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Abstract

This report aims at presenting an early study of a new propulsion system, initially sized to provide a
nominal thrust of 100N. The system consists of a bi-propellant liquid rocket engine with a blow-down
architecture. The combustion chamber of the engine is made of Inconel 718 with additive layer manufac-
turing. First of all, a short overview of liquid rocket engines and additive manufacturing technology is
given. Then, given the constraints, the nominal thermodynamic parameters are computed, from which
it is possible to complete the design of the engine. A simulation of the combustion is then performed, in
order to evaluate the evolution of the performances during the burning time, and to understand if the
chosen design is able to fulfill the requirements. Lastly, the uncertainties on the design are discussed,
focusing in particular on the management of additive manufacturing layers and on how their properties
affect the production. A Monte Carlo analysis is performed in order to define the uncertainty boundaries
due to the production and to understand their impact on the thrust. Critical observations are also made
regarding the scaling up (1000N thrust engine) and down (10N thrust engine) of the system and how the
manufacturing uncertainties affect them.



Nomenclature

« conical nozzle what type of angle
T Monte Carlo simulation mean thrust value
I6] convergent nozzle angle

Ap,  pressure drop across the feeding pipe
Ap,  pressure drop across the valve

AP,,, pressure drop across the cooling system
AP;y,; pressure drop across the injector

m mass flow rate

mox HsOs 4+ Hs0O mass flow rate

mgrp—_1 RP-1 mass flow rate

% oxidizer to fuel ratio
A nozzle 3D loss coefficient

dox  H30s + H>0 injection plate holes diameter

¢rp—1 RP — 1 injection plate holes diameter

p density

or Monte Carlo simulation standard deviation value
0. Rao nozzle exit angle

0; Rao nozzle initial angle

€ expansion ratio

A reference area

A, combustion chamber cross sectional area

Ay throat area

Ainj  injector area

AM  additive manufacturing

c* characteristic velocity
Cp discharge coefficient
cr thrust coefficient

D, feeding pipe diameter

Ip feeding pipe friction coefficient



LCO’I’L'U

Ldiv

Mmol

Ninj

Pce

Tc

Te

Tt

specific impulse

specific heat ratio

valve pressure drop coefficient
characteristic length

feeding pipe length

nozzle convergent part length
nozzle divergent part length
mass

combustion chamber Mach number
propellant molar mass
number of injectors

nozzle exit pressure
combustion chamber pressure
volumetric flow rate
combustion chamber radius
nozzle exit radius

throat radius

instantaneous thrust

burn time

combustion chamber temperature
velocity in the feed line

combustion chamber volume
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Chapter 1

Introduction

1.1 Review of LRE, propellant injection and combustion

A liquid rocket engine consists of a combustion chamber, a feed mechanism for supplying the propellants
from their tanks to the combustion chamber, a power source to maintain the energy for the feed mecha-
nism, suitable piping to transfer the liquid propellants under pressure, a structure to transmit the thrust
force, and control devices (including valves). Liquid propellants are either expelled from their tanks by
a high-pressure gas or they are delivered by pumps to the thrust chambers.

The combustion chamber is the place where the liquid propellants are injected, atomized, mixed, and
then burned. After this process, hot gaseous reaction products are formed. The gaseous products are
accelerated and ejected at high velocities to obtain thrust. In regenerative cooling combustion chambers,
one of the propellants (usually the fuel) is circulated through cooling jackets to diminish the heat transfer
from the hot reaction gases to the combustion chamber walls.

Small Liquid Rocket Engines (SLRE) are commonly used for auxiliary propulsion that is used in trajec-
tory adjustments and attitude control. Some of the characteristics of SLRE can be summarized as the
following. Generally, they have a low total impulse. The thrust level is small, and it can be between
0.001N and 4500N. The pressurization system is a pressurized feed system with high pressure gas sup-
ply. Tank pressure range of small liquid rocket engines is between 6bar and 172bar. The storable liquids,
monopropellants or stored cold gas are used in the SLRE. Combustion chamber pressure of SLRE ranges
between 1bar and 21bar. Time elapsed to reach the full thrust can be between 0.004s and 0.080s [SBO1].

1.2 Additive manufacturing

Additive Manufacturing (AM) is a promising technology for fabricating a wide range of structures and
complex geometries from three-dimensional (3D) CAD model data. The process consists of depositing
successive layers of material, one layer on top of another. Additive Manufacturing provides significant
advantages such as reduced lead time, reduction of mass, development of complex geometry and cost over
traditional manufacturing for rocket engines etc. when compared to traditional manufacturing, additive
manufacturing has [Gra21]

e Lead times reduced by 2 to 10 times,
e Cost reduced by more than 50%,

e GE announced the ability to obtain a combined cycle efficiency of 63% through optimizing the
design of non-rotating components and fabricating through AM [HK18].

According to ASTM F42, the ASTM community identifies seven different technologies under Additive
manufacturing. Based on the requirement of this project, so-called powder bed fusion or selective laser
melting (SLM), belonging to the group of AM processes was selected [Bla+21], [Ant22].



1.2.1 Selective Laser Melting (SLM)

In the SLM process, a powder layer (powder bed) is selectively exposed to a high-power laser beam
(see Figure 1.1). A scanner system moves the focus point of the laser according to the contour of the
desired part. The powder is locally melted, and the powder particles are bonded to each other. After
this procedure, the build platform is lowered, and a new powder layer is applied with a recoater system
(see Figure 1.1) [Til+17]

terbium-
ytterbium-laser .— - T

storage container —a
|
powder bed { - . recoater
. | =] -

overflow tank ———#

part
support structure

| &= overflow tank

build platform

Figure 1.1: SLM Process Sketch

Subsequently, the new powder layer is selectively exposed to the laser. This procedure is repeated until
the complete height of the part is obtained. The entire process takes place in an argon-filled chamber
to avoid oxygen and nitrogen contamination of the processed metal. The main advantages of SLM are
the wide range of possible geometries [Appendix 1], the high flexibility of metallic feedstock powders, the
realization of inner structures with additional functions, better surface finish than DED, good trade-off
between high precision and low deposition rate. Since the requirement of this project is to develop a
100N thrust Liquid propulsion System; high precision, smooth surface finish and ability to print designs
with minimal size and thickness were some of the priorities. These requirements were satisfied better by
SLM than DED comparatively.

Moreover, “Cold spray” is one of the potential AM techniques which can also be used for the development
of Aerospace components. For example, recently NASA has performed a hot fire test in a cold spray
produced liquid engine combustion chamber. The cold spray methodology offers a lot of advantages like
avoiding roughness problems in the cooling channel, avoiding the problem of shrinkage and decreasing
the cost [Gra+21]. However, if the ambient conditions and gases used during the cold spray methodology
are not ideal, there is a risk of inferior material qualities [Per+21].

Commonly used SLM powder materials are Ni-based superalloys, Fe-alloys, and Ti-alloy. Inconel 718 /IN718
is one Ni-based superalloy commonly employed for high temperature applications. Its superior mechani-
cal properties, such as the high temperature strength and outstanding creep behaviour, are mainly based
on solid solution strengthening and precipitation strengthening. It can withstand loading at an operating
temperature close to its melting point of 1336°C' [Yon+20].

1.3 Development Of Inconel 718 Based Liquid Propulsion Sys-
tem Using SLM Technique

Development of Aerospace components, small scale LRE, sensors etc using Additive manufacturing is
becoming quite significant because of its numerous benefits. The SLM Solution and Cellcore have man-
ufactured a downscaled LRE in SLM 280 PRODUCTION SERIES [SLM] which is a third-generation
machine, featuring multiple lasers, closed-loop powder handling and upgraded process control ideal for
demanding applications requiring high productivity with Inconel 718 using SLM A.M technique (Ap-
pendix C).



The SLM technique has proven to be a “Simplified manufacturing technique” (i.e.) Only minimal post-
processing is needed despite the complex structure, this avoids tool wear when processing nickel-based
alloy (IN718) which is generally too difficult to be machined. [Yon+20]. Moreover, some of the charac-
teristics listed in the below Table 1.1 illustrates the high precision, production capabilities, surface finish
and repeatability of SLM technique [Don19].

Table 1.1: The characteristic of SLM technique

S.no Parameters Value

1. Maximum Build Volume (600 * 400 * 500)mm?>
2. Tolerance +0.02mm

3. Minimum layer thickness 0.03mm

4. Surface Roughness 4 —10 pm




Chapter 2

Design and Performance Evaluation

2.1

Design Requirements

The nominal design of the rocket engine considered the following constraints:

Nominal thrust: 7' = 100N

Expansion ratio : € = 80 vacuum exhaust

Burning time: ¢, = 100s

Combustion chamber pressure: Poc = 20bar

During firing, thrust decay should not exceed 50% of the initial nominal thrust

Design should be compatible with additive manufacturing technology

Construction of combustion chamber: Inconel 718 with additive layer manufacturing

Rest of components (pipes and tanks): stainless steel AISI 316

The hydraulic circuit is made by an open-close valve (no throttling capability) and a checkvalve

The fuel is RP1 and oxidizer is 87.5% HsO5 and 12.5% H>O.

2.2 Nominal Thermodynamic Parameters

The optimal % ratio has been found using the NASA CEA code’s Assigned Enthalpy & Pressure problem by
retrieving Toe and k and then calculate ¢* to quantify the combustion efficiency. The reactants’ initial
temperature has been set to room temperature due to constraints from the code and the combustion
chamber pressure to Poc = 20bar. The % ratio vs ¢* curve can be seen in Figure 2.1 and the ratio was
selected to % = 7.5 as it provides the highest efficiency. The obtained parameters are listed in Table A.1.

Table 2.1: Nominal thermodynamic parameters

K-l Tec (K] Mumolgd] ¢ [%]
11346 2674 21.695 1594

2.3 Nominal Engine Design

Following the selection of % and calculation of combustion parameters the rocket engine was sized to
fulfill the requirements of t;, minimum thrust during operation and compatibility with AM methods.
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First of all, pressure ratio % and cp were calculated with Equation 2.1 and Equation 2.2.

Lo (R R (R 2

k2 2\ i P, PP
=\-4/2. (7> IR I .6 e 2.9
r E—1 \k+1 Pce e Pec (22)

Then the throat area and exit area were found with Equation 2.3 and Equation 2.4.

T

A==
'~ Poc Cr

(2.3)

A, =z A, (2.4)

The nozzle was designed using Rao approximation, with 100% length of a conical nozzle with o = 15°,
in order to minimize the thrust losses. From the Rao tables, the angles 6. = 4.6° and 6; = 31.2° were
retrieved, so the length of the divergent part of the nozzle was calculated using Equation 2.5

Te =Tt

Laiw = (25)

tan(a)
The mass flow rate was found from Equation 2.6, then the oxidizer and fuel mass flow rates were found
based on the %.

= 200 A (2.6)
c

For the combustion chamber design, the characteristic length was retrieved from Humble [LHH95] and
was found to be L* = 1.73m. Then the volume was found as V, = L*A; and the cross sectional area with
Equation 2.7. The convergent part of the nozzle was found using Equation 2.8, with assumed § = 45° as
it is a standard value.

A= A2y (1 L ) 1)



Te =Tt
Leony = tan(B) (2.8)
To design the injection head, it was chosen to have short tubes with conical entrance injectors in 'unlike’
configuration with 2 oxidizer and 1 fuel due to the mass flow rate differences. For fuel, it was decided to
start with an orifice with a diameter dgp; = 0.5mm for the injector, due to the low mass flow rate, and
that comes with a discharge coefficient Cp = 0.7. The needed area for fuel injection was then computed
using Equation 2.9, where AP;;,; = 0.2P¢¢:

A M fu
inj,RP—1 =
! Cp+/2AP;jprP-1

The area of a single injector was computed using the chosen diameter so the number of needed fuel
injectors could be retrieved. The obtained value was rounded to the closest integer and then used to re-
compute the diameter necessary to obtain the correct mass flow rate. For the oxidizer the needed number
of orifices was imposed by the chosen impinging configuration (double of the fuel orifices), knowing that
the oxidizer orifices’ diameter was evaluated. The values obtained are reported in Equation 2.3

(2.9)

Table 2.2: Injection head data, Ny,; = number of injectors, d = diameter of orifices

Fuel Oxidizer
Ninj 1 2
d 0.532 mm 0.83 mm

The feed line diameters were found by first assuming a velocity of Uy = 17 in the pipes in order to
limit losses and have a sufficiently large diameter to be easily procurable - as the mass flow rates are
small. Then, from the mass flowrates the diameters were found by rounding their value to the closest
manufacturable dimension - for example, d = 0.3mm instead of d = 0.29mm.

The needed oxidizer and fuel mass were computed assuming a constant mass flow rate and accounting for
a 10% margin related to the liquid that remains in the feeding line and cooling system after the firing:

Mow = 1.1 ty Mos (2.10)

Mgy = 1.1 tb T}qu (211)

knowing the mass and the fuel and oxidizer density the volume occupied by fuel and oxidizer was eval-
uated. The initial pressure of the tanks was retrieved by adding the losses due to the cooling, injec-
tors, valves and feeding lines to the nominal combustion chamber pressure: Pgye; = 27.15bar and
Pozidizeri = 24.26bar, a detailed explanation on how these losses are computed is provided in the sec-
tion ”Performance Losses”.The final pressure was retrieved using the same losses and a final value of
the combustion chamber pressure Pcc s = 14bar that was computed through Equation 2.3 assuming
constant cr and a final thrust of 7' = 70V, the final tanks pressure obtained are: Ppye; s = 21.15 bar and
Pozidizer,y = 18.26 bar. With that data the needed volume and mass of pressurant (NN2) were retrieved by
assuming that it expands adiabatically during the firing. From that it was possible to compute the total
volume of the tanks as a sum of the fuel/oxidizer and pressurant volume: Vyang,, = 0.0119 m3 and
VraANKgp_, = 0.0042 m3. Having decided to use spherical tanks and knowing the volume, it was possible
to retrieve the radii: rr7aNKie , = 0.10m and rrank,x = 0.142m. The thickness was computed to
withstand a burst pressure 2 times higher than the initial pressure with Equation 2.12:

P .
trANK = burst * TTANK (212)
2 FutAIszam
where Fii,, 5546 15 the ultimate tensile strength of AISI316. Finally we estimated the mass of the tanks
using the following relation:

Mrank = ATANK “tTANK - PAISI316 (2.13)

in which Arank is the surface area of the tank, the values we computed are: Mrank,, , = 4.74kg and
MTANKOX = 84kg



Performance Losses

The performance losses due to heat addition were accounted with the NASA CEA code using the finite area
rocket problem and the divergence losses in the nozzle with Equation 2.14.

a+06>

1
A= 3 (1 + cos (2.14)

The pressure losses due to injection plate were sized as AP;,; = 0.2 Pcc and due to the cooling system
as AP.oo = 0.15 Poc, as it was suggested by Humble [LHH95]. The feeding line losses were modeled as
Equation 2.15, where f,, is the pipe’s friction coefficient and the losses due to the presence of the valves
as Equation 2.16.

1 prp 2
App, = 2D, p Uz (2.15)
1 2

Then, in order to model the transient effects the losses were written in the following form Equation 2.17,
where 7 is the index of a component causing the loss and j is either the fuel or oxidizer volumetric flow
rate Qj = Uf’jAp’j.

Api; = K; Q3 (2.17)

2.4 Blow-Down Combustion Simulation

To evaluate how the performance of the engine changes in time, the evolution of the combustion of the
blow-down system has been simulated. Due to the nature of the system, the pressure in the tanks de-
creases as the propellant is burnt. Starting from the nominal condition at t = 0s, at each time step,
combustion chamber pressure, mass flow rate an % are taken as inputs for the NASA CEA code to compute
the combustion properties at the following instant. Computing also the mass variation of both fuel
and oxidizer as shown in Equation 2.18, where 7 and 7 — 1 identify two successive time steps, the new

tanks’ pressure can be calculated assuming an adiabatic expansion for N, gas.

AM =i (t; — ti_1) (2.18)

With the new tanks’ pressures and combustion chamber pressure, the new mass flow rates of fuel and ox-
idizer can be found running pressureLossesRP1.m and pressureLosses0X.m. With rhgpp_1 and mox,
the total mass flow rate and the oxidizer to fuel ratio at the new time instant are retrieved.

Finally, fixing the expansion ratio at € = 80, having characterized the losses in the nozzle with the
coefficient A = 0.9927, knowing the updated values of i, of the specific heat ratio k and of ¢*, the thrust
coefficient and the thrust are evaluated as in Equation 2.2 and Equation 2.19, [HP92, Ch. 11]:

T=m-cr-c* (2.19)

The procedure is repeated up to the final burning instant ¢y = 100s, so that the complete evolution of
the parameters is known. A better description of the algorithm is reported in Appendix B.
The results of the LREburning.m simulation are shown in Figure 2.2.

Combustion simulation The real values of characteristic velocity, ¢*, were retrieved using the NASA CEA
code running a combustion case'. This case computes the combustion chamber temperature, Tcc, the
molar mass of the products, M,,,; and the specific heat ratio of the exit gases, k2. Once these parameters
are computed, the cStar.m function is called for the computation of the c*.

The dimensions of the engine are found in Table A.1 in the appendix.

LAll the combustion and rocket cases are set up using the official NASA user-guide [MG96].
2yriteCombustionFile.m generates the *.inp file that is executed by the NASA CEA during the simulation at every time
step iteration.



2.4.1 Requirement Verification

Following the completion of the design and modeling of the system, the nominal design was simulated
in the transient code. Figure 2.2 shows the evolution of the relevant parameters during the burning
time. The pressure losses due to heat addition, cooling and feeding system as well as thrust losses due
to divergence were included in order to have a more realistic view of the performance.

The modelled design of the system respects the constraint of Selective Laser Melting A.M techniques
Table 1.1. Especially, design of orifice and others miniature components of LRE were handled metic-
ulously because of the critical constraint over the minimum building thickness, printing resolution and
its uncertainties. SLM 280 Production Series [SLM] machine was selected for manufacturing the
design modelled Figure C.3. Thus, machinability, accuracy, production capability etc. were respected
and treated with higher tolerance to ensure the reliability of the product.

As both performance and manufacturing requirements were fullfilled, it can be concluded that the design
process ended successfully.
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Chapter 3

Uncertainty Analysis

57

There are "n” number of uncertainties which can possibly affect the functionality of the system. In
this project, some of possible uncertainties from critical revision and literature where listed out and
tabulated. To Identify the most critical uncertainty which affects the nominal thrust 100V, a novel
filtration process was developed and used.

3.1 Nominal Design Uncertainties

3.1.1 Preliminary Filtration: Based on the Impact on Nominal Thrust

This is the initial filtration process where the tabulated uncertainties are rated based on the direct
influence on the nominal thrust Figure D.1. From this preliminary filtration, surface roughness, shrinkage,
blown powder deposition and cavitation were chosen are highly influential uncertainties on the nominal
thrust.

3.1.2 Secondary Filtration: Post Processing

In additive manufacturing, there are various types of defects, including pores, cracks, anisotropy, residual
stresses, thermal stresses, laser spattering, and poor surface roughness. Different post-processing tech-
niques, including laser shock peening, laser polishing, conventional machining, and heating processes,
have been used to resolve these issues. These processes have proved their capability to improve the
mechanical properties and reduce the residual stresses formation and surface finish of AM products.

e For complex parts with fine feature sizes, trapped powders can be a challenge to remove. Typical
approaches involve rotational movements, tapping and blowing powders out of surface cavities and
channels before the heat treatment process [Bla+21].

e The surface finish has a direct effect on the performance and fatigue strength [GPW19], [Til+17].
Laser polishing (LP) can decrease the surface roughness up to 95%. Conventional machining is
also commonly applied to amplify surface characteristics such as surface roughness and skewness.
Also, simple machining increases cavitation erosion resistance of superalloys manufactured by SLM
[TM21], [Gon+15], [Bla+21].

e Thermal post-processing techniques have commonly been used to eliminate pores, enhance cor-
rosion resistance, and improve mechanical properties. There are various thermal post-processing
techniques: (a) solution heat treatment, (b) hot isostatic pressing, and (c) T6-heat treatment. For
IN718 processed with SLM, the temperature should be higher than 1150°C' and the pressure should
be above 100 MPa to obtain a significant reduction of cavities. The relative density can be improved
to 99.985% - 99.989% by HIP [Mah-+22].

e Laser power, hatch spacing, and scanning speed has a direct influence on surface roughness. So
optimal values for those parameters are 320WW laser power, 600™™ a scan speed, and 0.12 mm
hatch spacing results in a relative density of 99.2% and relatively low surface roughness of 3.5um
[JG14], [Bal420].

e As the increase of heat flux at the region just before the nozzle throat creates problems for the small
liquid rocket engines, the addition of the ceramic coating around the throat can be considered.

10



Applying the secondary filtration, the critical uncertainties were shortlisted by surface roughness and
Manufacturing shrinkage. The flowchart for the identification of critical uncertainty is attached in Fig-
ure D.2.

3.1.3 Ternary Filtration: Monte Carlo analysis

A Monte Carlo analysis has been conducted in order to understand the impact of the manufacturing
process on the thrust, T

Monte Carlo Analysis Steps

Taking into consideration the above qualitative results on the additive manufacturing process, one
of the main parameters that can affect the LRE performance is the manufacturing accuracy of the
injection plate, in particular the injection holes.

From the literature, it has been evinced that the manufacturing tolerances are around £2 - 107> m.
Comparing these tolerances with the holes sizes, ¢rp_1 ~ 8.3 -107* m and ¢ox ~ 5.2 - 1074 m, it is
soon spotted that the additive manufacturing process, used for the manufacturing of the injection plate,
is at its limit of applicability.

The steps followed by the Monte Carlo simulation in monteCarlo.m are:

e Convert the uncertainties from the manufacturing process into standard deviations assuming
a gaussian distribution of the variables, ¢pp_1 and ¢ox.

e Loop study till convergence based on the relative error made on the computed thrust standard
deviation and thrust mean value, o and T

— Compute, using the gaussian distribution, a new random value for ¢rp_1 and ¢ox

— Compute new mass flow rates knowing the initial tanks pressure and the combustion cham-
ber pressure, PTANKoxt=O7 PTANKRP—lt=O and Pcc,_,, using pressureLossesOXMC.m and
pressurelLossesRP1MC.m

— Compute the new % value using the above mass flow rates

— Compute the thrust in vacuum, 7', with the help of the NASA CEA code simulation, setting
as input %, e, Pce,_,, Trp—1 and Tpx. Furthermore, the real values of thrust, T', were
retrieved using the NASA CEA code running a rocket case enabling the frozen option for the
diverging part of the nozzle. This because it is supposed that the chemistry time scale, in
the diverging part, is higher than the flow time scale in the diverging part of the nozzle!

— Update the vector that stores all the previous computed thrust values, Tvec
— Compute the new thrust mean value and the new thrust standard deviation, T and o7

— Check if T and op are both below the defined tolerances, meanTol and deviationTol

The results of monteCarlo.m are in Figure 3.1, where 7' is the instantaneous thrust computed at each
Monte Carlo iteration, T is the mean value of Tvec, o is the standard deviation of Tvec and the 1 are
the mass flow rate that change because the randomness on the holes diameter, pox and ¢rp_1.

Monte Carlo Results

Based on the random analysis it is clear that the manufacturing process (Shrinkage) have affects
very much the thrust capabilities of the 100 N liquid rocket.

This because the maximum accuracy of the manufacturing process is one order of magnitude
lower than the oxidizer and RP-1 injector holes’ diameter. These extreme manufacturing con-
ditions can have serious implication on the working of the rocket: a small fluctuation on the injector
holes’ diameter can result in a huge variation on the mass flow rate? that will result in a huge vari-
ation in the thrust. This will result in a huge variation from the ideal working conditions. So,it
is conclusive that Shrinkage in diameter of the orifice caused during the manufacturing process has more
negative influence on nominal thrust than the Surface roughness which is in the order of micrometres.

lyriteFile.m generates the *.inp file that is executed by the NASA CEA during the simulation at every Monte Carlo
iteration.
2Both for oxidizer and fuel.
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MONTE CARLO ANALYSIS
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Figure 3.1: Monte Carlo analysis results.

3.2 Critical Observation for the 10N and the 1000N Rockets

Considering that the LRE (both downscaled and upscaled version) is developed using Selective Laser
Melting Additive Manufacturing (SLM AM) technique using SLM 280 production machine and Post
processing (laser polishing, heat Treatment and HIP) was performed to the developed Models.

In order to attain the thrust according to the below mentioned two cases, the diameter of the orifice
is varied, to control the mass flow rate of the fuel and oxidizer entering the combustion chamber.

3.2.1 Case 1: The 10N Thrust LRE

For the scenario 1; the influence of the uncertainty - especially manufacturing uncertainties (shrinkage)
and surface roughness - will be a critical issue. For the down-scaled version of 10N LRE, the miniature
geometry, such as diameter of the orifice and the injector duct, will be difficult to manufacture using
SLM technique with high precision and smooth surface finish because of its production constraints. The
manufacturing uncertainties can critically affect the performances and impact of surface roughness is not
small (negligible) anymore in the 10N LRE.

3.2.2 Case 2: The 1000N Thrust LRE

In this up-scaled version of 1000N LRE, the influence of uncertainties such as shrinkage during manu-
facturing process and surface roughness will have less influence on the performance. But build envelope
(max. building volume) constraint might be one of the potential hindrance for the manufacturing of 1000N
LRE. As the dimension of the model increases, the structural problem becomes more influential than the

12



fluid dynamic problem. So, the mechanical properties,Local relative density, fatigue, micro-structure of
Inconel 718 etc will have higher impact in this scenario.
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Chapter 4

Conclusion

In conclusion, the design process of the nominal rocket was presented as well as the operational simulation
in order to prove the fulfillment of the design requirements. The Monte Carlo simulations showed that
when accounting for the uncertainties the design is robust and still fulfills the requirements, the mean
uncertain performance is close to the nominal performance. The possibilities of down- and upsizing were
also discussed as well as their implications on the performance uncertainties.
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Appendix A

Nominal Design

Table A.1: Engine dimensions

Voz[m3]  Viu[m?] gy [mm] ar

injlmm]  Leclem] Aclem?]  Ailem?]  Lto**e[em]  LRoZEelem]  Ac[em?]

conv

0.0119 0.0042 0.83 0.53 25.34 1.48 0.246 8.3 0.41 19.69
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Appendix B

Time Marching Code Description

The time analysis of the system has been made with a time advancing method. All the steps needed
for the time simulation are stored into LREburning.m. The program works executing the following steps:

Compute the new chamber pressure, Poc, using the previous time step mass flow rate, mox,_,
and hrp_1,_,, oxidizer to fuel ratio, %Fl, and the previous combustion chamber pressure,

Pee,

— ¢* computation calling the NASA CEA code
c* Thiot

— Pcc,' computation as Poo, =

Compute the new tank pressure, Prank, X and Pry NKpp_1,- Each tank pressure is computed
from a decrement of propellant volume and assuming an adiabatic expansion of the nitrogen

Compute the new time step mass fluxes, mox, and mgrp_1,, using the computed losses coef-
ficients and the new pressure variation between the two propellant tanks and the combustion
chamber, APrp_1, = Prankpp_,, — Pcc;, and APox, = Prankox, — Pec;

Thrust, T;, computation using the new ith variables and the 3D nozzle losses, A

A flow chart of the code is showed in Figure B.1:

LCorrections are made in order to avoid the new time step combustion chamber pressure to diverge.
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Hpt = 0s:
Prank

Y
compute:
i
Teg
Mmol;
G
using chamberPressure.m

compute:
P CCis1
Prank;,,

compute:
MRpP-1

MH,05+H>0
using pressureLosses®.m

compute thrust:

update time:
tiv1

time check
ti+1 < tmax

check data
plot data

Figure B.1: burningEvolution.m flow chart.
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Appendix C

Selective Laser Melting

1. The Comparative chart on precision vs deposition rate and feature size for different AM technique

Metallic Additive Manufacturing Processes
g
3 £
E g g
.s o % -
2 Wire DED ¢ 2
:% Cold Spray E o Large L-PBF
4 a g
=2
28 Medium
Friction Stir - small (Standard)
weld AM L-PBE L-PBF
—
Depaosition Rate 0.1 1 10 100 1000
10the as-bust state are des andjer hat woukd Feature Size {mm)
increase mohuticn. There are aho o bt of other facton rot conmidered in this chart inchating heat npets 1o lmit cverall datortion.

Figure C.1: Precision Vs Deposition Rate and Wide Range of Sizes

2. The SLM 280 production Series and its product (Source: SLM)

Figure C.2: SLM 280 processing series(left) and SLRE developed by SLM solution(right)(Source: SLM)

3. The SLM 280 production Series Specifications)
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Build Envelope (L xW x H}:

3D Optics Configuration:

Build Rate:

Variable Layer Thidness:

Minimum Feature Size:

Beam Focus Diameter:

Maximum Scan Speed:

Average Inert Gas Consumption in Process:
Average Inert Gas Consumption Purging:
E-Connection / Power Input:

Compressed Air Requirement / Consumption:

Dimensions (LxW xHk

Weight:

Figure C.3:
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280x 280x 365 mm
11x11x 14in
{reduced by substrate plate thickness)

Single (1x400W or 1x 700W) IPG fiber laser
Tuwin (2x 400W or 2¢ 700W) IPG fiber laser

Dual {1x 700% and 13 1000W) IPG fiber laser
upto 113 am’h (Twin 700 W)

20 pm - 90 pm (more upon request)

150 pm

80 pm - 115 pm

10m/s

13 lYmin {argon)

160 I/min (argon)

400Volt 3NPE, 63 A, 50/60 Hz, 3.5-5.5 kW

1S0 8573-1:2010[1:4:1], 60 /min @6 bar
4150 mmx 1200 mim x 2525 mm fincludes PSV)

1700 kg dry
2600 kg with powder

The SLM 280 production Series Specifications



Appendix D

The Uncertainty Analysis

1. The Uncertainty Analysis chart

Outcomes of the
uncertainties

A.M. List of

S.no Application Technique uncertainties

Shrinkage
{Manufacturing  Surface Morphology defect
Process)
Open pores Formation of interlayer voids |

entrapment of gas particles

Balling effect Surface integrity and

defect densification Issues
Surface Variation in Mass Flow Rate /
Roughness Variation in Discharge Coef.
Design and .
g Selective
development of Laser
1 a new Liquid X - Variation in Mass Flow Rate /
. Melting (L- Local Cavitation L
Propulsion PBF) Variation in Discharge Coef.
family
Porasity Fatigue Issues [ initiation of

crack

surface Residual

Fatigue failure
Stress e

Local relative

. Anisentropic behaviour
Density

Blown powder Internal fusing within the hot
deposition flow channel

Actions (Postprocessing) uncertaintyon

conventional machining
techniques / thermal
processes

Hot Isostatic pressing

Laser polishing

Hot Isostatic pressing /
Solution Heat treatment

Blown powder cleaning
processing

Impact of
Comment
Nominal Thrust

tolerance of +/-0.02 mm
deviation

microscopic defects

Ra varies from 4 to 10
micrometre

Variation in discharge
coefficient is below 4%
4 forinjectors and below
3% for the oxidizer
injectors.

variation in mechanical
property

5% to 10% of the
excessive powder should
be removed from the
channel

Uncertainty Analysis chart

Figure D.1

2. The flowchart for the identification of critical uncertainty
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~ Surface roughness

(— Open pores

b= halling effect defect
= local cavitation

[~ porosity

f=local relative density
= residual stress

= hlown povder deposition

= skrinkage

Surface roughness
local cavitation
blown powder deposition

skainkage

Secondary filtratdon

(Fost processing)

Surface roughness

Shrinkage

Tenary filtration
(Monte carlo Analysis)

E H_l Most critical uncertainty

Figure D.2: flowchart for the identification of critical uncertainty
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