(:,1); bimod61(:,2)];
for j=1:length(bimod61)
if bimod61(j) <0
bimod61(j) = 0 .0001; 9% Setting equal to zero leads to NaN and Inf solutions

end

end
PPF_bimod19_cc = [mean(bimod19); bimod19]; % Set array of average PPF and PPF distribution, 19 CC
geometry
PPF_bimod61_cc = [mean(bimod61); bimod61]; % Set array of average PPF and PPF distribution, 61 CC
geometry
std_bimod19_cc = std(PPF_bimod19 _cc(2:end)); % Standard deviation of the sample, 19 CC PPF
distribution
std_bimod61_cc = std(PPF_bimod61_cc(2:end)); % Standard deviation of the sample, 61 CC PPF
distribution
T_in_b imod = Tin_des; % [K] Design Inlet Temperature

TempRiseDes_bimod = TempRi  seDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_bimod_des = M1_des; % Design Inlet Mach Number
mdot_bimod_des = mdot_des; % [kg/s] Design coolant channel massflow
PR_bimod = PR_des; % Design Pressure Ratio (Outlet over Inlet Pressure)

figure (6) % Plot histogram of PPF distribution for 19 CC geometry

histfit(PPF_bimod19_cc(2:end),35);

title({ '‘Bimodal Distribution, 19 coolant channels' ;[ " \sigma=" ,num2str(sigma_bimo d@)m;
xlabel( 'PPF' );

ylabel( 'Frequency' );

figure (7) % Plot histogra m of PPF distribution for 61 CC geometry

histfit(PPF_bimod61_cc(2:end),75);

title({ '‘Bimodal Distribution, 61 coolant channels' ;[ " \sigma=" ,num2str(sigma_bimod(1))]});
xlabel( 'PPF' );

ylabel( ‘Frequency' );

figure (8) % Plot histogram of normalized PPF distri bution for 19 and 61 CC geometries
hold on
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histogram(PPF_bimod19_cc(2:end), ‘Normalization' , 'probability’ , 'Binwidth*  ,0.02);

histogram(PPF_bimod61_cc(2:end), ‘Normalization' , 'probability ', '‘Binwidth'  ,0.02);
title(  'Bimodal Heat Deposition Distribution’ );

xlabel ('PPF' );

ylabel( 'Normalized Frequency' );

legend( '19 Coolant Channels' , '61 Coolant Channels' );

hold off

% Set initial conditions to calculate flow properties
IC_bimod = [n, M1_bimod_d es, PR_bimod, T_in_bimod, TempRiseDes_bimod, mdot_bimod_des];

% Call CCF lowProp to calculate the flow properties for each CC. Input PPF

% distribution array and IC.

cc_flowvalues_bimod19 = CCFlowProp(PPF_bimod19_cc, IC_bimod);
%massflow_bimod19 _cc = (cc_f lowvalues_bimod19(:,2)*mdot_bimod_des)';

% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% properties. Input CC flow properties and IC.
Bimod19_Outflow = CombOutFlow(cc_flowvalues_bimod19, IC_bimod)’;

% Set initial conditions to cal culate flow properties
IC_bimod = [n, M1_bimod_des, PR_bimod, T_in_bimod, TempRiseDes_himod, mdot_bimod_des];

% Call CCFlowProp to calculate the flow properties for each CC. Input PPF

% distribution array and IC.

cc_flowvalues_bimod61 = CCFlowProp(PPF_bim 0d61_cc, IC_bimod);
%massflow_bimod61_cc = (cc_flowvalues_bimod61(:,2)*md ot_bimod_des);

% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% properties. Input CC flow properties and IC.
Bimod61_Outflow = CombOutFlow(cc_flowvalues_bimod 61, IC_bimod)

Alternate Design (2020 Stewart Paper)

cc_altdes =3 7; % Number of coolant channels (CCs) per fuel element (FE)
PPF_altdes_chan = [0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.45 1.55 1.6]; %
Approximate PPF values
PPF_altdes_ch an_freq = round(cc_altdes*[0.105 0.215 0.105 0.105 0.05 0.05 0.05 0.025 0 .05 0.05
0.05 0.05 0.05)); % PPF frequencies
if sum(PPF_altdes_chan_freq) ~= cc_altdes % Verify the number of CCs
fprintf( "\ nError \ nReview PPF Channel Frequency \n');
end

T_in_alt des=Tin_des; % [K] Design Inlet Temperature
TempRiseDes_altdes = TempRi seDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_altdes_des = M1_des; % Design Inlet Mach Number
mdot_altdes_des = mdot_des; % [kg/s] Design coolant channel massflo w

PR_altdes = PR_des; % Design Pressure Ratio (Outlet over Inlet Pressure )

% Create matrix with proper distribution of PPFs
PPF_altdes_cc = zeros(1); % Initialize PPF matrix
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for i=1l:ilength(PPF_altdes_chan_freq)

A = PPF_altdes_chan(i).*ones(PPF_altde s_chan_freq(i),1);
PPF_altdes_cc = [PPF_altdes_cc; A];
end
std_altdes = std(PPF_altdes_cc(2:end)); % Calculate the standard deviation of the PPF
distribution
PPF_altdes_cc(1,1) = mean(PPF_altdes_cc(2:end)); % Set element 1 to the average PPF of the CCs
PPF_altdes_cc = PPF_altdes_cc - (PPF_altdes_cc(1,1) - 1);

figure (9) % Plo t histogram of PPF distribution

histogram(PPF_altdes_cc(2:end), ‘Normalization' , 'probability’ , 'NumBins' ,26);
xlabel( 'PPF' );

ylabel( 'Normalized Frequency' );

titte(  'Alt. Design Heat Depo sition Distribution' );

% Set initial conditions to calculate flow proper ties

IC_altdes = [n, M1_altdes_des, PR_altdes, T_in_altdes, TempRiseDes_altdes, mdot_altdes_des];

% Call CCFlowProp to calculate the flow properties for each CC. Input PPF

% distribu  tion array and IC.

cc_flowvalues_altdes = CCFlowProp(PPF_altdes_cc, IC_al tdes);
%massflow_altdes_cc = (cc_flowvalues_altdes(:,2)*mdot_altdes_des);

% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% properties. Input CC flow properties and IC.
ALTDES_Outflow = CombOutFlow(cc_flowvalues_altdes, IC_altdes)’;

SKEW Distribution Geometries

cc_skew19 =19;
cc_skew61 = 61;

mu_skew = 1;

sigma_skew = 0.1;

skewfactor = skewness(PPF_altdes_cc);
kurtfactor = kurtosis(PPF_altdes_cc);

rng default
skew19R = sort(pearsrnd(mu_skew,sigma_skew,skewfactor,kurtfactor,cc_skew 19,1));
PPF_skew19R_cc = [mean(skew19R); skew19R];

rng default

skew19L = sort(pearsrnd(mu_skew,sigma_skew, - 1*skewfactor,kurtfactor,cc_skew19,1));
PPF_skew19L_cc = [mean(skew19L); ske w19L];

rng default

skew61R = sort(pearsrnd(mu_skew,sigma_skew,skewfactor Jkurtfactor,cc_skew61,1));

PPF_skew61R_cc = [mean(skew61R); skew61R];

rng default
skew61L = sort(pearsrnd(mu_skew,sigma_skew, - 1*skewfactor,kurtfactor,cc_skew61,1));
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PPF_skew61lL_cc = [mean(skew61L); skew61L];
std_skew19R = std(PPF_skew19R_cc(2:end));
distribution, Right Skew

std_skew19L = std(PPF_skew19L_cc(2:end));
distribution, Left Skew

std_ skew61R = std(PPF_skew61R_cc(2:end));
distribution, Right Skew

std_skew61L = std(PPF_skew61L_cc(2:end));
distribution, Left Skew

T_in_skew = Tin_des; % [K] Design
TempRiseDes_skew = TempRiseDes;

M1_skew_des = M1_des;
mdot_skew_des = mdot_des;
PR_skew = PR_des; % Design Press

figure (10)
histfit(skew19R(2:end ),35);

title({ 'Right Skewed Distribution, 19 coolant channels'

xlabel( 'PPF' );
ylabel( 'Frequency' );
figure (11)
histfit(skew19L,35)
title({ 'Left Ske
xlabel( 'PPF' );
ylabel( 'Frequency' );
figure (12)
histfit(skew61R,75)

title({ 'Right Skewed Distribution, 61 coolant channels'

xlabel( 'PPF' );

ylabel ('Frequency’ );
figure (13)
histfit(skew61L,75)

title({ 'Left Skewed Distri
xlabel( 'PPF' );

ylabel( ‘Frequency' );

figure (14)
hold on
histogram(PPF_skew19R_cc(2:end),

wed Distribution, 19 coolant channels'

bution, 61 coolant channels'

‘Normalization'

% St andard deviation of the sample, 19 CC PPF
% Standard deviation of the sample, 19 CC PPF
61 CC PPF

% Standard deviation of the sample,

% Standard deviation of the sample, 61 CC PPF

Inlet Temperature
% [K] Design Temperatur

e Rise (Outlet minus Inlet Temp.)

% Design Inlet Mach Number
% [kg/s] Design coolant channel massflow
ure Ratio (Outlet over Inlet Pressure)

;[ "\sigma="' ,num2str(sigma_skew)]});
;[ "\sigma="' ,num2str(sigma_skew)]})
;[ " \sigma=" ,num2str(sigma_skew)]});
;[ " \sigma="' ,num2str(sigma_skew)]});
, 'probability’ , 'Binwidth* ,0.02);

histogram(PPF_skew19L_cc(2:end), ‘Normalization' , 'proba bility' , '‘Binwidth'  ,0.02);
title(  'Skewed Heat Deposition Distribution: 19 Coolant Channels' );

xlabel( 'PPF' );

ylabel(  'Normalized Frequency' );

legend( 'Right Skew' , 'Left Skew' );

hold off

figure (15)

hold on

histogram(PPF_skew61R_cc(2:end), ‘Normalization' , 'pro bability' , '‘Binwidth'  ,0.02);
histogram(PPF_skew61L_cc(2:end), ‘Normalization' , 'probability’ , '‘Binwidth'  ,0.02);
title(  'Skewed Heat Deposition Distribution: 61 Coolant Channels' );
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xlabel( ' PPF');

ylabel( 'Normalized Frequency' );
legend( 'Right Skew' , 'Left Skew' );
hold off

IC_skew =[n, M1_skew_des, PR_skew, T_in_skew, TempRiseDes_skew, mdot_skew_des];
cc_flowvalues_skew19R = CCFlowProp(PPF_skew19R_cc, IC_skew);
%massflow_skew19R_cc = (cc_flow values_skew19R(;,2)*mdot_skew_des);
Skew19R_Outflow = CombOutFlow(cc_flow values_skewl19R, IC_skew)’;

IC_skew =[n, M1_skew_des, PR_skew, T_in_skew, TempRiseDes_skew, mdot_skew_des];
cc_flowvalues_skew19L = CCFlowProp(PPF_skew19L_cc, IC_skew);

%massflow_ske w19R_cc = (cc_flowvalues_skew19R(:,2)*mdot_skew_des);
Skew19L_Outflow =C  ombOutFlow(cc_flowvalues_skew19L, IC_skew)';

IC_skew = [n, M1_skew_des, PR_skew, T_in_skew, TempRiseDes_skew, mdot_skew_des];
cc_flowvalues_skew61R = CCFlowProp(PPF_skew61R_cc, IC_sk ew);
%massflow_skewl19R_cc = (cc_flowvalues_skew19R(:,2)*mdot_skew_des);
Skew61R_Outflow = CombOutFlow(cc_flowvalues_skew61R, IC_skew)';

IC_skew = [n, M1_skew_des, PR_skew, T_in_skew, TempRiseDes_skew, mdot_skew_des];
cc_flowvalues_skew61L = CCFlowProp(PPF _skew61L_cc, IC_skew);
%massflow_skewl19R_cc = (cc_flowvalues_skew19R(:,2) *mdot_skew_des);
Skew61L_Outflow = CombOutFlow(cc_flowvalues_skew61L, IC_skew)’;

Output Results to Excel File

% Geometry Names

varnames =[ “SNRE", "Equal PPF" |, "Gaussian -19", "Gaussian -61", ...
"Bimodal -19", "Bimodal - 61", "AlternateDesign" , "Right Skewed -19", ...
"Left Skewed -19", "Right Skewed -61", "Left Skewed -61"];

% Set Variable Types

vartypes = [ "double” , "double" ,“"double" |, "double” ,"double” |, "double" , “double" |, ...
"dou ble" , "double" , "double" |, "double" J;
% Set Row (Varia  bles) Names
rownames =[ "Tout" ,"Isp" , "Tout (avg PPF)" , "Isp (avg PPF)" , "PPF of Tout Max" )
"Tout Max" , "Isp Max" ;

% Initialize Table Array
Table = table( 'Size' 7

11], 'VariableNames' ,varnames, 'Variable Types' ,vartypes, 'RowNames' ,rownames);
Table.SNRE = SNRE_Outflow; % Output SNRE geometry results

Table.( "Equal PPF" )= Equ_Outflow; % Output Uniform geometry results

Table.( "Gaussian -19") = Gaus19_Outflow; % Output Gaussian 19 CC geometry results

Table.( "Gaussian -61") = Gaus61_Outflow; % Output Gaussian 61 CC geometry results
Table.( "Bimodal -19") = Bimod19_Outflow; % Output Bimodal 19 CC geometry results

Table.( "Bimodal -61") = Bimod61_Outflow; % Output Bimodal 61 CC geometry results
Table.AlternateDesign = A LTDES_Outflow; % Output Alt. Des. geometry results

Table.( "Right Skewed -19") = Skewl9R_Outflow; % Output Right Skew 19 CC geometry results
Table.( "Left Skewed -19") = Skewl19L_Outflow; % Output Left Skew 19 CC geometry results
Table.( "Right Skewed -61")=Ske w61R_Outflow; % Output Right Skew 61 CC geometry r esults
Table.( "Left Skewed -61") = Skew61L_Outflow; % Output Left Skew 61 CC geometry results
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filename =

writetable(Table,filename); %

Ideal Isp Calculations

% Generate sigmaarray
sigmaarray = linspace(0,0.6,30);

'FE_calculated_values.xlsx'

;% Excel Filename

Write the results to the file

to plot the Ideal Isps against

% Calculate the Ideal Design Isp, at the Design Outlet Temperature (2679 K)

Isp_Des = ones(1,30).*(n/g)*sqgrt((2*gamma/(gamma

Plot Results

% Plot the Colle

- 1))*(Ru/MW).*(Ti n_des+TempRiseDes));

ctive Isp, Maximum Isp, and Average Isp for each

% distribution against the respective standard deviations.

% Collective Isp: Marker = x

% Average Isp: Marker = o

% Maximum Isp: Marker = +

figure (16)

hold on

grid on

title({ 'Isp vs Standard Deviation'
xlabel(
ylabel(

‘Isp (s) )i

% Plot Ideal Isp Results

'Standard Deviation of the Sample PPF Distribution’

. 'Va rious Geometries'

D
);

p_ideal = plot(sigmaarray,lsp_Des, ‘color' ,'k' , 'LineStyle' , ", 'LineWidth' ,3);

% Plot SNRE Results

p_snre = plot(std_snre,SNRE_Ou tflow(2), 'LineWidth' 2, 'Marker ,'x' ,'Color' ,'b" ,'MarkerSize' ,15);
plot(std_snre,SNRE_Outflow(4), 'LineWidth' 2, 'Marker' ,'o" ,'Color' ,'b" ,'MarkerSize' ,15);
plot(std_snre,SNRE_Outflow(7), 'LineWidth' 2, 'Marker' '+ ,'Color' ,'b" ,'MarkerSize' ,15);

% Plot Equal PP F Distribution Results

p_equ = plot(std_equ,Equ_Outflow(2), ‘LineWidth' 2, 'Marker' ,'x' ,'Color' ,'r" ,'MarkerSize' ,15);
plot(std_equ,Equ_Outflow(4), 'LineWidth' 2, 'Marker' ,'o" ,'Color' ,'r" ,'MarkerSize' ,15);

plot( std_equ,Equ_Outflow(7), 'LineWidth' 2, 'Marker' '+ ,'Color' ,'r" ,'MarkerSize' ,15);

% Plot Gaussian Distribution - 19 CC Results

p_gausl9 =

plot(std_gaus19 cc,Gaus19_Outflow(2), ‘LineWidth' 2, 'Marker' ,'x' ,'Color' ,'k' ,'MarkerSize' ,15);
p_o=

plot(std_gaus19 cc, Gaus19_Outflow(4), ‘LineWidth' 2, 'Marker' ,'0" ,'Colo r' ,'k' ,'MarkerSize' ,15);
p_plus =

plot(std_gaus19 cc,Gaus19_Outflow(7), ‘LineWidth' 2, 'Marker' '+ ,'Color' ,'k' ,'MarkerSize' ,15);
% Plot Gaussian Distribution - 61 CC Results

p_gaus6l =

plot(std_gaus61_cc,Ga us61_Outflow(2), ‘LineWidth' 2, 'Marker' ,'x' ,'Color' ,'m' ,'MarkerSize' ,15);
plot(std_gaus61_cc,Gaus61_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o" ,'Color' ,'m' , 'MarkerSize' ,15);
plot(std_gaus61_cc,Gaus61_Outflow(7), ‘LineWidth' 2, 'Marker' '+ ,'Color' ,'m' ,'MarkerSize' , 15);



% Plot Bimodal Distribution - 19 CC Results

p_bimod19 = plot(std_bimod19_cc,Bimod19_Outflow(2), 'LineWidth' 2, 'Marker' ,'x' ,'Color' ,[0.4660
0.6740 0.1880], 'MarkerSize' ,15);

plot(std_bimod19_cc,Bimod19_Outflow(4), 'LineWidth' 2, 'Marker' ,'o' ,'Color' ,[0.46 60 0.6740
0.1880], ‘'MarkerSize' ,15);

plot(std_bimod 19 cc,Bimod19_Outflow(7), 'LineWidth' 2, 'Marker ,'+' ,'Color' ,[0.4660 0.6740

0.1880], ‘'MarkerSize' ,15);

% Plot Bimodal Distribution - 61 CC Results

p_bimod61 = plot(std_bimod61_cc,Bimod61_OQOutflow(2), 'Linewidt h',2, 'Marker' ,'x' ,'Color' ,[0.8500
0.3250 0.0980], ' MarkerSize' ,15);

plot(std_bimod61_cc,Bimod61_Outflow(4), 'LineWidth' ,2, 'Marker ,'o" ,'Color' ,[0.8500 0.3250
0.0980], ‘'MarkerSize' ,15);

plot(std_bimod61_cc,Bimod61_Outflow(7), 'LineWidth' 2, 'Marker ,'+' ,'Color ,[0.8500 0.3250

0.0980], ‘'MarkerSize' ,15);

% Plot A lternate Design Results

p_altdes = plot(std_altdes,ALTDES_Outflow(2), ‘LineWidth' 2, 'Marker' ,'x' ,'Color' ,[0.4940 0.1840
0.5560], ‘'MarkerSize' ,15);

plot(std_altdes,ALTDES_Outflow(4), ‘LineWidth' 2, 'Marker' ,'0" ,'Color' ,[0.4940 0.1840

0.5560], ‘'MarkerSize' ,15);

plot(std_altdes,ALTDES_Outflow(7), ‘LineWidth' 2, 'Marker' ,'+' | 'Color' ,[0.4940 0.1840

0.5560], ‘'MarkerSize' ,15);

% Plot Skew Distribution - Right Skew 19 CC Results

p_skewR19 =

plot(std_skew19R,Skew19R_Outflow (2), 'LineWidth' 2, 'Marker ,'x' ,'Color ,'g" ,'Marker Size' ,15);

plot(std_skew19R,Skew19R_Outflow(4), ‘LineWidth' 2, 'Marker ,'o" ,'Color ,'g" ,'MarkerSize' ,15);

plot(std_skew19R,Skew19R_Outflow(7), ‘LineWidth' 2, 'Marker '+ | 'Color ,'g" ,'MarkerSize' ,15);

% Plot S kew Distribution - Left Skew 19 CC Results

p_skewL 19 =

plot(std_skew19L,Skew19L_Outflow(2), ‘LineWidth' 2, 'Marker ,'x' ,'Color ,'c' ,'MarkerSize' ,15);

plot(std_skew19L,Skew19L_Outflow(4), ‘LineWidth' 2, 'Marker ,'0" ,'Color ,'c' ,'MarkerSize' ,15);

plot(std_skew19 L,Skew19L_Outflow(7), ‘LineWidth' 2, 'Marker '+ ,'Color ,'c'" ,'MarkerSize' ,15);

% Plot Skew Distribution - Right Skew 61 CC Results

p_skewR61 =

plot(std_skew61R,Skew61R_Outflow(2), ‘LineWidth' 2, 'Marker ,'x" ,'Color ,'#FFD700' , 'MarkerSize'’ ,15)

plot(std_skew6  1R,Skew61R_Outflow(4), ‘LineWidth' 2, 'Marker ,'o" ,' Color' ,'#FFD700' , 'MarkerSize' ,15)

plot(std_skew61R,Skew61R_Outflow(7), ‘LineWidth' 2, 'Marker '+ ,'Color ,'#FFD700" , 'MarkerSize' ,15)

% Plot Skew Distribution - Left Skew 61 CC Results

p_skewlL61 =

plot(std  _skew61L,Skew61L_Outflow(2), ‘LineWidth' 2, 'Marker' ,'x' ,'Color ,'#228B22' , 'MarkerSize' ,15)

plot(std_skew61L,Skew61L_Outflow(4), ‘LineWidth' 2, 'Marker ,'0" ,'Color ,'#228B22' , 'MarkerSize' ,15)
, , '#228B22' |, 'MarkerSize' ,15)

plot(std_skew61L,Skew61L_Outflow(7), ‘LineWidth' 2, 'Marker '+ ,'Co lor'
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subset = [p_snre
p_skewR19, p_skewlL19, p_skewR61, p_skewlL61, p_ideal];

legend([subset],{ 'SNRE' , 'Equal PPF'
' Bimodal - 61CC', 'Alternate Design'
'Right Skew - 61CC', 'Left Skew
'Location’ , 'southwest' );

hold off

, 'Right Skew
- 61CC', 'Design Isp'

% Removes Bimodal Distribution Values
% Zoomed in on Upper Left Cluster
figure (17)

hold on

grid
title({

on
‘| sp vs Standard Deviation' ; 'Various Geometries'

xlabel(  'Standard Deviation of the Sample PPF Distribution’

ylabel(  'Isp (s)' );

xlim([0 0.25]);

ylim([650 935]);

% Plot Ideal Isp Results

p_ideal = plot(s igmaarray,Isp_Des, ‘color' ,'k' , 'LineStyle'
% Plot SNRE Results

p_snre = plot(std_snre,SNRE_Outflow(2),
plot(std_snre,SNRE_Outflow(4), 'LineWidth'

plot(std_snre,SNRE_Outflow(7), 'LineWidth

‘LineWidth'
2, 'Marker' ,'o'
',2, 'Marker '+

% Plot Equal PPF Distribution Results

_equ = plot(std_equ,Equ_Outflow(2),
plot(std_equ,Equ_Outflow(4) , 'Linewidth'
plot(std_equ,Equ_Outflow(7), ‘LineWidth'

‘LineWidth' .2, 'Marker'
2, 'Marker ,'o'
2, 'Marker '+
% Plot Gaussian Distribution - 19 CC Results
p_gausl9 =
plot(std_gaus19_cc,Gaus19_Outflow(2),
plot(std_gau  s19_cc,Gaus19_Outflow(4),
plot(std_gaus19_cc,Gaus19_Outflow(7),

‘LineWidth'
‘LineWidth' 2,
‘LineWidth'
% Plot Gaussian Distribution - 61 CC Results
p_gaus6l =

plot(std_gaus61_cc,Gaus 61_Outflow(2),
plot(std_gaus61_cc,Gaus61_Outflow(4),
plot(std_gaus61_cc,Gaus61_Outflow(7),

‘LineWidth' ,
'LineWidth' ,
‘Lin  eWidth' ,2,

)

% Plot Alternate Design Results

p_altdes = plot(std_altdes,ALTDES_Outflow(2),
0.5560], ‘'MarkerSize' ,15);
plot(std_altdes,ALTDES_Outflow(4),
0.5560], ‘'Marker Size' ,15);
plot(std_altdes,ALTDES_Outflow(7),
0.5560], ‘'MarkerSize' ,15);

‘LineWidth'
‘LineWidth' 2, ' Marker'

‘LineWidth' 2, 'Marker'

% Plot Skew Distribution - Right Skew 19 CC Results
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p_skewR19 =

plot(std_skew19R,Ske w19R_Outflow(2), ‘LineWidth' 2, 'Marker X'
plot(std_skew19R,Skew19R_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o'
plot(std_skew19R,Skew19R_Outflow(7), ‘LineWidth' 2, 'Marker' | '+
% Plot Skew Distribution - Left Skew 19 CC Res ults

p_skewl19 =

plot(std_skew19L,Skew19L_Outflow(2), ‘LineWidth' 2, 'Marker ,'X'
plot(std_skew19L,Skew19L_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o'
plo t(std_skew19L,Skew19L_Outflow(7), ‘LineWidth' 2, 'Marker '+
% Plot Skew Distribution - Right Skew 61 CC Results

p_skewR61 =

plot(std_skew61R,Skew61R_Outflow(2), ‘LineWidth' 2, 'Marker ,'X'
pl ot(std_skew61R,Skew61R_Outflow(4), ‘LineWidth' 2, 'Marker ,'o'
plot(std_skew61R,Skew61R_Outflow(7), ‘LineWidth' 2, 'Marker' '+
% Plot Skew Distribution - Left Skew 61 CC Results

p_skewlL6 1 =

plot(std_skew61L,Skew61L_Outflow(2), ‘LineWidth ' ,2, 'Marker' X'
plot(std_skew61L,Skew61L_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o'

plot(std_skew61L,Skew61L_Outflow(7), ‘LineWidth' 2, 'Mar ker' '+

1

subs et = [p_snre, p_equ, p_gausl9, p_gaus61, p_altdes,
p_skewR19, p_skewL19, p_skewR61, p_skewlL61, p_ideal];

legend([subset],{ 'SNRE' , 'Equal PPF" |, 'Gaus - 19CC', 'Gaus - 61CC', ...
'Alternate Design' , 'Right  Skew- 19CC', 'Left Skew -19CC', ...
'Right Skew - 61CC', 'Left Skew -61CC', 'Design Isp’ }, 'FontSize'
'Location’ , 'southwest' );

hold  off

% Plot only the Skew Distribution Results

figure (18)

hold on

grid on

title({ 'Isp vs Standard Devia tion' ; 'Skew PPF Distributions' b
xlabel( 'Standar d Deviation of the Sample PPF Distribution’ );

xlim([0.08 0.14])
ylim([780 935])

ylabel(  ‘Isp (s)' );

% Plot Ideal Isp Results

plot(sigmaarray,Isp_Des, ‘color' ,'k' , 'LineStyle' , ", 'Linewidth'
% Plot Skew  Distribution - Right Skew 19 CC Results

p_skewR19v 2 =

plot(std_skew19R,Skew19R_Outflow(2), ‘LineWidth' 2, 'Marker X'
plot(std_skew19R,Skew19R_Outflow(4), ‘LineWidth' 2, 'Marker' ‘o'
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plot(std_skew19R  ,Skew19R_Outflow(7), ‘LineWidth' 2, 'Marker '+ ,'Color ,'g" , 'MarkerSize' ,15);

% Plot Skew Distribution - Left Skew 19 CC Results

p_skewlL19v2 =

plot(std_skew19L,Skew19L_Outflow(2), ‘LineWidth' 2, 'Marker ,'x' ,'Color' ,'c'" ,'MarkerSize' ,15);
plot(std_skew19L,Ske w19L_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o" ,'Color' ,'c' ,'MarkerSize' ,15);
plot(std_skew19L,Skew19L_Outflow(7), ‘LineWidth' 2, 'Marker ,'+' | 'Color ,'c' ,'MarkerSize' ,15);
% Plot Skew Distribution - Right Skew 61 CC Results

p_skewR61v2 =

plot(std_skew61R,Skew61 R_Outflow(2), 'LineWidth' 2, 'Marker ,'x' , 'Color' '# FFD700' , 'MarkerSize'  ,15)

)

plot(std_skew61R,Skew61R_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o' ,'Color' ,'#FFD700' , 'MarkerSize' ,15)

plot(std_skew61R,Skew61R_Outflow(7), ‘LineWidth' 2, 'Marker' '+ ,'Color' ,'#FFD700' , 'MarkerSize'’ ,15)

% Plot Skew Distribution - Left Skew 61 CC Results

p_skewlL61v2 =

plot(std_skew61L,Skew61L_Outflow(2), ‘LineWidth' 2, 'Marker ,'x' ,'Color' ,'#228B22' ,'MarkerSize'’ ,15)

plot(std_skew61L,Skew61L_Outflow(4), ‘LineWidth' 2, 'Marker' ,'o' ,'Color ,'# 228B22' , 'MarkerSize' ,15)
, '#228B22' | 'MarkerSize' ,15)

plot(std_skew61L,Skew61L _Outflow(7),  'LineWidth' 2, 'Marker '+ | 'Color'

1

subset2 = [p_skewR19v2, p_skewlL19v2, p_skewR61v2, p_skewlL61v2, p_ideal];

legend([subset2],{ 'Right Skew - 19CC', 'Left Skew -19CC', ...
'Right Skew - 61CC', 'Left Skew -61CC', 'Designlisp '}, ...
'FontSize'  ,12, 'NumColumns' ,2, 'Location' , 'eastoutside’ );
hold  off

Display PPF Distributions in a tiled figure

figure (19)

hold on

tf11 = tiledlayout(4,2); % 4 by 2 Tiled Figure
title(tf11, ‘N ormalized PPF Distributions' )

% Plot SNRE Geometr y

nexttile

histogram(PPF_snre_cc(2:end), ‘Normalization' , 'probability’ , 'Binwidth*  ,0.02);
xlim([0 2]);

titte(  'SNRE Distribution’ );

xlabel( 'PPF' );

ylabel(  'Normalized Frequency' );

% Plot Equal PPF Geometry

nex ttile

histogram(PPF_equ_cc(2:end), ‘Normalization' , 'probability’ , 'Binwidth'  ,0.02);
xlim([0 2]);

titte(  'Equal PPF Distribution' );
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xlabel( 'PPF' );
ylabel( 'Normalized Frequency' );

% Plot Gaussian Geometries

nexttile

hold on

histogram(PPF_gaus19_cc(2:end), ‘Norm alization'
histogr am(PPF_gaus61_cc(2:end), ‘Normalization'
xlim([0 2]);

title(  'Gaussian Distribution' )

xlabel( 'PPF' );

ylabel( 'Normalized Frequency' );

legend( '19CC' ,'61CC' );

hold  off

% Plot B imodal Geometries

nexttile

hold on

histogram(PPF_b  imod19_cc(2:end), ‘Normalization'
histogram(PPF_bimod61_cc(2:end), ‘Normalization'
title(  'Bimodal Distribution' );

xlabel( 'PPF' );

ylabel( ‘Normali zed Frequency' );
legend( '19 CC' ,'61CC' ),

hold  off

% Plot Alternate Design

nexttile

hold on

histogram(PPF_altdes_cc(2:end), ‘Normalization'
xlim([0 2]);

title(  'Alt.Design Distribution' );

xlabel( 'PPF' );

ylabel( ‘Normalized Fre quency' );

hold  off

% Plot Skew - 19 Geometries

next tile

hold on

histogram(PPF_skew19R_cc(2:end), ‘Normalization'
histogram(PPF_skew19L_cc(2:end), ‘Normalization'
xlim([0 2]);

title(  'Skew Distribu tion: 19 CC' );
xlabel( 'PPF' );

ylabel( ‘'Normalized F  requency' );
legend( 'Right" , ‘Left" );

hold off

% Plot Skew - 61 Geometries

nexttile

hold on

histogram(PPF_skew61R_cc(2:end), ‘Normalization'
histogram(PPF_skew61L_cc(2:end), ‘Norm alization'
xlim([0 2));

, 'probability’
, 'probability’

, 'probability’
, 'probability’

, 'probability’

, 'probability’
, 'probability’

, 'probability’
, 'probability’
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title(  'Skew Distribution: 61 CC' );

xlabel( 'PPF' );

ylabel( 'Normalized Frequency' );
legend( 'Right' , 'Left" );

hold off

MassRatio Requirements for Opposition andConjunction Class Missions to Mars

Use Colective Isp for each Distribution

g=9.81; % [m/s "2] gravitational acceleration

Vf_Oppo = 10e3; % [m/s] Total DeltaV requirement for Opposition Class Mission

Vf_Conj = 7e3; % [m/s] Total DeltaV requirement for Conjuction Class Mission

% Read in Isp Value s for the Full Engine Calculations

FullEng_Caoll_Is p=

readmatrix(  "FullEngine_CalculatedValues_5358CC.xlIsx" , 'Sheet' ,'Gaus' ,'Range' ,'C2:C21' ); %

Collective Isp
FullEng_Max_Isp =

readmatrix(  "FullEngine_CalculatedValues_5358CC.xlIsx" , 'Sheet' ,'Gaus' ,'Range' ,'H2: H21'); % Max Isp

% Full Engine Collective Isp
MR _FullEng_Coll_Oppo = exp(Vf_Oppo./( - g.*FullEng_Coll_Isp)); % Opposition Class
MR_FullEng_Coll_Conj = exp(Vf_Conj./( - g.*FullEng_Coll_Isp)); % Conjunction Class

% Full Engine Colective Isp
MR_FullEng_Max_Oppo = exp(Vf_Oppo./( - g.*FullEng_Max_Isp)); % Oppositi  on Class
MR_FullEng_Max_Conj = exp(Vf_Conj./( - g.*FullEng_Max_lIsp)); % Conjunction Class

% Plot Opposition Class 1/MassRatio vs Isp

figure (20)

hold on

grid on

plot(FullEng_Coll_Isp,1./MR_FullEng_Coll_Oppo, ‘Color' ,'k' , 'LineStyle' -
', 'LineWidth' 2, 'Marker ', 'o" ,'MarkerSize' ,15); % Collective Isp
plot(FullEng_Max_lIsp,1./MR_FullEng_Max_Oppo, '‘Color' ,'r" , 'LineStyle' , ', 'LineWidth' 2, 'Marker'
', 'MarkerSize' ,15); % Max Isp

title({ 'Opposition Class Mission' ; '1L/M assRatio vs Isp’ }, 'FontSize' ,20);
xlabel(  ‘Isp (s)' , 'FontSize'  ,20);

ylabel( 'l/MassRatio (m0/mf)' , 'FontSize'  ,20);

legend( 'Full Engine Collective Isp' , 'Full Engine Max Isp' , 'FontSize'  ,15);
hold off

% Plot Conjunction Class 1/MassRatio vs Isp

figure (21)

hold on

grid on

plot(FullEng_Coll_Isp,1./MR_FullEng_Co Il_Conj, 'Color' ,'k' , 'LineStyle' -

', 'LineWidth' 2, 'Marker' ,'o" , 'MarkerSize' ,15); % Collective Isp
plot(FullEng_Max_Isp,1./MR_FullEng_Max_Conj, ‘Color' ,'r" , 'LineStyle' , ', 'LineWidth' 2, 'Marker'
', 'MarkerS ize' ,15); % Max Isp

title({ '‘Conjuction Class Missi on' ; 'l/MassRatio vs Isp' }, 'FontSize' ,20);
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xlabel(  'Isp (s)' , 'FontSize'  ,20);

ylabel( 'l/MassRatio (m0/mf)' , 'FontSize'  ,20);
legend( 'Full Engine Collective Isp' , 'Full Engine Max Isp' , 'FontSize'  ,15);
hold  off

Published with MATLAB® R2021b

A. ACCFlowPropo Function

% Spencer Christian.262

% Undergraduate Research Project

% Advisor: Dr. John Horack

% Thesis Title: Non - Uniform Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Coolant Channel Flow Properties Function

%

% Input the fuel element PPF distributi on (ppf_matrix) and initial conditions.
% Initial Conditions include: engine efficie ncy (n), Design Inlet Mach

% Number (M1Des), Design Pressure Ratio (PR), Design Inlet Temperature

% (Tinlet), and Design Temperature Rise (TempRiseDes).

%

% Utilize MATLAB function vpasolve to solve system of Rayleigh Flow

% equations for the specific inle t Mach number (Minlet) of each coolant

% channel.

%

% Utilize the calculated inlet Mach number (Minlet) and Rayleigh Flow

% equations to solve for outlet flow properties fo r each coolant channel.
% Outler flow properties include: Outlet Mach number (Moutle t), Massflow
% ratio of inlet to design mass flow (massflow_ratio), Temperature Ratio

% (Temp_ratio), and Coolant Channel Outlet Temperature (Temp_out).

%

% Utilize outlet flow properties to calculate specific impulse for each

% coolant channel (Isp_cc).

%

% Units: SI

function cc_flowvalues = CCFlowProp(ppf_matrix, IC)

% Important Coefficients

gamma = 1.346889267; % Ratio of Specific Heat Capacities for Hydrogen Pr opellant
Ru = 8.3143; % [J/mol - K] Universal Gas constant

MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant

g=9.81; % [m/s”2] Gravitational Acceleration due to Earth

Tout_max = 2860; % [K] Maximum Outlet Temperature

% PPF Distr ibution
PPF = ppf_matrix; % Initialize array with PPFs

% Initial Conditions
n =1C(1); % Overall Efficiency
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M1Des = IC(2); % Design Inlet Mach Number
PR =1C(3); % Design Pressure Ratio

Tinlet = IC(4); % Design Inlet Temperature

TempRiseDes = IC(5); % Design Temperature Rise
% Calculate the Inlet Mach Number for each coolant channel
% Utilize MATLAB Symbolic Toolbox

syms M1

% Rayleigh Flow Equations

M2 = sgrt((((1+gamma*M172)/PR) - 1)/[gamma); % Outlet Mach Number

TempRatio = (M2/M1)*(1+gamma*M1.2)/(1+gamma*M2/2))"2; % Ratio of Outlet over Inlet
Temperature

TempRise = Tinlet*(TempRatio -1); % Difference between Outlet and Inlet Temperatures

TempRiseRatio = TempRise/TempRiseDes; % Ratio of the coolant channel Temperature Rise over
the Design Temperature Rise

Minlet = zeros(length(PPF),1) ;% Initialize array of Inlet Mach Numbers for each coolant
channel

% Repeat for each the PPF of Coolant Channel

for i=1:length(PPF)
% Use vpasolve to it erate and find Inlet Mach Number (M1) that
% satisfies the Rayleigh Flow Equ ations above, for each PPF
eqn = M1 == PPF(i)*M1Des*TempRiseDes/TempRise;
Machlans = double(vpasolve(eqn,M1));

% Mathmatically it is possible to ob tain solutions for Inlet Mach
% that are NOT physically possible.
% Only want solutions with Inlet Mach Number above zero.
for j=1:length(Machlans)
if Machlans(j) >=0
Minlet(i) = Machlans(j); % Simplified array of Inlet Mach Numbers for each coolant
channel
end
end
end

% Calculate Outlet Flow conditions for each coolant channel
% Utilize Rayleigh Flow Equations

Moutlet = sqrt((((1+gamma*Minlet.*2)/PR) - 1)/gamma); % Outlet Mach Nu  mber

M_ratio = Moutlet./Minlet; % Mach Ratio of Outlet over Inlet Mach Number

massflow_ratio = Minlet./M1Des; % Normalized Massflow ratio

Temp_ratio = ((M_ratio).*(1+gamma*Minlet.”2)./(1+gamma*Moutlet.*2))./2; % Temperature Ratio,
Outlet over | nlet Temperature

Temp_out = Tinlet*(Temp_ratio); % Coolant Channel Outlet Temper ature

if max(Temp_out) <= Tout_max
% Calculate the Isp for each coolant channel using the Outlet Flow
% conditions

Isp_cc = (n/g)*sqrt((2*ga mma/(gamma 1))*(Ru/MW).*Temp_out);

% Send flow properties for each coolant channel
cc_flowvalues = [PPF massflow_ratio Minlet Moutlet Temp_out Isp_cc];
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elseif

max(Temp_out) > Tout_max
massflow_ratio_cc = massflow_ratio(1) ;

% Check to ensure the Avg PPF is at or below Tout_max

Temperatures

if Temp_out(1) > Tout_max
Temp_out(1) = Tout_max;
TempRatioAvgPPF = Temp_out(1)/Tinlet;
TempRiseAvgPPF = Tinlet*(TempRatioAvgPPF -1);
TempRiseRatioAvgPPF = TempRiseAvgPPF/TempRiseDes;
M1AvgPPF = PPF(1)*M1Des/TempRiseRatioAvgPPF;
massflow_ratio_cc(1) = M1AvgPPF/M1Des;

end

RatiomdotPPFtoPPFmax = massflow_ratio(2:en d)./massflow_ratio(end);
TempShift = max(Temp_out) - Tout_max;

T_Out=Temp_out - TempShift;

TempRatiomaxPPF = T_Out(end)./Tinlet;

TempRisemaxPPF = Tinlet.*(TempRatiomaxPPF -1); % Difference between Outlet an d Inlet

TempRiseRatiomaxPPF = TempRisemaxPPF./TempRiseDes; % Ratio of the coolant channel

Temperature Rise over the Design Temperature Rise

M1maxPPF = PPF(end)*M1Des/TempRiseRatiomaxPPF;

MoutletmaxPPF =sgr  t((((1+gamma*M1maxPPF.A2)/PR) - 1)/gamma); % Outlet Mach Number
M_ratiomax PPF = MoutletmaxPPF./M1maxPPF; % Mach Ratio of Outlet over Inlet Mach
Number
massflow_ratiomaxPPF = M1maxPPF./M1Des; % Normalized Massflow ratio
% Temp_ratiomaxPPF2 =
((M_ratiomaxPPF).*(1+gamma*M1maxPPF.*2)./(1+gamma*MoutletmaxPPF.» 2))."2; % Temperature Ratio,

Outlet over Inlet Temperature

end

% Temp_outmaxPPF2 = Tinlet*(Temp_ratiomaxPPF2); % Coolant Channel Outlet Temperature
massflow_ratio_cc = [massflow_ratio_cc; massflow_ratiomaxPPF.*RatiomdotPPFtoPPFmax];
TemperatureRise_cc = PPF.*TempRiseDes./massflow_ratio_cc;

OutletTemp_cc = TemperatureRise_cc + Tinlet;

M1_cc = PPF.*TempRiseDes.*M1Des./T emperatureRise_cc;

M2_cc = sqrt((((1+gamma*M1_cc.”2)/PR) - 1)/gamma);

Isp_cc = (n/g)*sqrt((2*gamma/(gamma - 1))*(Ru/MW).*QutletTemp_cc);

cc_flowvalues = [PPF massflow_ratio_cc M1_cc M2_cc OutletTemp_cc Isp_cc];
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B. "CombOutFlowo Function

% Spencer Christian.262

% Undergraduate Research Project

% Advisor: Dr. John Horack

% Thesis Title: Non - Uniform Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Combined Outlet Flow Properties Function

%

% Input the coolant channel outlet flow properties (cc_flowvalues) and

% initial conditions (IC). Initial Conditions includ e engine efficiency

% (n), and Design Massflow (mdotDes).

%

% Coolant Channel Outlet Flow Properties include: Massflow Ratio

% (cc_flowvalues(:,2)), Outlet Temperature (cc_ flowvalues(:,5)), Isp of the

% Max Outlet Temperature (Isp_T_out_max), Isp of the Av erage PPF

% (Isp_avgPPF).

%

% Calculates the Average Outlet Temperature (T_out_avg) from the sum of the power

% output from all the coolant channels and the total massflow. Extracts the
% outlet temperature from the average PPF (T_out_avgPPF), and the maxi mum
% outlet temperature (T_out_max).

%

% Extracts the PPF and Isp associated with the maximum outlet temperature

% (PPF_T_out_max and Isp_T_out_max). Calculates the Isp fr om the outlet

% temperature of the average PPF (Isp_avgPPF).

%

% Utilizes the Averag e Outlet Temperature (T_out_avg) to calculate the

% collective Isp (Isp) for the fuel element, from the coolant channels.

%

% Units: SI

function comb_flowvalues = CombOutF low(cc_flowvalues, IC)

% Important Coefficients

gamma = 1.346889267; % Rati o of Specific Heat Capacities for Propellant
Ru = 8.3143; % [J/mol - K] Universal Gas constant

MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant

g=9.81; % [m/s"2] Gravitational Acceleration due to Earth

% Initial Conditions
n= IC(1); % Efficiency
mdotDes = IC(6); % Design Massflow

% Calculate the massflow rate for each coolant channel
massflow_cc = (cc_flowvalues(:,2)*mdotDes)’;

% Calculate the Mixed - Mean Outlet Temperature for one Fuel Element
T_out_avg = (massflow_cc(2:end)*cc_flowvalues(2:end,5))/sum(massflow_cc(2:end));

% Extract the Outlet Temperature for the mathmatical average PPF coolant channel
T_out_avgPPF = cc_flowvalues(1,5);
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% Extract the Max Outlet Temperature of all the coolant ¢ hannels
T_out_max = max(cc_flowvalues(2:end,5));

% Locate the row (PPF) associated with the Max Outlet Temperature
r = find(cc_flowvalues(2:end,5)==T_out_max);

% Extract the PPF associated with the Max Outlet Temperature
PPF_T_out_max = cc_flowvalues(r(1)+1,1);

% Extract the Isp for the Max Outlet Temperature coolant channel
Isp_T_out_max = cc_flowvalues(r(1)+1,6);

% Extract the Isp for the mathmatical average PPF coolant channel
Isp_avgPPF = cc_flowvalues(1,6);

% Calculate the cumulative Isp for all the coolant channels
Isp = (n/g)*sqrt((2*xgamma/(gamma - 1))*(Ru/MW)*T_out_avg);

% Send the Combined Outflow Properties

comb_flowvalues = [T_out_avg, Isp, T_out_avgPPF, Isp_avgPPF,
PPF_T_out max, T _out_max, Isp_T_out_max];

Published with MATLAB® R2021b
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Appendix B: fiGaussianDistributiono Code

% Spencer Christian.262

% Undergraduate Research Project

% Advisor: Dr. John H orack

% Thesis Title: Non - Uniform Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Gaussian Distribution Code

%

% Calculates the propellant flow properties for Gaussian Distributed

% heating profiles. Utilizes CCFlowProp.m function to calculat e the flow properties
% through each coolant channel (CC). Utilizes CombOutFlow.m function to

% calculate the collective flow outlet temperature and resulting

% performance values.

%

% Units: S| Units

clear; clc;

% Important Coefficie nts

gamma = 1.3468892 67; % Ratio of Specific Heat Capacities for Propellant
MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant

Ru = 8.3143; % [J/mol - K] Universal Gas constant

g=9.81; % [m/s"2] Gravitational Acceleration due to Earth

n =0.95; % Eff iciency

Tout_ max =28 60; % [K] Maximum Outlet Temperature

% Inlet Flow Properties

Tin_des = 356.4; % [K] Design Inlet Temperature

TempRiseDes = 2322.6; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)
TempRatioDes = TempRiseDes/Tin_des+1;

mdot_des =7.77e -4; % [kg/s] Design coolant channel massflow

PR_des =0.861111111; % Design Pressure Ratio (Outlet over Inlet Pressure)

syms M1

M2 = sqrt((((1+gamma*M172)/PR_des) - 1)/gamma);

egnl = M1 == sqrt(((M2*(1+gamma*M1/2)/(1+gamma*M2/2))"2)/ Temp RatioDes);
M1ldesans = double(vpasolve(eqnl,M1));

M1_des = Mldesans; % Design Inlet Mach Number

cc_gausl9 = 19; % Number of coolant channels (CCs) per fuel element (FE), 19 CC Geometry
cc_gaus37 = 37, % Number of coolant channels (CCs) per fuel element (FE), 37 CC Geometry
cc_gaus61 = 61, % Number of coolant channels (CCs) per fuel element (FE), 61 CC Geometry

% In itialize matrices

PPF_gaus19 = zeros(20,20); % PPF Distribution matrix, 19 CC geometry
PPF_gaus37 = zeros(38,20); % PPF Distribution matrix, 37 CC geometry
PPF_gaus61 = zeros(62,20); % PPF Distribution matrix, 61 CC geometry
massflow_gaus19 _cc = zeros(20,2 0); % Massflow matrix, 19 CC geometry
massflow_gaus37_cc = zeros(39,20); % Massflow matrix, 37 CC geometry
massflow_gaus61_cc = zeros(62,20); % Massflow matrix, 61 CC geometry
Gaus19_Outflow = zeros(7,20); % Outflow values matrix, 19 CC geometry
Gaus37_Out flow = zeros(7,20); % Outflow values matrix, 37 CC geometry
Gaus61_Outflow = zeros(7,20); % Outflow values matrix, 61 CC geometry
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sigmaarray = linspace(0,0.5,20 ); % Initialize standard deviation array

% Create normal distributions of PPFs, using Mean of 1, and an array of
% standard deviations (sigma).
% Calculate CC flow properties for each geometry and then calculate the
% collective Outflow properties for eac h geometry, using each PPF
% distribution.
for i=1l:length(sigmaarray)
mu=1; % Setthe Mea n of the PPF Distribution

sigma = sigmaarray(i); % Set Standard Deviation of the PPF Distribution

% Create Normal distribution with mean (mu) and standar d deviation (sigma)
pd = makedist(  '‘Normal' ,'mu' ,mu, 'sigma’ ,sigma);

% Create an array of 19 random PPF values from the distribution (pd)

rng default

dist19 = sort(random(pd,cc_gaus19,1));
for j=1l:length(dist19)
if distl9() <0

dist19(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solutions
end
end
% Create an array of 37 random PPF values from the distribution (pd)
rng default

dist37 = sort(random(pd,cc_gaus37,1));
for j=l:ilength  (dist37)
if dist37() <0
dist37(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solutions
end
end
% Create an array of 61 random PPF values from the distribution (pd)
rng default
dist61 = sort(random(p d,cc_gaus61,1));
for j=1l:length(dist61)
if dist61(j) <0

dist61(j) = 0. 0001; % Setting equal to zero leads to NaN and Inf solutions

end
end
fig19 = figure (i);
histfit(dist19,30, ‘normal' );
title({ ‘Gaussian Di  stribution, 19 coolant channels' ;[ " \sigma="' ,num2str(sigma)]});
xlabel( 'PPF' )
ylabel( 'F requency (# of CC)' )
namel9=[ 'GD_19 ' num2str(i) 'sigma’  ];
saveas(figl9,namel9, '‘png’ )
fig37 = figure (i+20);
histfit(dist37,60, ‘normal' );
title({  'Gaussian Distribution, 37 coolant channels' ;[ " \sigma="' ,num2str(sigma)]});
xlabel( 'P PF")
ylabel(  'Frequency (# of CC)' )
name37 =[ 'GD_37_' num2str(i) 'sigma’  ];
saveas(fig37,name37, '‘png’ )
figb1 = figure (i+40);
histfit(dist61,8 0, 'normal' );
title({ ‘Gaussian Distribution, 61 coolant channels' ;[ " \sigma="' ,num2str(sigma)

xlabel( 'PPF' )
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ylabel(  'Frequency (# of CC)' )
name6l=[ 'GD_61_' num2str(i) 'sigma’  ];

saveas(fig61,name61, 'png’ )

PPF_gaus19(;,i) = [mean( dist19); dist19]; % Set array of average PPF and PPF distribution, 19
CC geometry

PPF_gaus3 7(:,i) = [mean(dist37); dist37]; % Set array of average PPF and PPF distribution, 37
CC geometry

PPF_gaus61(:,i) = [mean(dist61); dist61]; % Set array of ave rage PPF and PPF distribution, 61
CC geometry

T_in_gaus = Tin_des; % [K] Design Inlet Temp erature

TempRiseDes_gaus = TempRiseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)

M1_gaus_des = M1_des; % Design Inlet Mach Number
mdt_gaus_des = mdot_des; % [kg/s] Design coolant channel massflow
PR_gaus = PR_des;  %Design Pressure Ratio (Outlet over Inlet Pressure)

% Set initial conditions to calculate flow properties
IC_gaus = [n, M1_gaus_des, PR_gaus, T_in_gaus, TempRis eDes_gaus, mdot_gaus_des];
% Call CCFlowProp to calculate the flow properties for each CC. Input PPF
% distribution array and IC. 19 CC Geometry
cc_flowvalues_gaus19 = CCFlowProp(PPF_gaus19(.,i), IC_gaus);
%massflow_gaus19_cc(:,i) = (cc _flowvalues_gaus19(:,2)*mdot_gaus_des)’;
% Call CombOutFlow to calculate the fuel element | sp from the CC flow
% properties. Input CC flow properties and IC. 19 CC Geometry
Gaus19_Outflow(:,i) = CombOutFlow(cc_flowvalues_gaus19, IC_gaus)';

% Set initial conditions to calculate flow properties

IC_gaus = [n, M1_gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, mdot_gaus_des];
% Call CCFlowProp to calculate the flow properties for each CC. Input PPF
% distribution array and IC. 37 CC Geometry

cc_flowvalues_gaus37 = CCFlowProp(PPF_gaus37(.,i), IC_gaus);

%massflow_ga us19_cc(:,i) = (cc_flowvalues_gaus19(:,2)*mdot_gaus_des)';
% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% properties. Input CC f low properties and IC. 37 CC Geometry
Gaus37_Outflow(:,i) = CombOutFlow(cc_flowvalues_gaus3 7, 1C_gaus);

% Set initial conditions to calculate flow properties
IC_gaus =[n, M1_gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, mdot_gaus_des];
% Call CCFlowProp to calculate the flow properties for each CC. Input PPF
% distribution a rray and IC. 61 CC Geometry
cc_flowvalues_gaus61 = CCFlowProp(PPF_gaus61(:,i), IC_gaus);
%massflow_gaus61_cc(:,i) = (cc_flowvalues_gaus61(:,2)*mdot_g aus_des)";
% Call CombOutFlow to calculate the fuel element Isp from the CC flow
% prop erties. Input CC flow properties and IC. 61 CC Geometry
Gaus61_Outflow(:,i) = CombOutFlow(cc_flowvalues_gaus61, IC_gaus)';
end

Ideal Isp Calculations

% Calculate Isp with Design Outlet Temperature (2679 K)
Isp_Des = ones(1,20).*(n/g)*sgrt((2*gamma/(gamma - 1))*(Ru/MW).*(Tin_des+TempRiseDes));
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Plot Results

% Plot Isp versus standard deviation (sigma)

figure (63)

hold on

grid on

% Plo t 19 CC geometry Isp

plot(sigmaarray,Gaus19_Outflow(2,:), ‘Color' ,'r" , 'LineStyle' -

', 'LineWidth' ,3, 'Marker' ,'o' ,'MarkerEdgeColor' , ', 'MarkerSize' ,15);

% Plot 37 CC geometry Isp

plot(sigmaarray,Gaus37_Outflow(2,:), ‘Color' ,'k' , 'LineStyle' , ', 'LineWidth' 3, 'Marker' | '+

rEdgeColor' , 'k' , 'MarkerSize' ,15);
% Plot 61 CC geometry Isp

plot(sigmaarray,Gaus61_Outflow(2,:), ‘Color' ,'b' , 'LineStyle' -

', 'LineWidth' ,3, 'Marker' ,'x' ,'MarkerEdgeColor' ,'b" , 'MarkerSize' ,15);

% Plot Ideal Isp Results

plot(sigmaarray,Isp_ Des, 'color' ,'m' , 'LineStyle' , ', 'LineWidth' ,3);

title({ 'Gaussian PPF Distribution’ ; 'Isp vs Standard Deviation' }, 'FontSize' ,20);

xlabel( 'Standard Deviation of the Sam ple PPF Distribution’ , 'FontSize'  ,20);

ylabel(  'Isp (s)' , 'FontSize'  ,20);

ylim([400 950])

leg end( '19 Coolant Chanels' , '37 Coolant Channels' , '61 Coolant Channels' -
'‘Design Isp' , 'Location' , 'southwest' , 'FontSize' ,15);

Find the polynomial coefficients fdsp versus standard deviation for each geometry

a = polyfit(sigmaarray,Gaus19_Outflow(2, 1),3); % 19 CC Geometry

b = polyfit(sigmaarray,Gaus37_Outflow(2,:),3); % 37 CC Geometry

¢ = polyfit(sigmaarray,Gaus61_Outflow(2,:),3); % 61 CC Geometry

d = polyfit(si gmaarray(1:3),Gaus61_Outflow(7,1:3),1); % Max Isp

a2 = polyfit(sigmaarray(3:end),Gaus19_O utflow(2,3:end),2); % 19 CC Geometry
b2 = polyfit(sigmaarray(3:end),Gaus37_Outflow(2,3:end),2); % 37 CC Geometry
c2 = polyfit(sigmaarray(3:end),Gaus61_Outflow(2,3:end ),2); % 61 CC Geometry
d2 = polyfit(sigmaarray(3:end),Gaus61_Outflow(7,3:end),0); % Max Is p

Output Data to Excel File

Geometry Names

varnames =[ “"Sigma" , "Tout" ,"Isp" , "Tout (avg PPF)" , "Isp (avg PPF)" , "PPF of Tout Max" -
"Tout Max" , "Isp Max" ;
% Set V ariable Types

vartypes = [ "double” , "double" ,“"double" ,"double" ,"double" ,“"double" ,"double" ,"double" ]; %,...

% Initialize Table Array

Tablel19 = table( 'Size' ,[20 8], ‘VariableNames' ,varnames, ‘'VariableTypes' vartypes);
Table19.Sigma = sigmaarray’;
Table19.Tout = Gaus19_Outflow(1,:)"
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Table19.Isp = Gaus19_Outflow(2,:)’;

Table19.( "Tout (avg PPF)" ) =G ausl19_Outflow(3,:)’

Table19.( "Isp (avg PPF)" ) = Gaus19_Outflow(4,:)";

Table19.( "PPF of Tout Max" ) = Gaus19_Outflow(5,:)";

Table19.( "Tout Max" )= Gausl9_Outflow(6,:)' ;

Table19.( "Isp Max" )= Gaus19_Outflow(7,:)’;

filename = ‘GaussianCode_CalculatedValues.x Isx' ;
writetable(Table19,filename, "FileType" , "spreadsheet" ,'Sheet' ,'19CC' );

% Initialize Table Array

Table37 = table( 'Size' ,[208], ‘'VariableNames' ,varnames, ‘'Variable Types' ,vartypes);
Table37.Sigma = sigmaarray’;

Table37.Tout = Gaus37_Outflow(1,:)";

Table3 7.Isp = Gaus37_Outflow(2,:)’;

Table37.( "Tout (avg PPF)" ) = Gaus37_Outflow(3,:)’;

Table37.( "Isp (avg PPF)" ) = Gaus37_Outflow(4,:)';

Table37.( "PPF of Tout Max" ) =Gaus3 7_Outflow(5,:)";

Table37.( "Tout Max" )= Gaus37_Outflow(6,:)’;

Table37.( "Isp Max" )= Gaus37 _Outflow(7,:)’;

filename = ‘GaussianCode_CalculatedValues.xIsx' ;
writetable(Table37 filename, "FileType" , "spreadsheet" ,'Sheet' ,'37CC' );

% Initialize Table Array

Tabl e61 = table( 'Size' ,[208], ‘'VariableNames' ,varnames, ‘VariableTypes' ,vartypes);
Table61.Sigm a = sigmaarray’;

Table61.Tout = Gaus61_Outflow(1,:)";

Table61.1sp = Gaus61_Outflow(2,:)’;

Table61.( "Tout (avg PPF)" ) = Gaus61_Outflow(3,:)’;

Table61.( “Isp (avg PPF)" ) = Gaus61_Outflow(4,:)’;

Table61.( "PPF of Tout Max" ) = Gaus61_Outflow(5,:)";

Table61.( "ToutMax" )= Gaus6l Outflow(6,:)’;

Table6l.( "Isp Max" )= Gaus61_Outflow(7,:)’;

filename = ‘GaussianCode_CalculatedValues.xIsx' ;
writetable(Table61,filename, "FileType" , "spreadsheet" ,'Sheet'" ,'61CC' );
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Appendix C: Gaussian Distribution PPF Frequency Plots

Gaussian Distribution, 19 coolant channels

Gaussian Distribution, 19 coolant channels
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Gaussian Distribution, 19 coolant channels

Gaussian Distribution, 19 coolant channels
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Gaussian Distribution, 37 coolant channels

Gaussian Distribution, 37 coolant channels
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Gaussian Distribution, 37 coolant channels

Gaussian Distribution, 37 coolant channels
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Gaussian Distribution, 37 coolant channels

Gaussian Distribution, 37 coolant channels
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Gaussian Distribution, 37 coolant channels

Gaussian Distribution, 37 coolant channels
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Gaussian Distribution, 37 coolant channels

Gaussian Distribution, 37 coolant channels
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Gaussian Distribution, 61 coolant channels

Gaussian Distribution, 61 coolant channels
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Gaussian Distribution, 61 coolant channels

Gaussian Distribution, 61 coolant channels
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Gaussian Distribution, 61 coolant channels
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Appendix D: iiFullEngineCodeo

% Spencer Christian.262

% Undergraduate Research Project

% Advisor: Dr. John Horack

% Thesis Title: Non - Uniform Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Full Engine Code -5358 CC

%

% Calculates the flow properties for a full NTP Engine Geometry, with 5358
% CC. Utilizes CCFlowProp.m function and CombOutFlow.m function.
%

% cc (CC) = coolant channels

% IC = Initial Conditions

% FE = Fuel Elements

% Temp. = Temperature

%

% Units: S| Units

clear; clc;

% Important Coefficients

gamma = 1.346889267; % Ratio of Specific Heat Capacities for Propellan t
MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant

Ru = 8.3143; % [J/mol - K] Universal Gas constant

g=9.81; % [m/s"2] Gravitational Acceleration due to Earth

n =0.95; % Efficiency

Tout_max = 2860; % [K] Maximum Outlet Temperature

% Inlet Flow Pr operties

Tin_des = 356.4; % [K] Design Inlet Temperature

TempRiseDes = 2322.6; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)
TempRatioDes = TempRiseDe  s/Tin_des+1;

mdot_des =7.77e - 4; % [kg/s] Design coolant channel massflow

PR_des =0.861111111; % Design Pressure Ratio (Outlet over Inlet Pressure)
syms M1
M2 = sqrt((((1+gamma*M172)/PR_des) - 1)/gamma);
egnl = M1 == sqrt(((M2*(1+gamma*M1.2)/(1 +gamma*M2.2))"2)/TempRatioDes);

M1ldesans = double(vpasolve(eqnl,M1));
M1_des = Mldesans; % Design Inlet Mach Number
CC_gaus = 5358; % Total Number of Coolant Channels
PPF_gaus = zeros(5359,20); % Initialize PPF Distribution. Average PPF for 1 FE
massflow_gaus_FE = zeros(5359,20);

FE_Gaus_Outflow = zeros(7,20);

sigmaarray = linspace(0,0.5,20) ;
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Full Engine Coolant Channels

for i=1:20

mu =1,
sigma = sigmaarray(i);

pd = makedist(  '‘Normal' , 'mu’ ,mu, 'sigma’
rng default
dist=s ort(random(pd,CC_gaus,1));

for j=1:length(dist)
if dist(j)<0
dist(j) = 0.0001;
end
end

fig = figure (i);
histfit(dist,50,

title({ 'Full Engin
xlabel( 'PPF' );

‘normal' );

ylabel(  'Frequency (# of CC)' )
name =[ 'FullEngine_' num2str (i) 'sigma’
saveas(fig,name, 'png’ );

PPF_gaus(:,i) = [mean(dist); dist];

T_in_gaus = Tin_des; % [K]

TempRiseDes_gaus = TempRiseDes; % [K]

M1_gaus_des = M1_des; % Mach Number
PR_gaus=PR_des; %

mdot_gaus_des = mdot_des;

e Distribution, 5358 CC'

% [kg/s] per CC

,sigma);

% Setting equal to zero leads to NaN and Inf solutions

;[ " \'sigma=" ,num2str(sigma)]});

5

IC_gaus = [n, M1_gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, mdot_gaus_des];
FE_flowvalues _gaus = CCFlowProp(PPF_gaus(:,i), IC_gaus);

massflow_gaus_FE(:,i) = (FE

_flowvalues_gaus(:,2)*mdot_gaus_des)';

FE_Gaus_Outflow(:,i) = CombOutFlow(FE_flowvalues_gaus, IC_gaus)’;

end

Ideal Isp Calculations

% Cal culate Isp with Design Outlet Temperature (2679 K)
/g)*sqrt((2*gamma/(gamma

Isp_Des = ones(1,20).*(n

Reported SNRE ISP

Isp reported in SNRE Summary Reports

Isp_snre_reported = 860*ones(1,20);

- 1))*(Ru/MW).*(Tin_des+TempRiseDes));

figure (23)
hold on
grid on
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% Plot Full Engine, Gaussian Results

plot(sigmaarray,FE_Gaus_Outflow(2,:), ' Color' ,'r" , 'LineStyle' -

', 'LineWidth' ,3, 'Marker' , "™ | 'MarkerEdgeColor' ', 'MarkerSize' ,18);
plot(sigmaarray,FE_Gaus_Outflow(4,:), ‘Color' ,'b" , 'LineStyle' , ', 'Linewidth' ,3, 'Marker ', ‘o'
erEdgeColor' ,'b' , 'MarkerSize' ,18);

plot(sigmaarray,FE_Gaus_Outfl ow(7,:), 'Color' ,'k' ,'LineStyle' -

', 'LineWidth' ,3, 'Marker' ,'p' , 'MarkerEdgeColor' ,'k' , 'MarkerSize' ,18);

% Plot Ideal Isp Results
plot(sigmaarray,Isp_Des, '‘Color' ,'m' , 'LineStyle' , ' -", 'LineWidth' ,3);

% Plot Reported SNRE Isp

plot(sigmaarray,Isp_snre_reported , 'Color' ,[0.4940 0.1840 0.5560], ‘LineStyle' , 5, 'Linewidth'
title({ 'Full Engine (5358 CC)' , 'Isp vs Standard Deviation' }, 'FontSize' ,20);
xlabel(  'Standard Deviation of the Sample PPF Distribution’ , 'FontSize'  ,20);
ylabel(  'Isp (s)' , 'FontSize'  ,20);
legend( 'Collective Isp' , '‘Average Isp' , 'Maximum Isp' , ...
'‘Design Isp' , 'Reported Isp for SNRE' -
'Location’ , 'SouthWest' , 'FontSize' ,18);
a = polyfit(sigmaarray,FE_Gaus_Outflow(2,:) ,3);
b = polyfit(sigmaarray,FE_Gaus_Outflow(4,:),1);
¢ = polyfit(sigmaarray (1:3),FE_Gaus_Outflow(7,1:3),1);

c2 = polyfit(sigmaarray(3:end),FE_Gaus_Outflow(7,3:end),0);

Output Data to Excel File

% Geometry Names

varnames =[ “Sigma" , "Tout" ,"Isp" ,"Tout(av g PPF)" , "Isp (avg PPF)" , "PPF of Tout Max" -
"Tout Max" , "Isp Max" ;

% Set Variable Types

vartypes = [ "double” , "double" |, “"double" |, "double” ,"double” |, "double" ,"double" | "double" ; %,...

% "double”,"double"];

% Initialize Table Array

Table = table( 'Size ' ,[208], ‘'VariableNames' ,varnames, 'VariableTypes' ,vartypes);
Table.Sigma = sigmaarray’;

Table.Tout = FE_Gaus_Outflow(1,:)";

Table.Isp = FE_Gaus_Outflow(2,:)’;

Table.( "Tout (avg PPF)" ) = FE_Gaus_Outflow(3,:)";

Table.( "Isp (avg PPF)" ) = FE_Gaus_Outflow(4,:)' ;

Table.( "PPF of Tout Max" ) = FE_Gaus_Outflow(5,:)";

Table.( " Tout Max" )= FE_Gaus_Outflow(6,:)’;

Table.( "Isp Max" )= FE_Gaus_Outflow(7,:)’;

filename = 'FullEngine_CalculatedValues_5358CC.xIsx' ;
writetable(Table,filename, "FileType" |, "spreadsheet" ,'Sheet' ,'Gaus');
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Effect on Thrust

% Calculate the Design Thrust for 535 8 CC

totalmdot_Des = mdot_des*CC_gaus; % [kg/s] Design total mass flow rate
Thrust_Des = totalmdot_Des*g*Isp_Des(1); % [N] Design Thrust for 5358 CC
% initialize array for the total mass flow ra te at each Standard Deviation

totalmdot = zeros(1,20);
% Calc ulate the total mass flow rate at each PPF standard deviation
for i=1:20
totalmdot(i) = sum(massflow_gaus_FE(2:end,i));
end

% Calculate the thrust at each Standard Deviation,

% divide by t he Design Thrust

% Thrust = g*Isp*mdot

Thrust_ratio = FE_Gaus _Outflow(2,:).*totalmdot.*g/Thrust_Des;

% Plot the Thrust Ratio at each PPF Standard Deviation

figure (24)

plot(sigmaarray, Thrust_ratio, 'LineStyle' , 5, 'LineWidth' 3, 'Marker' |, 'x' , 'MarkerSize' ,18)
title({ 'Full Engine (5358 CC)' , 'Thrust Ratio vs Standard De viation' }, 'FontSize' ,20);
xlabel(  'Standard Deviation of the Sample PPF Distribution’ , 'FontSize'  ,20);

ylabel(  'Thrust Ratio (Thrust/Thrust_D_e_s)' , 'FontSize'  ,20);

Published with MATLAB® R2021b
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Appendix E: Full Engine PPF Frequency Plots
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Full Engine Distribution, 5358 CC
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Appendix F: ASolutionsCod&®

% Spencer Christian.262

% Undergraduate Research Project

% Advisor: Dr. John Horack

% Thesis Title: Non - Unifo rm Heating Impact on Isp in Nuclear Thermal Propulsion Engines
% Solutions Code

%

% This code analyzes possible solutions to Non - Uniform Heating profiles,
% including coolant channel orificing.

%

% cc (CC ) = coolant channels

% IC = Initial Conditions

% FE = Fuel Elements

% Temp. = Temperature

%

% Units: S| Units

clear; clc;

% Important Coefficients

gamma = 1.346889267; % Ratio of Specific Heat Capacities for Propellant
MW =2.0*10"( -3); % [kg/mol] Molecul ar Weight Propellant

Ru = 8.3143; % [J/mol - K] Univer sal Gas constant

g=9.81; % [m/s"2] Gravitational Acceleration due to Earth
n =0.95; % Efficiency
Tout_max = 2860; % [K] Maximum Outlet Temperature

% Inlet Flow Properties

Tin_des = 356.4; % [K] Design Inlet Temperature

TempRiseDes = 2322.6; % [K] Desig n Temperature Rise (Outlet minus Inlet Temp.)
TempRatioDes = TempRiseDes/Tin_des+1;

mdot_des =7.77e - 4; % [kg/s] Design coolant channel massflow rate

mdot_des_FE =1.4763e  -2; % [kg/s] Design Fuel Element massflow rate
PR_des =0.861111111; % Design Pressur e Ratio (Outlet over Inlet Pressure)
syms M1
M2 = sqrt((((1+gamma*M172)/PR_des) - 1)/gamma);

egnl = M1 == sqrt(((M2*(1+gamma*M1.2)/(1+gamma*M2/2))*2)/TempRatioDes);
M1ldesans = double(vpasol ve(egnl,M1));

M1_des = Mldesans; % Design Inlet Mac h Number
% Geometry Input Conditions

cc_mdotgaus = 19;
ADes =4.77226e - 6; % [m"2] Design CC Area

Gaussian PPF Distribution: Varying CC Mass Flow

PPF_mdotgaus_cc = zeros(cc_mdotgaus+1,20);

mdot_mdotgausUnAdj_cc = zeros(cc_mdotgaus+1,20); % Massflow matrix , 19 CC geometry
sum_mdot_mdotgausUnAdj_cc = zeros(1,20);
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Gaus19_Outflow = zeros(7,20); % Outflow values matrix, 19 CC geometry
massratio_gaus19 = zeros(cc_mdotgaus+1,20);
sum_areas_cc_UnAdj = zeros(1,20);

mdot_mdotgausConst_cc = zeros(cc_mdotgaus+1,20);
sum_mdot_mdotgausConst_cc = zeros(1,20);
mdotgausConst_Outflow = zeros(7,20);
massratio_gausConst = zeros(cc_mdotgaus+1,20);
areas_cc_gausConst = zeros(cc_mdotgaus+1,20);
sum_areas_cc_gausCo nst = zeros(1,20);

mdot_mdotgausLine_cc = zeros(cc_mdotgaus+1,20) ;
sum_mdot_mdotgausLine_cc = zeros(1,20);
mdotgausLine_Outflow = zeros(7,20);

massratio_gausLine = zeros(cc_mdotgaus+1,20);
areas_cc_gausLine = zeros(cc_mdotgaus+1,20);
sum_areas_cc_gausLine = zeros(1,20);

mdot_mdotgausLowLine_cc = zeros(cc_mdotgaus+1,20) ;
sum_mdot_mdotgausLowLine_cc = zeros(1,20);
mdotgausLowLine_Outflow = zeros(7,20);

massratio_gausLowLine = zeros(cc_mdotgaus+1,20);
areas_cc_gausLowLine = zeros(cc_mdotgaus+1,20);

sum_areas _cc_gausLowLine = zeros(1,20);

mdot_mdotgausSQRT_cc = zeros(cc_md otgaus+1,20);
sum_mdot_mdotgausSQRT_cc = zeros(1,20);
mdotgausSQRT_Outflow = zeros(7,20);
massratio_gausSQRT = zeros(cc_mdotgaus+1,20);
areas_cc_gausSQRT = zeros(cc_mdotgaus+1,20);
sum_areas _cc_gausSQRT = zeros(1,20);

sigmaarray = linspace(0,0.5,20); % In itialize standard deviation array

for i=1:length(sigmaarray)
mu=1; % Setthe Mean of the PPF Distribution
sigma = sigmaarray(i); % Set Standard Deviation of the PPF Distribution
% Create Normal distribution with mean (mu) and standard deviat ion (sigma)
pd = makedist(  ‘Normal' ,'mu' ,mu, 'sigma’ ,sigma);
% Create an array of 19 random PPF values from the distribution (pd)
rng default
dist19 = sort(random(pd,cc_mdotgau s,1));
for j=1:length(dist19)
if distl19() <0
dist19(j) = 0.0001; % Setting equal to zero leads to NaN and Inf solutions
end
end
PPF_mdotgaus_cc(:,i) = [mean(dist19); dist19]; % Set array of average PPF and PPF
dist ribution, 19 CC geometry

T_in_mdotC = Tin_des; % [K] Design | nlet Temperature

TempRiseDes_mdotC = TempRiseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)
M1_mdotC_des = M1_des; %

mdot_mdotC_des = mdot_des;
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T_in_gaus=Ti n_des; % [K] Design Inlet Temperature

TempRiseDes_gaus = TempR iseDes; % [K] Design Temperature Rise (Outlet minus Inlet Temp.)
M1_gaus_des = M1_des; % Design Inlet Mach Number

mdot_gaus_des = mdot_des; % [kg/s] Design coolant channel massflow

PR_gaus = PR_des;

% Unadjusted Massflow Rate

IC_gaus =[n, M1_ gaus_des, PR_gaus, T_in_gaus, TempRiseDes_gaus, mdot_gaus_des];
cc_flowvalues_gaus19 = CCFlowProp(PPF_mdotgaus_cc(:,i), IC_gaus);

massratio_gaus19(:,i) = cc_flowvalues_gaus19(:,2);

mdot_mdot gausUnAdj_cc(:,i) = (cc_flowvalues_gaus19(:,2)*mdot_gaus_des);
sum_mdot_mdotgausUnAdj_cc(i) = sum(mdot_mdotgausUnAdj_cc(2:end,i));
sum_areas_cc_UnAdj(i) = ADes*cc_mdotgaus;

Gaus19_Outflow(:,i) = CombOutFlow(cc_flowvalues_gaus19, IC_gaus)';

% Adjusted Ma  ssflows

IC_mdotC = [n, M1_mdotC_des, 0, T_in_mdotC, TempRiseDe s_mdotC, mdot_mdotC_des, ADes];
% Constant Massflow
mdot_mdotgausConst_cc(:,i) = mdot_mdotC_des*ones(length(PPF_mdotgaus_cc(:,i)),1); %
sum_mdot_mdotgausConst_cc(i) = sum(mdot_mdotga usConst_cc(2:end,i));
cc_flowvalues_mdotC = MDotFlow(PPF_mdotg aus_cc(:,i), mdot_mdotgausConst_cc(:,i), IC_mdotC);

massratio_gausConst(:,i) = cc_flowvalues_mdotC(:,2);
areas_cc_gausConst(;,i) = massratio_gausConst(:,i).*ADes;
sum_areas_cc_ga usConst(i) = sum(areas_cc_gausConst(2:end,i));
mdotgausConst_O utflow(:,i) = CombOutFlow(cc_flowvalues_mdotC, IC_mdotC);
% Linearly increasing Massflow, slope = 1, MR = slope*PPF
mdot_mdotgausLine_cc(:,i) = mdot_mdotC_des.*PPF_mdotgaus_cc(,i); %
sum_mdot_mdotgausLine_cc(i) = sum(mdot_mdotgausLine_cc(2:end,i) );
cc_flowvalues_mdotgausLine = MDotFlow(PPF_mdotgaus_cc(:,i), mdot_mdotgausLine_cc(:,i),
IC_mdotC);
massratio_gausLine(:,i) = cc_flowvalues_mdotgausLine(:,2);
areas_cc_gausLine( :,l) = massratio_gausLine(:,i).*ADes;
sum_areas_cc_gausLine(i) = sum(areas_cc_gausLine(2:end,i));
mdotgausLine_Outflow(:,i) = CombOutFlow(cc_flowvalues_mdotgausLine, IC_mdotC);
% Linearly increasing Massflow, slope = 0.5, MR = slope*PPF
mdot_mdotgausLowLine_cc(:,i) = 0.5*mdot_mdotC_des.*PPF_mdotgaus_cc(,i); %
sum_mdot_mdotgausLowLine_cc(i) = sum(mdot_mdotgausLowLine_cc(2:end,i));
cc_flowvalues_mdotgausLowLine = MDotFlow(PPF_mdotgaus_cc(:,i), mdot_mdotgausLowLine_cc(:,i),
IC_mdotC);
massratio_gausLowLine(:,i) = cc_flowvalues_mdotgausLowLine(:,2);
areas_cc_gausLowLine(:,i) = massratio_gausLowLine(:,i).*ADes;
sum_areas_cc_gausLowLine(i) = sum(areas_cc_gausLowLine(2:end,i));

mdotgausLowLine_Outflow(:,i) = CombOutFlow(cc_flow values_mdotgausLowLine, IC_mdotC)’;
% Increasing Massflow, MR = Sq uare Root of PPF
mdot_mdotgausSQRT_cc(:,i) = mdot_mdotC_des.*(PPF_mdotgaus_cc(:,i).*(1/2)); %

sum_mdot_mdotgausSQRT_cc(i) = sum(mdot_mdotgausSQRT_cc(2:end,i));

cc_flowvalues_mdot gausSQRT = MDotFlow(PPF_mdotgaus_cc(:,i), mdot_mdotgausSQRT_cc(:,i
IC_mdotC);

massratio_gausSQRT(:,i) = cc_flowvalues_mdotgausSQRT(:,2);

areas_cc_gausSQRT(:,i) = massratio_gausSQRT(:,i).*ADes;

sum_areas_cc_gausSQRT(i) = sum(areas_cc_gausSQRT( 2:end,i));

mdotgausSQRT_Outflow(:,i) = CombOutFlow(cc_flowvalu es_mdotgausSQRT, IC_mdotC)';
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end

figure (1)
hold on
plot(sigmaarray,Gaus19_Outflow(2,:), ‘LineStyle' -
', 'LineWidth' ,2, 'Color ,'b" ,'Marker’ ,'x' , 'MarkerSize' ,10);
plot(sigmaarray,mdotgausCon st_Outflow(2,:), ‘LineWidth' 2, 'Marker' ,'o" ,'Color' ,'r" ,'MarkerSize ',10
)
plot(sigmaarray,mdotgausLine_Outflow(2,:), ‘LineStyle' -
', 'LineWidth' 2, 'Marker' '+ ,'Color' 'k , 'MarkerSize' ,10);
plot(sigmaarray,mdotgausLowLine_Outflow(2,:), ‘LineWidth' 2, 'Marker' ™' | 'Color' ,[0.4660 0.6740
0.1880], ‘'MarkerSize' ,10);
plot(sigmaar  ray,mdotgausSQRT_Outflow(2,:), ‘LineStyle' , ", 'LineWidth' ,2, 'Marker' ,'s' ,'Color' ,[0.4
940 0.1840 0.5560], 'MarkerSize'  ,10);
titte(  'Isp vs Standard Deviation for Defined CC Massflows' , 'FontSiz  e' ,15);
xlabel(  'Standard Deviation of the Sample PPF Distribution’ , 'FontSize' ,15);
ylabel(  'Isp (s)' , 'FontSize'  ,15);
legend( "Un- Adjusted" , 'Constant’ , 'Linearly Increasing (slope=1)'
'Linearly Increasing (slope=0.5)' , 'sqrt(PPF)' , 'FontSize' 12, 'Locatio n', 'best’ );
hold off
for i= 1:length(sigmaarray)
fig = figu re (i+1);
hold on
plot(PPF_mdotgaus_cc(2:end,i),massratio_gaus19(2:end,i), ‘LineWidth' 2, 'Marker ,'x' ,'Color' ,'b" ,'M
arkerSize' ,10);
plot(PPF_mdotgaus_cc(2:end,i),massratio_gausCon st(2:end,i), 'LineWidth' 2, 'Marker ,'o" ,'Color ,'r'
, 'MarkerSize' ,10 );
plot(PPF_mdotgaus_cc(2:end,i),massratio_gausLine(2:end,i), 'LineWidth' ,2, 'Marker ,'+' ,'Color' ,'k' ,
'‘MarkerSize' ,10);
plot(PPF_mdotgaus_cc(2:end,i),massratio_gausLowLine(2:end,i), 'Li neWidth' ,2, 'Marker' ,™ |, 'Color' [
0.4660 0.6740 0.1880], ‘MarkerSize ' ,10);
plot(PPF_mdotgaus_cc(2:end,i),massratio_gausSQRT(2:end,i), 'LineWidth' ,2, 'Marker' ,'s' ,'Color' ,[0.4

940 0.1840 0.5560], 'MarkerSize' ,10);

legend( "Un- Adjuted" , 'Constant’ , 'Linearly Increasing (slope=1)' , 'Linearly Increasing
(slope=0.5)' ) e

'sgrt(PPF)' , 'FontSize' .8, 'Location’ , 'best’);

title({ ‘Massflow Ratio vs PPF for Defined CC Massflows' i[ "\ sigma=
' ,num2str(sigmaarray(i))]}, 'FontSize' ,15);

xlabel( 'PPF' , 'FontSize' ,15);

ylabel( 'Massflow Ratio' , 'FontSize'  ,15);

name =[ 'mass flow' num2str(i) 'sigma’  |;

saveas(fig,name, ‘png’ );

hold off
end
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figure (22)

hold on

grid on

plot(sigmaarray,sum_mdot_mdotgausUnAdj_cc/(mdot_d es_FE), 'LineStyle' -

', 'LineWidth' 2, 'Marker' ,'x" ,'Color' ,'b" ,'MarkerSize'’ ,10);
plot(sigmaarray,sum_mdot_mdotgausConst_cc/(mdot_des_FE), 'LineWidth' 2, 'Marker ,'o' ,'Color' ,'T ,'M
arkerSize' ,10);

plot(sigmaarray,sum_mdot_mdotgausLine_cc/(mdot_des_FE), 'LineSt yle' ,'-

., 'Linewidth' 2, 'Marker '+ ,'Color ,'k' ,'MarkerSize' ,10);
plot(sigmaarray,sum_mdot_mdotgausLowLine_cc/(mdot_des_FE), 'LineWidth' 2, 'Marker , ™' ,'Color' ,[0.4
660 0.6740 0.1880], '‘MarkerSize'  ,10);

plot(sigmaarray,sum_mdot_mdotgausSQRT_cc/(mdot_des_FE), ‘LineStyle' , 5, 'Linewidth' ,2, 'Marker' ,'s'

, 'Color' ,[0.4940 0.1840 0.5560], 'MarkerSize' ,10);
titte(  'Fuel Element Massflow Rate Ratio vs Standard Deviation for Defined CC
Massflows' |, 'FontSize' ,15);

xlabel(  'Standard Deviation of the Sample PPF Distribution’ , ' FontSize' ,15);
ylabel({  'Fuel Element Massflow Rate Ratio' ;'( \ Sigma(mdot_c_c))/mdot_ d e s F_E' }, 'FontSize' ,15);
legend( "Un- Adjusted" , 'Constant’ , 'Linearly Increasing (slope=1)' -

'Linearly Increasing (slope=0.5)' , 'sqrt(PPF)' , 'FontSize'  ,12, 'Location’ ,'b est );
hold off
figure (23)
hold on
plot(sigmaarray,sum_areas_cc _UnAdj/(ADes*cc_mdotgaus), ‘LineStyle' -
', 'Linewidth' 2, 'Marker' ,'x" ,'Color' ,'b" ,'MarkerSize' ,10);
plot(sigmaarray,sum_areas_cc_gausConst/(ADes*cc_mdotgaus), 'LineWidth' ,2, 'Marker' ,'0" ,'Colo r' ,'r ,
'MarkerSize' ,10);
plot(sigmaarray,sum_areas_cc_gausLine/(AD es*cc_mdotgaus), 'LineStyle’ -
., 'Linewidth' 2, 'Marker' '+ ,'Color' ,'k' ,'MarkerSize' ,10);
plot(sigmaarray,sum_areas_cc_gausLowLine/(ADes*cc_mdotgaus), 'LineWidth' 2, 'Marker ,"*" | 'Color [0
.46 60 0.6740 0.1880], '‘MarkerSize' ,10);
plot(sigmaarray,sum_areas_cc_g ausSQRT/(ADes*cc_mdotgaus), ‘LineStyle' , ', 'LineWidth' 2, 'Marker' '
s' , 'Color' ,[0.4940 0.1840 0.5560], '‘MarkerSize'  ,10);
tittle(  'Fuel Element Flow Area vs Standard Deviation for Defined CC Mass flows' , 'FontSize' ,15);
xlabel( 'Standard Deviation of the Sample PP F Distribution’ , 'FontSize'  ,15);
ylabel({ 'Fuel Element Normalized Flow Area' ;'( \Sigma(A_c _c))/A d e s F E' }, 'FontSize'  ,15);
legend( "Non - Adjusted" |, 'Constant’ | 'Linearly Increasing (slope=1)' e -

'Linearly Increasing (slope=0.5)' , 'sqrt(PPF)' , 'FontSize'  ,12, 'Location’ , 'best' );
hold  off

Impact to Thrust

Calculate the Design Isp and use to calculate the Design Thrust from one Fuel Element

Isp_Des = (n/g)*sqrt((2*gamma/(gamma - 1))*(Ru/MW).*(Tin_des+TempRiseDes)); % Design Isp
Thrust_Des = g*Isp_Des*mdot_des_FE; % Design Thrust from 1 FE
% Calculate the Thru st and Thrust Ratio for each defined mass flow rate

% functions
% UnAdjusted Mass Flow Rate

Thrust_UnAdj = g*Gaus19_Outflow(2,:).*sum_mdot_mdotgausUnAdj_cc; % Thrust
Thrust_UnAdj_ratio = Thrust_UnAdj./Thrust _Des; % Thrust Ratio
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% Constant Mass Flow Rate
Thrust_Const = g*rmdotgausConst_Outflow(2,:).*sum_mdot_mdotgausConst_cc;
Thrust_Const_ratio = Thrust_Const./Thrust_Des; % Thrust Ratio

% Linearly Increasing Mass Flow Rate
Thrust_Line = g*mdotgausLin e_Outflow(2,:).*sum_mdot_mdotgausLine_cc;
Thrust_Line_ratio = Thrust_Line./Thrust_Des; % Thrust Ratio

% Linearly Increasing (slope = 0.5) Mass Flow Rate
Thrust_LowLine = g*rmdotgausLowLine_Outflow(2,:).*sum_mdot_mdotgausLowLine_cc;
Thrust _LowLine_ratio = Thrust_LowLine./Thrust_Des; % Thrust Ratio

% SQRT(PPF) Mass Flow Rate Function
Thrust_SQRT = g*mdotgausSQRT_Outflow(2,:).*sum_mdot_mdotgausSQRT _cc;
Thrust_SQRT_ratio = Thrust_SQRT./Thrust_Des; % Thrust Ratio

% Plot the Thrust Ra
% standard deviations

tios for each Defined Mass Flow Rate Function vs

% Thrust

% Thru st

% Thrust

% Thrust

the

figure (24)
hold on
grid on
plot(sigmaarray, Thrust_UnAdj_ratio, ‘LineStyle' -
', 'LineWidth' 2, 'Marker ,'x" ,'Color' ,'b' ,'MarkerSize' ,10);
plot(sigmaarray, Thrust_Const_ratio, ‘LineWidt h',2, 'Marker' ,'o" ,'Color ,'r" ,'MarkerSize' ,10);
plot(sigmaarray, Thrust_Line_ratio, ‘LineStyle' -
', 'LineWidth' 2, 'Marker '+ ,'Color ,'k' ,'MarkerSize' ,10);
plot(sigmaarray, Thrust_LowLine_ratio, ‘LineWidth' 2, 'Marker , "™ [ 'Color' ,[0.4660 0.6740
0.1880], ‘'Mark erSize' ,10);
plot(sigmaarray, Thrust_ SQRT _ratio, ' LineStyle' , "' , 'LineWidth' 2, 'Marker' ,'s'" ,'Color' ,[0.4940
0.1840 0.5560], '‘MarkerSize' ,10);
title(  'Fuel Element Thrust Ratio vs Standard Deviation for Defined CC Massflows' , 'FontSize'  ,15);
xlabel( 'Standard Dev iation of the Sample PPF Distribution' , 'FontSize ' ,15);
ylabel({  'Fuel Element Thrust Ratio' ; 'thrust_c_cf/thrust d_e_s F_E' }, 'FontSize' ,15);
legend( "Un- Adjusted" , 'Constant’ , ‘Linearly Increasing (slope=1)' -
'Linearly Increasing (slope=0.5)' , 'sqrt(PPF)' , 'FontSize'  ,12, 'Location’ , 'best' );

hold off
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% cc (CC) = coolant channels
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% IC = Initial Conditions
% FE = Fuel Elements

% Temp. = Temperature
%

% Units: SI

functi on mdot_flowvalues = MDotFlow(PPF, mdot_cc, IC)

gamma=1.4; % Ratio of Specific Heat Capacities for Propellant
Ru = 8.3143; % [J/mol - K] Universal Gas constant

MW =2.0*10"( -3); % [kg/mol] Molecular Weight Propellant
g=9.81; % [m/s"2] Gr  avitational Acceleration due to Earth
Tout_max = 2860;

n =I1C(1); % Efficiency
M1Des = IC(2); % Design Inlet Mach Number

Tinlet = IC(4); % Design Inlet Tem perature
TempRiseDes = IC(5); % Design Temperature Rise
mdotDes = IC(6); % Design Massflow

ADes = IC(7); % Design CC Flow Area
Minlet = M1Des;

Acc = ADes.*(mdot_cc./mdotDes);
Temp_out = PPF.*TempRiseDes.*(ADes./Acc)+Tinlet;
TempRatio = Temp_out./Tinlet;

if  max(Temp_out) <= Tout_max
syms M2
Mautlet = zeros(length(PPF),1);
for i=1:length(PPF)
eqn = M2 == sqgrt(TempRatio(i))*Minlet*(1+gamma*M2/2)/(1+gamma*(Minlet*2));
Mach2ans = do uble(vpasolve(eqn,M2));
for j= 1:length(Mach2ans)
if Mah2ans(j) > 0 && Mach2ans(j) < 1
Moutlet(i) = Mach2ans(j);
end
end
end
massflow_ratio = Acc./ADes;
PR = (1+gamma*Minlet."2)./(1+gamma*Moutlet."2);

Isp_cc = (n/g)*sqrt((2*gamma/(ga mma 1))*(Ru/MW).*Temp_out);

mdot_flowvalues = [PPF massflow_ratio Minlet*ones(length(PPF),1)
Moutlet Temp_out Isp_cc PR];

elseif Temp_out(end) > Tout_max
RatiomdotPPFtoPPFmax = mdot_cc./mdot_cc(end);
TempShif t = Temp_out(end) - Tout_max;

T_Out = Temp_out - TempShift;
TempRatiomaxPPF = T_Out(end)./Tinlet;
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TempRisemaxPPF = Tinlet.*(TempRatiomaxPPF
Temperatures

TempRiseRatiomaxPPF = TempRis
Temperature Rise over the Design Temperature Rise

AccmaxPPF = PPF(end)*ADes/TempRiseRatiomaxPPF;

M1maxHPF = Minlet;

- 1);

syms M2
eqgn = M2 == sqgrt(TempRatiomaxPPF)*M1maxPPF*(1+
Mach2ans = double(vpasolve(eqn,M2));
for j=1:length(Mach2ans)
if  Mach2ans(j) > 0 && Mach2ans(j
MoutletmaxPPF = Mach2ans(j);
end

)<1

end

emaxPPF./TempRiseDes;

% Di fference between Outlet and Inlet

% Ratio of the coolant channel

gamma*M2/2)/(1+gamma*(M1maxPPF"2));

PRmaxPPF = (1+gamma*M1maxPPF.»2)./(1+gamma*MoutletmaxPPF."2);

M_ratiomaxPPF = MoutletmaxPPF./M1maxPPF;
massflow_ratiomaxPPF = AccmaxPPF./ADes;

mabt_ratio_cc = massflow_ratiomaxPPF.*RatiomdotPPFtoPPFmax;

Minlet_cc = M1Des;

Acc = ADes.*(mdot_ratio_cc);
Temp_out_cc = PPF.*TempR
TempRatio_cc = Temp_out_cc./Tinlet;

syms M2
Moutlet_cc = zeros(length(PPF),1);
for i=1:length(PPF)

iseDes.*(ADes./Acc)+Tinlet;

% Mach Ratio of Outlet over Inlet Mach Number
% Normalized Massflow ratio

% Massflow Ratio

eqn = M2 == sqgrt(TempRatio_cc(i))*Minlet_cc*(1+gamma*M2°2)/(1+gamma*(Minlet_cc"2))

Mach2ans = double(vpasolve(eqn,M2));
for j=1:length(Mach 2ans)
if Mach2ans(j) > 0
Moutlet_cc(i) = Mach2ans(j);
end
end
end
massflow_ratio_cc = mdot_ratio _CC;
PR = (1+gamma*Minlet.”2)./(1+gamma*Moutlet_cc."2);

Isp_cc=(n /g)*sgrt((2*gamma/(gamma

- 1))*(Ru/MW).*Temp_out_cc);

mdot_flowvalues = [PPF massflow_ratio_cc Minlet_cc*ones(length(PPF),1)

Moutlet_cc Temp_out_cc Is p_cc PR];

end

Published with MATLAB® R2021b
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Appendix G: Mass flowRatio vs Isp for DefinedMass flow Functions

Massflow Ratio vs PPF for Defined CC Massflows

Massflow Ratio vs PPF for Defined CC Massflows
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Massflow Ratio vs PPF for Defined CC Massflows

Massflow Ratio vs PPF for Defined CC Massflows
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Massflow Ratio vs PPF for Defined CC Massflows

Massflow Ratio vs PPF for Defined CC Massflows
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Massflow Ratio

Massflow Ratio vs PPF for Defined CC Massflows
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Massflow Ratio vs PPF for Defined CC Massflows
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