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Executive Summary

The electric-pump cycle is a configuration in which an electric motor powers the pumps in a rocket engine
instead of a turbine found in conventional engine configurations. This has several advantages among which
are simpler design, cheaper development, no need for intricate pump seals, and easy restartability. These
advantages come at the cost of performance, as identified by previous research. However, detailed analysis
of the electric-pump cycle’s performance has mainly compared this cycle with the gas generator cycle and
only for equal inputs, while individual cycles might have different optimal inputs. Furthermore, the main
technologies used in the electric-pump cycle, i.e. electric motors and batteries, have been improving in the
past decades and this improvement is even accelerating with the advent of the electric car. Therefore, this
research set out to define the current performance of the electric-pump cycle in the context of conventional
cycles and predict the performance it will have in the future.

To this end a modular rocket cycle analysis tool, called RoCAT, has been built, which combines ideal rocket
theory and previous research to analyze the electric-pump, gas generator, and open expander cycle in a broad
design space for several propellants and configurations. It was verified and validated by comparing it to en-
gine designs, engine simulations, and existing engines. The performance of all cycles was found to be mod-
eled quite accurately with room for improvement in the modeling of pressure drops and heat transfer. The
mass model was found to severely underestimate the engine dry mass, which makes the mass modeling of
RoCAT unsuited for calculating absolute values, but this inaccuracy was accepted for this research as it is only
needed for comparative purposes.

Following this determination for accuracy RoCAT was used to compare the cycles over a broad range of thrust
levels, burn times, and chamber pressures. It was found that the electric-pump cycle performs worse than the
gas generator and open expander for all considered performance parameters, i.e. initial mass, specific im-
pulse, mass ratio and velocity change. This in line with previous research with the exception of initial mass.
Previous research found the initial mass of the electric-pump cycle engine to be lower than that of the gas
generator cycle for burn times above 390 seconds, which was not confirmed by this research. Subsequently,
the cycles were compared for selected thrust and burn times with optimized chamber pressure and mixture
ratio. The electric pump cycle was found to have a velocity change that is 9.4-9.9% lower than that of the
gas generator and 7.7-8.4% lower than the open expander cycle ,respectively. With the smaller difference
corresponding to higher burn times and vice versa. Additionally, the optimal chamber pressure was found
to be around only 15 bar irrespective of burn time. Unlike the conventional cycles whose optimal chamber
pressure does change with burn time. The differences in optimal mixture ratio were found to be almost com-
pletely dependent on the differences in optimal chamber pressure.

Finally, the development trends for batteries and electric motors were used to approximate the future perfor-
mance of the electric-pump cycle. It was estimated that it will still take several decades for the electric-pump
cycle to match the performance of the conventional cycles. Electric motor specific power will need to in-
crease by two orders of magnitude, while battery specific energy will need to at least double. In conclusion:
Despite continuous expected improvement, breakthroughs in both electric motor and battery technology are
required to bring the performance of the electric-pump cycle on par with the turbine driven cycles.

RoCAT is available on GitHub at: https://github.com/RubenvdBerg/RoCAT


https://github.com/RubenvdBerg/RoCAT




Symbols
Y Heat capacity ratio -
O0p  Specific energy Jlkg
6p  Specific power Wikg
€ Expansion-ratio A,/ A —
n Efficiency -
K Factor (e.g. safety/margin) -
A Mass ratio mg/my -
7 Dynamic viscosity Pas
v Poisson’s ratio Pa
o Density kg/m?
o Yield strength Pa
T Torque Nm
0 (Half) Angle rad
w Angular velocity radls
A Area m?
a Acceleration m/s?
Cr  Thrust coefficient -
Cp  Molar heat capacity  J/(mol K)
at const. pressure
C, Molar heat capacity  J/(mol K)
at const. volume
c* Characteristic velocity mls
Cp Specific heat capacity  J/(kg K)
at const. pressure
Cy Specific heat capacity J/(kg K)
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at const. volume

Nomenclature

Diameter m
Energy J
Force N
Height m
Specific enthalpy Jlkg
Heat transfer coeff. ~ W/(m?K)
Specific impulse S
Length m
Characteristic length m
Mach-number -
Mass kg
Mass flow kgls
Molar mass kg/mol
Oxidizer-to-Fuel ratio -
Power w
Pressure Pa
Prandlt number -
Heat flow rate w
Specific gas constant ]/ (kg K)
Radius m
Surface area m?
Temperature K
Thickness m
Time S

Volume m
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Constants

G Stefan’s 56.7037 nW/(m?K*) g0
R Universal Gas 8.31446 J/(K mol)

Standard gravity ~ 9.80665 m/s?

Subscripts

X Sonic (or throat conditions) Xiny Inverter

Xo  Initial Xisp Specific Impulse (Correction)
Xa Convective X;m»  Material

X4 Ambient Xmax Maximum

Xp Burn Xnoz Nozzle

Xpar Battery Xop  Oxidizer pump
Xpe  Battery cooler Xor  Oxidizer tank
Xpp Battery pack Xox  Oxidizer

Xc Combustion Xp  Power

X+ Characteristic velocity Xp  Propellant

Xcap Cap of sphere (for ullage) Xpr  Pressurant

Xc.c Combustion chamber Xprr Pressurant tank
X, Coolant Xpy Pump

Xcony Convergent X,;qq Radiative

Xcon Continuous Xrer Reference

Xcs  Cooling section Xreq Required

Xy  Discharge X Stay (time)

Xaiy Divergent Xsr  Safety

Xe Exit X5+ Structural

Xr  Energy X7 Thrust

Xem Electric motor X; Tank

Xep  Electric pump cycle X¢c  Thrust Chamber
Xexn (Turbine) Exhaust X:n  Throat

X¢  Final Xior Total

X¢p Fuel pump Xip  Turbopump(s)
Xfy  Fuel tank Xy,  Turbine

X¢y  Fuel Xy Ullage

Xgg  Gas generator (cycle) Xy  Wall
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Acronyms

APM Auxiliary Power Module

BEV Battery Electric Vehicle

BLDC Brushless Direct Current (Motor)
BMS Battery Management System

CB  Coolant Bleed (Cycle)

CC  Combustion Chamber

CE  Closed Expander (Cycle)

CEA Chemical Equilibrium with Ap-
plications [40]

COTS Commercial Off-The-Shelf
CSI  Current Source Inverter
DMC Dimethyl Carbonate

EC  Ethylene Carbonate

EP  Electric Pump (Cycle)

EPFS Electric-pump Propellant Feed
System

ESA  European Space Agency

ESC Electronic Speed Controller
FPV  First Person View (Quadcopter)
GG  Gas Generator (Cycle)

HEV Hybrid Electric Vehicle

IRT Ideal Rocket Theory

LCH4 Liquid Methane

LFP Lithium Metal(Ferrous) Phos-
phate

LH2 Liquid Hydrogen

Li-ion Lithium Ion (battery)

LiPo Lithium-ion Polymer (battery)
LOX Liquid Oxygen

LTO Lithium Titanite Oxide (battery)
MCC Main Combustion Chamber

MCDC Maximum Continuous Dis-
charge Current

NASA National Aeronautics & Space
Administration

OE  Open Expander (Cycle)

OOP Object-Oriented Programming
PE  Poly Ethylene

PET Poly Ethylene Terephthalate
PHEV Plug-in Hybrid Electric Vehicle
PP  Poly Propylene

RC  Radio-Controlled

RoCAT Rocket Cycle Analysis Tool
RP-1 Rocket Propellant-1

RSE Relative Standard Error

SC  Staged Combustion (Cycle)

TO  Tap-Off (Cycle)

UML Unified Modelling Language

VSI  Voltage Source Inverter
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Introduction

This research focuses on the analysis of the electric-pump cycle for rocket engines. Conventional rocket
engines use a turbine driven by hot gas to drive the pumps, while the electric-pump cycle uses an electric
motor powered by a battery to drive the pumps instead, as schematically shown in fig. 1.1a and fig. 1.1b
respectively. An electric-pump cycle was first demonstrated by the Agena for in-space propulsion in 1973 [19],
but only recently has this cycle been applied successfully to the rocket engine of a launch vehicle: namely the
Rutherford engine. This engine was developed by Rocket Lab and used in both stages of the Electron launch
vehicle, which first successfully launched in 2017. However, since its introduction little further application of
the electric-pump cycle has been seen. Does this mean the electric-pump rocket engine is a one-off or will
the future see many launch vehicles use electric-pump rocket engines? This question can only be answered
by first identifying its potential advantages and disadvantages.

Electric
Motor
Inverter
Oxidizer . -
Tank Oxidizer
Generator Battery
X
Combustion
Chamber Chamber
Nozzle Nozzle
(a) Gas generator cycle (b) Electric-pump cycle

Figure 1.1: Stylized schematic of rocket engine cycles

There are several expected advantages to the electric-pump cycle, most of which derive from its relative sim-
plicity. They are a listed below:

* Lower development time than conventional turbo-pump designs [63]

Reduced complexity and number of components [12]. It is estimated that compared to a gas generator

cycle, an EPFS cyle will have 26% less components [34]

» This lower complexity is expected to lead to higher reliability [12]. Additionally, out of the 380 Ruther-
ford engines flown there have only been 2 malfunctions [49]

¢ Unlimited restartability and very simple ignition sequence [61] [34]
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* No issues that follow from a hot turbine attached to a cold pump for cryogenic propellants [14], which
is seen as a serious failure mode [62]. Additionally, the seal required to protect for this type of failure
was deemed the most critical component of a liquid pump-fed rocket engine by NASA [10]

e Iterative power/pressure balance is not necessary

¢ Uncomplicated pump speed control leading to possible reduction of combustion instability [56]

¢ Commercially readily available components [35]

The advantages mentioned above only concern aspects besides performance, while performance is of course
also an important aspect, if not the most important. Here the electric-pump cycle also has an advantage, but
also two large disadvantages. The electric-pump cycle’s advantage is due to being a closed cycle, i.e. all of the
propellant flows through the combustion chamber. This leads to a higher overall specific impulse compared
to open cycle engines, like the gas generator cycle, where part of the propellant is dumped overboard or in
the nozzle.

Its major disadvantages are related to the battery: Firstly, the battery mass is not expelled like the turbine
drive gasses in a conventional cycle, which negatively impacts the mass ratio and thus the change in velocity
that can be achieved. This first issue can be somewhat mitigated by dropping part of the battery somewhere
throughout the flight as has already been demonstrated by Electron’s second stage [49]. Secondly, batteries
carry much less energy per kilogram than conventional propellants. The energy released by the combustion
of 1 kg of RP-1 and oxygen is 9 times higher than the energy contained in 1 kg of a high performance lithium-
ion battery [6]. This lower specific energy is partly mitigated by a much higher efficiency when converting
the battery energy into pump work than converting the heat energy of a hot gas into pump work. Nonethe-
less, it is estimated that current batteries deliver 40% less energy to the pump per kg than RP-1 and oxygen [6].

In spite of these clear limitations, the electric-pump cycle has already flown successfully and its crucial tech-
nologies are steadily increasing in performance every year [6], see for example the development of the battery
specific energy as shown in fig. 1.2.
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Figure 1.2: Historic trend of battery specific energy (Adapted from Tiede et al. [59])

The steady development of electric motors and batteries has already been going on for a few decades, but is
further urged on by the advent of the electric car and the general electrification driven by the abandonment
of fossil fuels. This not only makes it worth reevaluating now, but also indicates the electric-pump cycle might
be of even greater interest in the future. This continuous improvement has driven interest in the electric feed
system, which was already observed by Lentini in 2013 [36]: "... as a result of technological advances of the
last decade in the field of electric motors, ... , and batteries, it is now worth reevaluating the viability of electric-
pump feed systems." and this is true once again a decade later.



There have been several recent studies into the electric-pump cycle, most notably the work by Kwak et al. [34].
It is of greatest interest since it the only one to account for the need for active cooling of the battery. Cool-
ing is crucial since the performance of lithium-ion batteries, which currently have the best specific energy,
is quite sensitive to temperature changes. The main conclusions of Kwak’s work are that, for equal inputs,
the electric-pump cycle delivers a 8-25% lower change in velocity than the gas generator cycle and the initial
mass is generally lower except for burn times below 390 seconds. For both properties the electric-pump cy-
cle improves relative to the gas generator cycle when the chamber pressure is decreased and the burn time
increased.

Despite these clear conclusions, the work by Kwak and other previous studies have been limited in several
aspects. Firstly, all previous studies compare the electric-pump cycle solely with the gas generator cycle. A
comparison with the expander cycle would be more fruitful, because this cycle is a more probable candi-
date to be replaced by the electric-pump cycle when considering its limits in thrust and specific impulse. On
top of that, almost all studies have made direct comparisons where the cycles are compared for completely
equal inputs. However, different cycle types operate best at different chamber pressures. Therefore, it would
be more realistic to compare the cycles at individually optimized chamber pressure. Finally, previous com-
parative studies consider only RP-1 and LOX as propellant combination, while the performance using other
propellants like hydrogen and methane could also be of interest.

Consequently, this research attempts to address these limitations and perform a broad scope analysis of the
performance of the electric-pump cycle for a wide range of thrusts and burn-times, which could better place it
in the context of conventional rocket engine cycles. Additionally, this research explores the electric-pump cy-
cle’s potential in the future and answer the question if and when the electric-pump’s performance will match
that of the conventional cycles. The research focuses mainly on the performance and mass of the electric-
pump cycle engine, leaving possible gains in cost, development time and reliability for future research. Key
factors here are the velocity change and initial mass. With the former largely determining what payload can
be brought to which orbit through the rocket equation, while the initial mass largely determines the payload
mass of a lower stage. Furthermore, the mass of the stage is indicative of the cost of the rocket [58]. Addi-
tionally, this research is mainly focused on thrust values that best match with the second stages of launch
vehicles, but some minor conclusions for first stage and spacecraft application are also drawn.

To be able to compare the electric-pump cycle over a wide scope of conditions and optimize it, simulation
is perfectly suited. Simulation lends itself well to the analysis of conceptual systems as well as analysis over
a wide array of parameters [55]. Although various software tools for the simulation and analysis of rocket
engines are available, see for example RPA and REDTOP [8, 47], many are not free, nor within the budget for
this research. Furthermore, none of these tools have the integrated possibility for directly simulating electric-
pump cycles or only to a very limited extent [6]. Therefore, for this research, a rocket cycle analysis tool has
been built; the Rocket Cycle Analysis Tool or RoCAT for short. The steps undertaken to built this tool as well
as its final capabilities are also discussed in this report.

So, to summarize, in this report the performance of the electric-pump cycle is compared to that of several
conventional cycles. It is determined for what conditions this cycle performs close to the other cycles and
for what conditions it is clearly outperformed. Additionally, this research explores how much better the core
technologies of the electric-pump cycle need to become to match the performance of conventional cycles.
For this purpose a modular rocket engine cycle analysis tool is built, whose models and implementation are
described in this report.

As starting point for building RoCAT the work done by Kwak et al. has been selected [34]. The replication
of this work and its comparison to the original results is done in chapter 3. With the foundation for the tool
created, chapter 4 follows with a description of the general configurations of the electric-pump cycle as well
as the selected conventional cycles. Additionally this chapter identifies the crucial components of all of these
cycles. With the components of interest identified chapter 5 discusses the components, their models, and
their implementation in detail. Subsequently, chapter 6 contains the detailed implementation of the cycles,
which expands upon the component integration, cycle iteration, and additional configuration options. After
this complete description of RoCAT, it can be verified and validated, which is done in chapter 7. The final
chapters present the results and conclusion, which also includes the recommendations.
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Literature Review

Several previous studies on the electric-pump cycle have already been conducted and will be highlighted in
this chapter. For a more detailed discussion of the previous studies that are of interest for this research the
reader is referred to the literature study [6]. It also discusses existing rocket analysis software and its limita-
tions for use in this research.

Since the first successful flight of the electric-pump cycle as in-space propulsion in 1973 there have been con-
ducted quite some studies about it. In the initial two decades afterwards the research was still limited and
mostly done by Bell Aerosystems as well as ESA, which led to several papers [7, 13, 30]. One of those already
suggests that higher thrust applications than in-space propulsion could be possible and in the latter half of
the 2000’s several studies are made into the application of electric pumps to liquid fueled rocket engines, see
for example the work by Schneider [52], Solda et al. [56], and Rachov [48]. As the quote by Lentini in the
introduction exemplifies improvements in battery and electric motor technologies led to even more studies
at the start of the previous decade, which culminated in the first successful launch of an electric-pump cycle
rocket engine in 2017 by Rocket Lab. This sparked further research internationally as German [61], Korean
[34], and Russian [14] studies were completed the following year.

It should be clear that there is clear interest in the electric-pump cycle, which has gone from tiny space
propulsion to first stage application in the last three decades. Consequently, a study into its performance
is warranted. As already identified in the introduction the work by Kwak et al. [34] is most interesting as it
clearly details its modeling of both electric-pump and gas generator cycles and compares them. It combines
several aspects of previous work concerning the electric pump cycle, most importantly the work of Rachov
[48], Solda & Lentini [56], and Spiller et al. [57], and it is the only study to consider active cooling of the bat-
tery. This is crucial since non-optimal temperatures can greatly diminish battery performance.

Kwak analyzed the performance of the electric-pump cycle relative to the gas generator and did so within
the following engine ranges: 10 - 100 kN of thrust, 3 - 10 MPa of chamber pressure, and 300 - 1200 s of burn
time and for RP-1/LOX as propellant choice. Subsequently, the following conclusions were drawn for the
electric-pump cycle relative to the gas generator cycle:

It performs worse on mass ratio and velocity change

It performs better on specific impulse

It performs better on initial mass, but only for burn times higher than 390 s

It performs better with longer burn times due to a gain in battery efficiency for longer discharge times

It performs better with higher thrusts, although the effect is almost negligible

2 T o

It performs worse with higher chamber pressures

These are already quite interesting conclusions and give more reason for further research as it would be of
great interest if similar conclusions can be drawn when the electric-pump cycle is compared to the open ex-
pander cycle or for different propellants. Additionally, the last point also begs the question how the cycles
would compare if they each operate at their optimal chamber pressure (if the electric-pump cycle has a clear
optimum). This work thus should be extended, which this research sets out to do.

Despite several shortcomings with respect to the ideal set forth in the introduction, it would be frivolous to
build an analysis tool from scratch instead of using this existing work. Especially when it is as well clearly
documented as is done in the work of Kwak et al.. So let us stand on the shoulders of giants and use this work
as a foundation for the Rocket Cycle Analysis Tool to be developed.
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Replication of Kwak’s Model

In the previous chapter existing research was highlighted and the work by Kwak et al. [34] was identified as
a great starting point for the cycle analysis tool. Consequently, an attempt is made to replicate the model of
Kwak, such that this replication model can be used as a foundation for RoCAT as envisioned in the introduc-
tion. Thus, this chapter summarizes the model as discussed by Kwak, discusses the replication of this model,
and present the results from this replication.

3.1. Kwak’s Model

To not simply repeat previous research, the reader is referred to the original paper of Kwak et al. [34] for the
detailed explanation of modeling the gas generator and electric pump cycle. In this section only some main
assumptions and approaches are summarized. The list below contains the main assumptions and approach
to Kwak’s modeling.

¢ The components modeled by Kwak are as follows:

Both | Propellant Tank, Pressurant Tank, Propellant, Pressurant, Pump
EP Electric Motor, Inverter, Battery
GG Gas Generator, Turbine

* The cooling and thrust chamber of both cycles are assumed identical. Thus, the cooling is not modeled,
nor is the thrust chamber’s mass.

¢ The cycle’s main thrust chamber performance (equivalent velocity) is modeled using CEA.

¢ The mass estimation of "power" components, i.e. turbine, pump, inverter, electric motor, and battery,
is based on a specific power. Thus a linear relation between their power and mass is assumed.

¢ The mass estimation of the tanks and gas generator is found from thin walled pressure vessel theory.
* The pressure difference over each pump is given as a factor of the combustion chamber pressure.
¢ The battery in the electric pump cycle is cooled by a recirculating fuel flow.

¢ The battery heat loss, which determines its coolant flow, is based on the battery’s (in)efficiency, which
is based on discharge time, i.e. burn time.

* The engine’s propellants are RP-1 and Liquid Oxygen

Combining the above assumptions leads to a flow schematic for these cycles as shown in fig. 3.1. With the
note that the thrust chamber is only modeled through a performance estimate from CEA.

The initial mass of each cycle is calculated as sum of all components listed above, while the final mass is
simply the initial mass minus the propellant mass. Subsequently, the mass ratio is simply calculated as the
ratio of these two.
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Electric
Motor
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\
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|
Thrust Thrust
Chamber Chamber
(a) Electric-pump cycle (b) Gas generator cycle

Figure 3.1: Schematic overview of the cycles as defined above

3.2. Replication Model

Based on Kwak’s model a replication model was built using the aforementioned main assumptions and the
detailed theory provided in Kwak’s paper [34]. In addition some implementation choices were also made
whenever the approach taken in the paper was not explicitly clear. These choices concern mostly minor
details and are discussed in appendix A.2. The results from this replication model are compared with the
original data in table 3.1. This table only considers the cycles with a burn time of 300 seconds. The burn
time is of interest due to the battery efficiency being dependent on it as well as the trade-off between specific
energy and specific power for the battery. The complete tables, which also consider 390 and 1200 seconds
burn times, are given in appendix A.3. This appendix section also explains how the values were rounded in
accordance with Kwak’s data. The total propellant mass is split between combustion chamber (CC) and gas
generator (GG).

Electric Pump Gas Generator
Kwak Repl. Diff. [%] Kwak Repl. Diff. [%]

CC Propellants [kg] 8350 8350 0.00 8318 8267 -0.61
GG Propellants [kg] - - - 505 508 0.59
Battery Pack [kg] 415 426 2.65 - - -

Feed System [kg] 151 155 2.65 43 43 0.00
Tanks [kg] 207 207 0.00 219 217 -0.91
Helium [kg] 33 33 0.00 35 35 0.00
Total [kg] 9156 9171 0.16 9120 9070 -0.55
Mass Ratio [-] 0.0880 0.0895 1.70 0.0326  0.0325 -0.31
Specific Impulse [s] 370.0  370.0 0.00 3486  352.1 1.00
Velocity Change [m/s] 8817 8756 -0.69 11707 11829 1.04

Table 3.1: Comparison of replication model and data from Kwak et al. [34]
(tp =300s, Fr = 100 kN, p.c = 10 MPa)
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Looking at the data in table 3.1 it is clear that the replication quite closely matches the data presented by
Kwak et al. with some deviations. For the electric pump cycle there seems to be a difference that affects both
the battery and all other feed system components, but nothing else. This indicates a difference in the battery
coolant flow, as this increases the power needed by the pumps without affecting the total propellant mass
consumed. For the gas generator cycle differences are found in the propellants and tanks, indicating poten-
tial differences in the gas generator and/or chamber mass flow.

Although the differences are small, they are still unexpected as the theory given in the paper was followed to
the letter. Consequently, a further investigation into these differences was made. This investigation brought
to light several differences between the theory and results as presented in Kwak’s paper. The following section
discuss these differences.

3.3. Detailed Analysis of Kwak’s approach

Several inconsistencies in the results of Kwak et al [34] have been found and are listed below. They are dis-
cussed one by one and the difference between the approach given in the paper and the apparent approach
that created the results are investigated. Many of the conclusions drawn, concerning these approaches, were
drawn due to the availability of a more detailed data sheet, which was made available by Kwak himself [33].
Kwak requested this data remain private, which is why substantiation of the modeling is done using data of
the original paper wherever possible.

* Gas generator cycle:

1. Gas-generator mass flow is determined oddly
2. Specific impulse calculations neglect the exhaust thrust contribution

3. Propellant masses calculated inconsistently
e Electric-pump cycle:
1. Electric-pump cycle battery coolant mass flow is determined with 100% efficiency

Each of the following subsections discusses one of the four inconsistencies listed above. Each subsection
consists of four parts. First, the modeling of this part is discussed. Here the equations as stated in Kwak’s
paper [34] are given. This is followed by the actually applied approach, as deduced from the paper’s data
and detailed data sheet [33]. Secondly, it is clarified how this approach leads to inconsistencies in the model.
Thirdly, it is shown that the data of the paper indeed contains these inconsistencies. And, lastly, the fix to this
inconsistent approach is discussed. The equations are not discussed in detail as the reader is expected to be
familiar with the original work by Kwak et al.[34] and thus is also referred there for further clarification.

3.3.1. Gas-generator mass flow
To model the gas generator mass flow, Kwak provides the relations as given in egs. (3.1) to (3.3).

ApopTitop + Apgrptityp

Piy=Ppy=Po,+Pr,= (3.1)
u pu op fp PoxTlop o rullrp
1-ygg -1
; Ptu,i Ygg
Mgg req = Pru (7) tuCp,gg Ttu,in (1 - (ﬁ) )) (3.2)
mon = mgg,ox + mcc,ox (3.3a)
mfp = mgg,fu + mcc,fu (3.3b)

With P denoting power [W], p pressure [Pal, rir mass flow [kg/s], n efficiency [-], p density [kg/m3], T tem-
perature [K], ¢, specific heat capacity J/(mol K), and y the heat capacity ratio. As for the subscript: , turbine,
op Oxidizer pump, ¢, fuel pump, o oxidizer, ¢, fuel, ¢ gas generator, 4 required, and .. combustion cham-
ber.
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The above equations combined with the oxidizer-to-fuel ratios for both the chamber and gas generator can
be solved to find the required gas generator mass flow. The resulting equation is implicit, thus is solved it-
eratively. However, from the detailed data sheet [33] it is deduced that, instead of consistent iteration, the
following approach has been taken:

1. The initial chamber mass flow is calculated from the thrust and CEA equivalent velocity, while the gas gen-
erator mass flow is initially zero, this leads to an initial turbine power required and consequently a required
mass flow through the gas generator

Tggo =0 (3.4a)
Fr
Mee0 = A 3.4b
cc,0 “Cr ( )
— Pry,0 — Nigg,reqo (3.4¢)

With Fr the thrust [V], ¢* the characteristic velocity [m/s], and Cr the thrust factor [—]
2. The gas generator mass flow is now set equal to the required mass flow found in the previous step, which
leads to a higher total mass flow and the process of the previous step is repeated

Mgg,1 = Ngg,req,0 (3.5a)
Tee,1 = Hlee (3.5b)
— Pry,1 — Mgg,req (3.5¢)

3. In the final step the gas generator mass flow is updated as in the previous step, but additionally the cham-
ber flow is reduced such that the total flow through the pumps remains the same as the previous step. The
chamber flow is reduced for the oxidizer and fuel separately. Since the total flow remains the same, so do the
turbine power and gas generator mass flow required.

mgg,Z = mgg,req,l (3.6a)

mcc,Z,ox = mop,l - mgg,req,l,ox (3.6b)
Mee2, fu=Mfp1— Mgg reql,fu (3.6¢)

— Pru2 = Py — Migg,req2 = Mgg,req, (3.6d)

By reducing the chamber flow in this last step, the thrust provided by the chamber is reduced. This could be
seen as accounting for the turbine exhaust thrust contribution, but leads to an arbitrary value for this thrust
contribution instead of the 1% of the total thrust stated in the paper. Additionally, reducing the fuel and oxi-
dizer flow separately leads to an °/r-ratio for the combustion chamber which is slightly higher than originally
intended (assuming the gas generator burns fuel rich).

Cycle Parameter Unit Enginel Engine2 Engine3
Both  Burn Time s 1200 390 300
EP CC Propellants kg 33402 10856 8350
EP CC Mass Flow kg/s  27.559 27.560 27.558

EP Equivalent Velocity m/s 3628.5 3628.4 3628.7

GG CC Propellants kg 33273 10812 8318
GG CC Mass Flow kg/s  27.453 27.449 27.452
GG CC Thrust kN 99.61 99.60 99.61

Table 3.2: Data shows the GG-cycle thrust is not consistent with the 1% thrust contribution. (Data from
paper [34] in italics)

From the data provided in the paper it can be found that indeed the thrust provided by the gas generator cycle
engines’s chamber isn't consistent with either a 1% or 0% thrust reduction. This is shown in table 3.2. First,
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the overall equivalent velocity for the electric-pump cycle engines is determined using the data provided in
the table in combination with a thrust of 100 kN and a propellant margin factor of 1.01. The found equivalent
velocities are consistent with the one found from CEA (3628.55 m/s). Subsequently, the chamber thrust is
calculated for the gas generator cycle engines with this equivalent velocity. This shows that they indeed do
not match either 99 kN nor 100 kN. Since no individual oxidizer and fuel data for the gas generator cycle en-
gines is available in the paper, the °/r-ratio shift cannot be shown.

To fix this inconsistency the first 2 steps of the process should be repeated until acceptable convergence.

3.3.2. Gas-generator specific impulse
Kwak does not explicitly state how the total specific impulse is calculated. From the specific impulse graph
and data (see appendix A.1) it is inferred that the specific impulse has been calculated using eq. (3.7).
mcc : Isp,cc

Isp,tot =

- (3.7
e + Migg

With I, denoting the specific impulse [s] and ;,; denoting total.

This equation is correct if the gas generator mass flow does not contribute to the thrust. However, the paper
states that a thrust contribution of 1% is assumed. Additionally, even if the gas generator mass flow is assumed
to not contribute to the thrust, eq. (3.7) still leads to a lower specific impulse than expected since the chamber
mass flow has been reduced during the calculation of the gas generator mass flow, as discussed above. Either
way, the specific impulse is lower.

Parameter Unit Enginel Engine2 Engine3
Burn Time S 1200 390 300
CC Propellants kg 33273 10812 8318
GG Propellants kg 2021 656 505
Total Mass Flow  kg/s 29.137 29.131 29.135
Specific Impulse s 349.97 350.05 349.99

Table 3.3: Data shows the GG-cycle specific impulse to be around 350s (Data for 100 kN engines, original
data in italics)

It is clear that use of eq. (3.7) leads to inconsistencies when comparing the propellant mass data and the spe-
cific impulse graph of Kwak’s paper. The mass data is shown in table 3.3 and the specific impulse found from
the graph is 348.6 s (see appendix A.1). From the data of Kwak’s paper the total mass flow and subsequently
the specific impulse are calculated using egs. (3.8a) and (3.8b), with x, = 1.01 and Fr = 100 kN, which is con-
sistent with the equations provided by Kwak. From table 3.3 it is clear that the specific impulses found from
the mass data are around 350.0 s, which does not match with the 348.6 s found from the graph. Conversely,
for the electric-pump cycle the specific impulses from the mass data and graph are in agreement.

Mp,cc+ Mp,gg

tor = — (3.8a)
p
F
Ioptor = — Tg (3.8b)
tot50

With iy the total mass flow, mp, ¢/ my, ¢ the combustion chamber/gas generator propellants mass, x, the
propellant margin factor, #;, the burn time, Iy, 1o, the total specific impulse, and Fr the thrust.

To fix this inconsistency eq. (3.9) should be used instead.
Fr

Iop,tor = ———— (3.9)
ot 8o (e + Mgg)

3.3.3. Gas generator propellant masses
The propellant masses are calculated using eq. (3.10) according to the original paper [34].

Mp =1t Kp (3.10)
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With m,, the propellant mass, iz the propellant mass flow, £, the burn time, and «, the propellant margin
factor.

However, for the gas generator cycle, the propellant margin factor seems to have not been applied to the
gas generator propellant and the chamber propellant has been calculated as the "rest" instead. For example
consider a case with 900 and 100 kg of chamber and gas generator propellant, respectively. After application
of the propellant margin of 1% their masses have become 910 and 100, instead of the 909 and 101 expected.
Thus, this leads to a lower gg propellant mass and higher cc propellant mass, but their sum remains equal
to the correct total propellant mass (which is why this inconsistency does not influence the adjusted specific
impulses found in table 3.3). Conversely, the factor seems to have been applied correctly to the total fuel and
oxidizer masses. This is summarized in eqgs. (3.11a) to (3.11d).

Mypy =My tp-Kp (3.11a)

Mox = Mox* pKp (3.11b)

Mp,gg = Mgg - tp (3.11¢)

Mp,cc = Mp,tor = Mp,gg = My + Mox — My gg (3.11d)

With m the mass [kg], ), the propellant margin [-], and f;, the burn time.

Since the chamber mass flow nor the gas generator mass flow is given in the original paper this inconsistency
cannot be shown from its data.

To fix this inconsistency eq. (3.10) should be applied correctly for both the combustion chamber and gas
generator propellant masses.

3.3.4. Electric-pump battery coolant flow

According to the paper [34], eq. (3.12) is used to determine the battery coolant mass flow. However, from the
data it can be deduced that the equation has been used without applying the efficiencies (85% for the inverter,
95% for the electric motor and 86-99% for the battery for 300-1200 s burn time). With these inputs this leads
to 25-43% less battery coolant mass flow. Note that for the calculation of the battery mass, the efficiencies
seem to have been applied correctly.

1- Pr,+ P 1
Mpat,cl = (1=n£) (Prp+Pop) (3.12)
CpfulATe NinvNemTNE

This inconsistency is easily verified with the private detailed data [33], but less so with the public data of the
paper. Comparing with the graphical data available was deemed the best option, although not completely
satisfactory. The paper’s figure, fig. 3.2, has been replicated with and without taking into account the efficien-
cies when calculating the battery coolant flow, shown in fig. 3.3. Figure 3.3a matches very closely with the
original, while fig. 3.3b does not.

To fix this inconsistency the efficiencies should simply be taken into account for the coolant flow calculation.
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3.4. Adjusted Replication Model

In the previous section several inconsistencies have been discussed. The modeling approaches that have
been deduced from these inconsistencies have been implemented in a copy of the replication model to pro-
duce a new model, "the adjusted model". This adjusted model replicates the values as presented by Kwak
without any (rounded) difference in the case of 300 seconds burn time. A table full of identical numbers is
not very interesting, but can be found in appendix A.4 where the adjusted model is compared to that of Kwak
for every burn time. Instead the 390 s burn time case is given below in table 3.4, which is the case where the
adjusted model and Kwak’s data differ most. Adjusted model values that do not match with Kwak values are
highlighted in bold. It can be seen that individual components only differ by at most 2 kg and the total by at
most 3 kg. Although it does not match perfectly it is deemed more than accurate enough to verify the adjusted
model.

Electric Pump Gas Generator
Kwak Adjusted Kwak Adjusted

CC Propellants [kg] 10856 10856 10812 10814
GG Propellants [kg] - - 656 657
Battery Pack [kg] 521 520 - -
Feed System [kg] 150 150 43 43
Tanks [kg] 272 272 287 287
Helium [kg] 44 43 46 46
Total [kg] 11843 11841 11844 11847
Mass Ratio [-] 0.0832 0.0832 0.0317 0.0317
Specific Impulse [s] 370.0 370.0 348.6 348.6
Velocity Change [m/s] 9023 9016 11795 11794

Table 3.4: Comparison of adjusted model and data from Kwak et al. [34]
(t, =390s, Fr =100 kN, p. = 10 MPa)

The mass data given in Kwak’s paper all concern the same chamber pressure and thrust. So to show the
adjusted model also matches Kwak’s model for varying pressure and thrust many of the figures presented
in the original paper [34] have been replicated and are shown in appendix A.5. Additionally, with the clear
justification of the differences between the replication model and adjusted model the replication model is
also deemed verified. Consequently, the replication model can confidently serve as foundation for RoCAT.



4
Engine Cycles

In this chapter the cycles implemented in RoCAT are discussed. Their general lay-out is given as well as a se-
lection of the components that are modeled. The exact implementation of each cycle and the corresponding
theory is given in chapter 6, after the discussion of the individual component models in the next chapter.

The cycles to be modeled are the electric-pump cycle, gas generator cycle, and open expander cycle. The gas
generator is modeled to be able to compare to previous research, while the open expander cycle is modeled
to extend this research. As mentioned in the introduction & chapter 2, previous research found the electric-
pump cycle to perform generally worse than the gas generator cycle, while being close at certain operating
points. Since it is expected that the open expander cycle’s performance is somewhat lower than that of the
gas generator, its comparison to the electric-pump cycle should be even closer.

For each cycle a simplified schematic representation is discussed. Real engine cycles are generally much
more complicated and often have many additional components, e.g. feed lines, valves, bleed-lines, booster
pumps, multiple turbines, gearing and other added complexities. Many of these details are not shown: the
focus is on first order approximation and calculation needs to be limited. Additionally, the possible configu-
rations of each cycle are vast and can have a significant effect on (simulated) performance. Nonetheless, the
configuration for each cycle, as presented in this chapter, is deemed the best general representation of that
cycle.

First the components to be modeled are selected, this is followed by a discussion of the configuration choices
that are applicable to all cycles. Finally, each cycle configuration is discussed individually.

# Component Electric-Pump | Gas Generator | Open Expander
1 Fuel Tank X X X
2 Oxidizer Tank X X X
3 Fuel Pump X X X
4 Oxidizer Pump X X X
5 Turbine X X
6 Heat Exchanger X X X
7 | Thrust Chamber X X X
8 Injector X X X
9 | Splitter/Merger X X X
10 | Turbine Exhaust X X
11 | Gas Generator X

12 | Electric Motor X

13 | Inverter X

14 | Battery X

15 | Battery Cooler X

16 | Pressurant Tank X X X
17 | Pressurant X X X
18 | Fuel X X X
19 | Oxidizer X X X

Table 4.1: Overview of components and in which cycles they are present. The components are referred to by
number in most schematics in this report.
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4.1. Modeled Components

Table 4.1 shows all components relevant to the cycle configuration schematics shown in fig. 4.2 (at the end of
this chapter) and discussed in the next sections. The last four components, i.e. pressurant tank, pressurant,
fuel, and oxidizer, have been excluded from the flow schematics for the sake of clarity but are present in every
cycle. With respect to Kwak the following components have been added: thrust chamber, heat exchanger,
and secondary nozzle. As discussed previously the thrust chamber is added to get a more realistic mass ratio
as well as model slight differences in chamber conditions. The heat exchanger is also modeled which makes
it possible to check if the thrust chamber can be cooled, but most importantly it is a necessary component to
model expander cycles since they use the coolant to power the turbine. Lastly, the secondary nozzle is added
such that the thrust contribution of the open cycles can be estimated. This would be an improvement as
Kwak simply assumed this contribution to be 1% of the total thrust, irrespective of the combustion chamber,
gas generator, and ambient conditions. Some of the existing components have also been changed, which
is made clear for each component individually in the next chapter. A complete list of differences between
Kwak’s model and RoCAT is given at the end of chapter 6.

4.2. General Configuration

All cycles are configured with only one "power source", i.e. turbine or electric motor, that powers both pumps
for simplicity sake with the exception of engines modeled for the verification & validation. Additionally, all
cycles are configured to have a high pressure inert gas pressurant to pressurize the propellant tanks. The
tank for this pressurant is submerged in the oxidizer tank. The pressurization choice is made for simplicity
relative to other pressurization options, i.e. autogenous pressurization. The submersion choice is made such
that results are as comparable to Kwak’s research [34] as possible. Other than that the choice is arbitrary and
RoCAT can model the pressurant tank submerged in either propellant tank or outside it. Each configuration
assumes fuel to be the main coolant as this is generally most common, since handling hot oxidizer requires
very specialized metals/materials especially if it is used to power the turbine. For the open cycles the turbine
exhaust gas is vented overboard through a secondary nozzle. This choice was made mainly to simplify the
calculation of the exhaust gas thrust contribution. Finally, the cooling of the thrust chamber is assumed to be
one loop. In real engines the cooling is sometimes split into multiple sections; generally one loop cooling the
chamber with another cooling the nozzle. Although the heat exchanger component has been built to be mod-
ular and two section cooling has been implemented for verification purposes, the main cycle configurations
implement a single heat exchanger.

4.3. Individual Cycle Configuration
4.3.1. Electric Pump Cycle

In fig. 4.2a (end of chapter) the detailed schematic configuration of the electric pump cycle is shown. It power
the pumps through an electric motor, which itself gets its power from a battery with an inverter in between.
As discussed in the introduction, it is important to keep the battery at optimal temperature. Consequently
a cooling loop has been added to the basic design of the electric-pump cycle, which is in line with the work
of Kwak whose configuration was shown in fig. 3.1a. The complete chamber fuel flow is used to cool the
engine, while a recirculating loop of fuel is used to cool the battery. The inverter is not cooled, while the
electric motor is assumed to be cooled by oxygen leakage. Not cooling the electric motor, beyond the inherent
oxidizer leakage, has been found to be acceptable up to 100 kN for a single motor from a first order analysis
by Kwak [34], i.e. 200 kN for a double motor configuration. For higher thrusts than 200 kN, the electric motor
component does a simple check to estimate if oxidizer leakage cooling is sufficient, as is discussed in more
detail in chapter 5.

4.3.2. Gas Generator Cycle

In fig. 4.2b (end of chapter) the detailed schematic configuration of the gas generator cycle is shown. This
configuration follows quite directly from the simplified configuration shown in fig. 1.1a. The gas generator
cycle combusts a fraction of both the fuel and oxidizer flow to create enough hot gas to drive a turbine and
power the pumps. For the configuration in this report only fuel rich gas generators have been considered and
although RoCAT should be perfectly capable of handling oxidizer rich combustion, this has not been tested.
Additionally, it is assumed the turbine exhaust gas is dumped overboard at ambient pressure.
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Figure 4.1: Possible open expander cycle configurations based on location of turbine flow split

4.3.3. Expander Differentiation

For the expander cycles three configurations are considered, which needs some clarification. In fig. 4.1a the
open expander cycle configuration can be seen. For the expander cycle part of the heated fuel flow is used to
drive the turbine and power the pumps. Note that the flow that ends up at the turbine is split from the main
flow after the heat exchanger. Alternatively, fig. 4.1b shows a configuration in which this split occurs before
the heat exchanger. Let the former temporarily be called (a)-cycle and the latter (b)-cycle. Both configura-
tions have some clear inefficiency. Comparing these two cycles Herbertz et al. say the following: "... analysis
showed however, that [(a)-cycle] is severely inefficient, since the heat transferred to the coolant is distributed
among a higher mass flow ... and therefore substantially more fluid is needed to drive the turbine."[26]. In
addition the (a)-cycle needs a higher (fuel) pump outlet pressure, although this is partially compensated by a
higher pressure ratio over the turbine. Herbertz clearly favors the (b)-cycle, but it also has a clear drawback.
If the mass flow required for cooling is higher than the mass flow required for the turbine, more propellant is
expelled at low specific impulse than necessary. Although this additional waste of propellant for (b)-cycle is
dependent on parameters like the total heat transfer and maximum turbine temperature, it cannot happen in
any condition in the (a)-cycle. The solution is to combine both cycles with the addition of a secondary pump,
which is shown in fig. 4.1c. Now the turbine flow is as hot as possible and no extra propellant is expelled at
low specific impulse.

In the rest of this report the term open expander cycle (OE-cycle) is used exclusively to denote the configu-
ration as shown in fig. 4.1c, while the term coolant bleed cycle (CB-cycle) is used exclusively to denote the
configuration as shown in fig. 4.1a. The main analysis will only focus on the OE-cycle.

4.3.4. Coolant Bleed Cycle

The coolant bleed cycle configuration can be seen in fig. 4.2c (end of chapter). It is the simplest configuration.
The full fuel flow flows through the heat exchanger, after which the turbine flow is split off, while the main
flow flows directly to the chamber. Once again the turbine flow is assumed to exit at ambient pressure, i.e.
as shown in fig. 4.2c, but not in fig. 4.1. Additionally, it is assumed that both the chamber and (part of) the
nozzle are cooled.

4.3.5. Open Expander Cycle

Figure 4.2d (end of chapter) shows the open expander cycle configuration, which splits the fuel flow before the
heat exchanger into a cooling flow and a chamber flow. After the heat exchanger the flow is once again split in
a turbine flow and an additional chamber flow. For this cycle a minimum required coolant flow is calculated,
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which depends on either the turbine inlet temperature or the maximum thrust chamber wall temperature,
whichever is lower. If the required turbine flow is larger than the minimum coolant flow, the split after the
heat exchanger is unnecessary and the additional chamber flow is zero. This reduces this configuration to the
configuration shown in fig. 4.1b, but never happens in any case discussed in this report.

Now that all cycle have been discussed and their configurations are known, the equations used to model the
performance and mass of each component can be discussed, which will be done in the next chapter.

(a) Electric Pump (b) Gas Generator

(c) Coolant Bleed (d) Open Expander

Figure 4.2: Schematic overview of cycle configurations
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Engine Components

This chapter discusses the components of all cycles as implemented in RoCAT and listed in section 4.1. The
theory used to model the various components is specified as well as the empirical relations that were used
and the main aspects of their implementation. Additionally, the most important inputs and outputs of each
component are given. Note that these are not exhaustive and for a full list of in- and output the reader is
referred to the code and documentation, both of which are available on GitHub at:
https://github.com/RubenvdBerg/RoCAT

Most components inherit from (abstract) base classes. These base classes simply encapsulate the functional-
ity that various components share. These base classes are discussed first, after which the main components
are discussed that are present in all cycles. These are followed by a section on the components required for the
open cycles (gas generator and open expander cycle) and a section on components that are unique to each
individual cycle. This is followed by an example schematic of how these components would be connected in
an electric-pump cycle. The chapter is concluded by a list of main input values as used in this report. For a
complete overview of inputs used, see appendix B.

5.1. Base Classes

Quite a few components share some form of functionality. For example several components’ masses are
estimated based on an internal pressure and a yield strength. Consequently, these components inherit from
a base class called Pressure Structure, which contains the functionality for this mass calculation and requires
a pressure, yield strength, and safety factor. This grouping of shared functionality follows the principles of
object oriented programming and makes it easier to adjust or improve these relations later on. This section
discusses the base classes, which is followed by the main component classes.

5.1.1. Flow State

Main input: Main output:
* temperature ¢ specific gas constant
® pressure * molar mass
e propellant name * heat capacity ratio
* type * specific heat capacity
¢ mass flow * density

¢ conductivity
e prandtl number

* mass specific enthalpy

This class deals with the various flows of propellant, e.g. fuel, oxidizer, coolant, combustion gas, that flow
from one component to the other and provides info on the flow properties dependent on its specie, temper-
ature, and pressure. These properties are provided by the CoolProp-package [5]. Additionally, it also keeps
track of the mass flow.

CoolProp is limited to 122 pure components and mixtures thereof. This means that RP-1 cannot be modeled
directly, since it is a complex mix of various carbohydrates. n-Dodecane has been selected as an acceptable

surrogate as its structure is close to the average of the types of carbohydrate chains found in RP-1. More
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complex surrogate mixtures for RP-1 were considered, e.g. Huber[27] and Han[23], but were found to be too
complex and contained components not available in CoolProp. For the density of RP-1 a small correction is
made to the values provided by CoolProp for n-Dodecane, based on the RP-1 density data provided by Magee
et al. [39]. Additionally, a replacement of the specific heat capacity data of n-Dodecane with known exper-
imental data from Abdulagatov [1] was initiated, but abandoned since it only gave marginal improvement
while greatly complicating the calculation of flow properties. A more streamlined implementation of RP-1
property estimation remains for future work.

Manual Flow State

CoolProp is very flexible and versatile when dealing with pure species, but less applicable for combustion
products. Thus, for flows of combustion products (after the combustion chamber or gas generator) a Manual
Flow State is used. The same properties are available, but are calculated once using CEA and given to a
Manual Flow State instead of being calculated by CoolProp. This means that the flow properties are constant
and are not affected by any temperature or pressure changes downstream of initial combustion. This has
some further ramifications that are discussed in section 6.2

5.1.2. Flow Component

Main input: Main output:

e inlet flow state e outlet flow state

Besides requiring flow properties, most components have an inlet flow, which they have an effect on, and
subsequently produce an outlet flow. This basic behavior is encapsulated in the base class Flow Component,
which requires an inlet Flow State and gives the ability to provide a change in temperature, pressure, and
mass flow. Subsequently an adjusted copy of the inlet flow is provided as the new outlet flow. Almost all other
components inherit from this class.

5.1.3. Material

Main input: Main output:
* yield strength .
* density

* thermal conductivity

® poisson ratio

This component only serves as a container to group the properties of a single material, making them easier
to pass along.

5.1.4. Pressure Structure

Main input: Main output:
* structure material e mass

¢ safety factor

¢ volume

* max pressure

¢ geometry factor

The Pressure Structure base class encapsulated mass estimation for cylindrical/spherical thin walled pressure
vessels, which is why Tank, Gas Generator, Pressurant Tank, and Combustion Chamber all inherit from this
class. The mass estimation of these components assumes the components to be thin walled pressure vessels.
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The elementary equations for various pressure vessels have been rewritten to use tank volume and a geometry
factor, which leads to the general equation shown in eq. (5.1) and geometry factors as listed below.

oV Pmax
g

m=Kgkg (6.1

Where « is the structural safety factor, k¢ is a geometry factor, p is the density of the shell material, V is
the internal volume of the shell component, p;, 4 is the maximum expected operating pressure, and o is the
yield strength of the shell material.

Geometry factors (with r the radius and [ the length of the cylinder):
* kg =3 for asphere
* kg =2 for a cylinder without caps
* kg =2+ % for a cylinder with flat end caps

* kg=3-1 {,r  fora cylinder with hemispherical end caps

5.2. Main Components
With the base classes explained, the following subsections discusses the individual components as imple-
mented in RoCAT.

5.2.1. Propellant

Main input: Main output:
e main flow state
* burn time * mass
e margin factor * volume

The main function of the Propellant-component is to calculate the total mass of the fuel or oxidizer using
eq. (5.2¢), and subsequently the volume using eq. (5.2d). This component receives a flow state even though
it is not a flow component. This flow state contains the initial temperature, initial pressure, and specie of the
propellant (i.e. fuel or oxidizer). Initial in this case refers to the state in propellant tank. Additionally, the flow
state contains the main mass flow rate of the propellant, which is the mass flow rate at the tank exit.

Mpy =Kp g T (5.2a)
Mox =Kp - Mox - tp (5.2b)
My = Mgy + Mox (5.2c)

Vp =My, ppy+ Mox - Pox (5.2d)

With x, the propellant margin factor, 75, o, the fuel/oxidizer mass flow (at tank outlet), 7, £,/ 0x the propel-
lant/fuel/oxidizer mass, f, the burn time, and p r,,/,x the fuel/oxidizer density (in the tank).

5.2.2. Tank

Main input: Main output:

* max acceleration e mass

* propellant volume e outlet flow state
e ullage factor
® pressurant tank volume

e inlet flow state
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The Tank-component is mainly used to model the mass of the propellant tanks and it inherits from Pressure
Structure. The tank is seen as the starting point of the flow process, which is why it is also modeled as a flow
component. However, it does not physically have an inlet flow. Nonetheless it is given the main flow state,
described in the Propellant section above, as inlet flow and simply returns it unaltered as outlet flow. This is
somewhat odd physically, but assures all components are derived from flow component.

Its model is based on that of Kwak et al. [34], which assumes spherical tanks with the pressurant tank sub-
merged in the oxidizer tank. The equations with these assumptions are given here. However, the program also
allows for cylindrical tanks with hemispherical caps and an external pressurant tank or one that is submerged
in the fuel tank. The tank volumes are as follows:

Vi =xun- Vi (5.3a)

Vor =Kyt Vox + Vpe (5.3b)

Where Vy, is the fuel tank volume, x,;; the ullage factor, and Vy, is the fuel volume. The terms for the oxidizer
tank volume are identical with the addition of V), the pressurant tank volume.

The mass of each tank is found by combining the tank volume with thin walled theory as seen in eq. (5.1)
and selecting the appropriate geometry-factor. The maximum pressure accounts for the acceleration of the
rocket as shown for the fuel tank in eq. (5.4) and taken from Kwak[34].

P, lower = Pft,i + 0 fulmax Hfu0 (5.4a)

Pft, upper = Pft,i T 0 fulmax (Hfu,() - rft) (5.4b)
(pft, lower T Pft, upper )
2

With pg ; the initial fuel tank pressure, pg, the initial fuel density, amax the maximum acceleration, Hg, o the
initial fuel height in the tank, and r the fuel tank radius.

Pr= (5.4¢)

The initial propellant fluid height is determined from the two equations shown in eq. (5.5) for a spherical fuel
tank.

1
Vi = Viu =105 Hi e (rff - ngz,cap) (5.5a)
Hpy0 =21 — Hf cap (5.5b)

With Hp c4p the height of the empty volume in the sphere.

5.2.3. Pressurant

Main input: Main output:
e initial fluid state e mass
e final pressure e volume

e propellant tanks ullage factor
* oxidizer volume

® oxidizer tank initial pressure
¢ fuel volume

e fuel tank initial pressure

¢ tanks ullage factor

e margin factor

The Pressurant-component is solely used to estimate the pressurant mass and volume. Note that the pres-
surant margin factor is not the same as the propellant margin factor. The initial fluid state contains the name,
initial pressure, and initial temperature of the pressurant. The pressurant mass is calculated using Sutton’s
approximation for adiabatic expansion of the pressurant gas as given in eq. (5.6)[58]:
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(5.6)

V,
gy PpVp ( Ypr )

RprTpro \1 = ppr1! ppro
With my, the pressurant mass, p, the propellant tank pressure, V}, the propellant tank volume (filled with
pressurant), Ry, the pressurant specific gas constant, Ty the initial pressurant temperature, y,, the pres-
surant heat capacity ratio, and pp0/ ppr,1 the initial and final pressurant pressures.

With the addition of margin factors and expanding this becomes:

Ypr ( PotVox + pftVfu)

(5.7)
1=ppr1!Ppro

Mpr = KprK
pr priull
Rpr 1 pr,0

With «x, the pressurant margin factor, x,; the ullage factor, and pg/ po, the fuel and oxidizer tank pressure
respectively.

The pressurant volume is found using the ideal gas law as can be seen below.

MprRpr Tyr o
p%noz._ll_f_ll_ (5.8)
Ppr,0
5.2.4. Pressurant Tank
Main input: Main output:
* pressurant volume
* pressurant initial pressure * mass

The Pressurant Tank-component serves to to calculate its own mass and it inherits from Pressure Structure.
Consequently, it uses eq. (5.1) in combination with the pressurant volume and initial pressure to calculate
this mass.

5.2.5. Pump

Main input: Main output:

e inlet flow state .
® power required
* expected outlet pressure

. . L]
e efficiency mass

* specific power e outlet flow state

The Pump-component calculates the power required to deliver the expected pressure increase, which is done
using eq. (5.9), the same as Kwak [34].

muulAp
Ppu,req = L (5.9)
PpTpu
With 71y, the mass flow through the pump, Ap,,, the pressure increase over the pump, p, the propellant

density, and 17, the pump efficiency.

Additionally, the outlet flow state must be determined. The change in pressure is trivial, but the change in
temperature must be calculated. This is done using eq. (5.10) by Gulich [22], which is solved implicitly, since
the inlet conditions as well as the outlet pressure are known. CoolProp is used to find the enthalpy from
temperature and pressure.

Pyy Pyy

= I — Tout, =§(Tin, Pi P
hout = hin + mpu f( out pout) f( in pm)"‘ mpu

(5.10)

with & the mass specific enthalpy, p the pressure, T the temperature, and Py, the pump power.
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Lastly, the mass of the pumps is determined by assuming a linear relation with the required power. The
resulting equation is shown in eq. (5.11).
Ppu,req

Mpy = (5.11)

Oppu
With mp,, the pump mass [kg], and 6 pp,, the pump specific power [W/kg]

Convergent Divergent :

Injector Chamber Nozzle

Figure 5.1: Schematic overview of the thrust chamber and injector shell components

5.2.6. Injector
Main input: Main output:
e inlet flow states
* mass
® pressure drop
e combustion chamber area e outlet flow state

The injector combines the oxidizer and fuel flows. A pressure drop over the injector can be manually given
or is calculated using a linear relation between the drop and chamber pressure as shown in eq. (5.12). The
pressure drop factor assumed for the injector is 0.15 in accordance with Humble [28], but can be manually
given as well.

Ap=%Kap- Pec (5.12)

With Ap the pressure drop over the component, x», the pressure drop factor, and p.. the chamber pressure.

The mass of the injector is modeled as two uniformly loaded circular plates with fixed edges, both of which
need to withstand the chamber pressure (at start up). Combining Roark’s stress for such a plate [9] and the
shell mass equation, eq. (5.13), leads to the injector mass as given by eq. (5.14).

m=S-p-t (5.13)

Where S is the surface area of the component, p the density of the component’s material, and ¢ the thickness
of the component.

2
3 Pec Tee

Minj =2 (Kinjpinj,mAcc\/(l + Vinj,m) 2 (5.14)

Oinj,m

Where « ;,; is the injector safety factor, p;ujm the injector material density, r. the chamber area, .. the cham-
ber radius, viuj,, the injector material Poisson’s ratio, p.. the chamber pressure, and o ;,,; the injector material
yield strength.
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5.2.7. Thrust Chamber

Main input: Main output:
* nozzle * mass
¢ chamber ¢ length

e surface area
e get radiusQ)

e get mach()

The Thrust Chamber-component acts as a container that integrates the nozzle, and combustion chamber
components. Mainly such that a total surface area and combined mass can be calculated. Additionally, the
mach number and cross sectional radius can be found for any distance from the throat within the thrust
chamber. Both of these functions are required to calculate the heat transfer, as is discussed in section 5.2.11.
Its mass is simply a sum of its constituent masses, as shown in eq. (5.15).

Myc = Mipj+ Mpoz + Mec (5.15)

5.2.8. Combustion Chamber
Main input: Main output:

* throat area ® mass

¢ characteristic length * volume

¢ combustion chamber pressure ® area

® area ratio chamber throat e surface area

e inlet flow state e outlet flow state

The Combustion Chamber-component sizes its volume and area, through eq. (5.16a) and eq. (5.16b) respec-
tively. The combustion chamber mass is found with eq. (5.1) as inherited from Pressure Structure. Its ge-
ometery factor is set to 2 as its assumed to be a cylinder without end caps, which is also shown in fig. 5.1.
Table 5.1 shows the assumed characteristic lengths for each propellant combination, while eq. (5.16c) shows
the equation to estimate the chamber throat area ratio, both are taken from Humble [28].

Vee=L"- Ay, (5.16a)
A
Acc=( CC)Ath (5.16b)
Arn
A
( “) =0.469479- A% +1.25 (5.16¢)
Arn

Ace

With L* the characteristic length, A, the throat area, and ( yw
i

) the chamber-throat area ratio.

Propellants ‘ L* [m]
RP-1/LOX 1.145
LH2/LOX 0.890
LCH4/LOX 1.450

Table 5.1: Data from Humble [28]
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5.2.9. Nozzle

Main input: Main output:
e throat area e get radiusQ)
* expansion ratio ® mass
¢ chamber pressure e surface area
* divergent throat half angle * exit area
* convergent throat half angle * length

e area ratio chamber throat * outlet flow state

e inlet flow state

The Nozzle-component models the nozzle contour, which gives the radius at any distance from the throat,
the surface area, and the length of the nozzle. The first two are required for modeling the convective and
radiative heat transfer respectively, while the last is needed for general sizing. The contour structure is shown
in fig. 5.2 with r;;_3 the longitudinal radii of various bends, 0 the divergence half angles, r the radii of the
chamber, throat, and exit, and [ the lengths of the convergent and divergent section.

A

A

TCC v rth 37 Te 1

! conv ! div
Figure 5.2: Schematic overview of nozzle longitudinal cross-section

The longitudinal radii are found relative to the chamber or throat radius as shown in eq. (5.17), if k7 ;_3 are
not provided manually they are assumed to be 1.0, 0.8, and 0.328 as suggested by Huzel&Huang [29].

T =K1 Tec (5.17a) T2 =Kz Tth (5.17b) T 3=Kp3 Tth (5.17¢)

The mass of the nozzle is determined as a shell component, see eq. (5.13). Both the divergent and convergent
parts of the nozzle are simplified as a frustum for determination of the surface area, as shown in fig. 5.1. For
simplicity the thickness is set equal to the chamber thickness, as suggested by Humble [28]. This leads to
eq. (5.18) for the mass of the complete nozzle.

Pcclec

ce,m

Muoz = Proz,m T ((Fee + T'ep) leon+ (re+ 1) laiy) - (5.18)
With pj,,, the nozzle material density, r¢./7:, /7, the radius of the combustion chamber/throat/nozzle exit,
lcon!laiy the length of the convergent/divergent nozzle section, p.. the combustion chamber pressure, o,
the combustion chamber material yield strength.
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5.2.10. Heat Exchanger
Main input: Main output:
* inlet flow state e outlet flow state

* heat flow rate e mass

* max outlet temperature

* pressure drop

The Heat Exchanger-component serves mainly to calculate the increase in temperature over the cooling
channels. If the pressure drop is not given manually, it is calculated assuming a linear relation between
the pressure drop and chamber pressure, synonymous to eq. (5.12). The outlet temperature is found from
eq. (5.19), in a similar manor as described for the Pump-component. The heat flow rate itself is found by the
Heat Transfer Section-component using eq. (5.25), which is explained below.
Q Q
hout = hin + — - f(Tout» pout) = f(Tinr pin) +— (5.19)
m m
With 71 the coolant mass flow [kg/s], Q the heat flow rate through the wall [W], h the specific enthalpy of the

coolant [J/kg], T the temperature of the coolant [K], p the pressure of the coolant [Pa], and i, /oy denoting
the inlet and outlet conditions.

The estimation of the mass of the Heat Exchanger-component has not been implemented.
5.2.11. Heat Transfer Section

Main input: Main output:

* thrust chamber e heat flow rate

¢ chamber flow state
* hot gas emissivity
* wall emissivity

* wall temperature

* min distance

e max distance/max area ratio

The Heat Transfer Section-component has as sole purpose to calculate the total, i.e. convective and radiative,
heat flow rate for a section of the thrust chamber wall. The section to be cooled can be indicated using
a min/max distance (measured from the throat in direction of the nozzle exit) or area ratio, e.g. cooling
up to an area ratio of 5 in the nozzle. Multiple Heat Transfer Sections and Heat Exchangers can be created
to model engines with more than one coolant loop, however this report only discusses single cooling loop
configurations.

Convective Heat Transfer

To estimate the convective heat flux eq. (5.20) is used. The wall temperature is assumed to be constant, while
the heat transfer coefficient and reference temperature are evaluated locally in the one-dimensional thrust
chamber.

Ga =Ya (Trer — Tw) (5.20)

With g, the convective heat flux [W/m?], b, the convective heat transfer coefficient [W/(Km?)], T, ref the ref-
erence temperature of the hot gas inside the thrust chamber, T}, the temperature of the thrust chamber wall.

The local adiabatic wall temperature is taken as the reference temp, shown in eq. (5.21a). If the recovery
factor is not given manually it is estimated from the Prandtl-number as shown in eq. (5.21b). The local static
temperature is estimated using isentropic flow relations and it is assumed the stagnation temperature is equal
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to the combustion temperature, as shown in eq. (5.21c). The local Mach number is found implicitly from
another isentropic flow relation, shown in eq. (5.21d).

y-1. 5
(Twaa =T+|1+r—=M (5.21a)
r=pr' (5.21b)
y=1 "
Thg = Thgo 1+TM (5.21¢)
y+1
A 1 rlo\X
—=—|—5F— (5.21d)
A M\1+L=M2

With T}, g the local static temperature of the hot gas [K], Tj, 2,0 the (constant) hot gas stagnation temperature
[K], v the heat capacity ratio [-], M the local Mach number [-], (T) 4 the local adiabatic wall temperature
[K], r the recovery factor [-], and Pr the Prandtl-number|-].

The heat transfer coefficient in eq. (5.20) can be estimated using various methods. The standard Bartz, modi-
fied Bartz, and Cornelisse methods [3, 17] have all be implemented in RoCAT, but the modified Bartz method
has been used throughout this report. The general equation for both the Modified Bartz and Cornelisse
method is shown eq. (5.22a) and their coefficients in table 5.2. The film temperature has been assumed to
be a combination of the wall, static, and reference temperature, as was done by Ziebland [65] and shown in
eq. (5.22b).

he =1.213a

0.8,,0.2
m= ey ( Thgo )C (5.222)

D'8prb \Tpippm

Thim = 05Ty +0.22 (Ty) gq +0.28 Ty (5.22b)

With a,b,c coefficients shown in table 5.2[-], 7z the mass flow, p the dynamic viscosity of the hot gas [Pa s],
cp the specific heat capacity of the hot gas [J/ kg], D the local diameter of the thrust chamber, [kg/s] Thiim the
film temperature [K], and T, the wall temperature [K].

Method ‘ a b c
Modified Bartz [3] 0.026 0.6 0.86
Cornelisse etal. [17] | 0.023 2/3 0

Table 5.2: Coefficients for the calculation of the convective heat transfer coefficient for two methods.

In eq. (5.22a) the mass flow is constant, the temperatures and diameter are known locally, and ideally the
transport properties (viscosity, Prandlt-number, and specific heat capacity) would be known locally as well.
They can be estimated by CEA at various points in the thrust chamber, but this was too computationally in-
tensive and thus they are taken to be constant and equal to the value in the chamber.

Combining these assumptions and egs. (5.20) to (5.22) the convective heat flux becomes a function of the
local diameter i.e. the local radius.

Xmax
Qu = f o -2nrdx (5.23)
X

min

With Q, the convective heat flow rate [W], x the distance from the throat [m], gq(x) the local heat flux
[W/m?], and r(x) the local cross sectional radius of the thrust chamber [m].
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Radiative Heat Transfer

The radiative heat flux is estimated assuming the thrust chamber surface to be a grey body and the hot gas
to be a grey medium. This leads to eq. (5.24) as given by Bejan [4]. Similar to the convective heat flux, the
radiative heat flux is a function of the local radius.

ar = —6£Tﬁi irf”) (5.24)

€hg  €w

With ¢, the radiative heat flux [W/m?], & the Stefan-Boltzmann constant [W/ (m?K*)], Tjg the local static
temperature of the hot gas (K], T,, the wall temperature [K], €ng the hot gas emissivity [-], and €, the wall
emissivity [-].

Total Heat Transfer
With both the convective and radiative heat flux defined, they can be combined and integrated over (the
section of) the thrust chamber. They are both functions of the local radius, which in turn is a function of
the distance from the throat (positive towards the exit) defined by the Thrust Chamber-component. Con-
sequently, the total heat flow rate can be found with eq. (5.25) in which both heat fluxes and the radius are
functions of the distance from the throat.
Xmax
Q= 271 (qo + gr) dx (5.25)
Xmin

With Q the total heat flow rate [W], x the distance from the throat [m], q./q, the local convective/radiative
heat flux [W/m?], and r the local cross sectional radius of the thrust chamber [m].

5.2.12. Splitter
Main input: Main output:
e inlet flow state e outlet flow states

* req mass flows

The Splitter-component has as singular function to split the inlet flow state into multiple outlet flow states
with the same state, but different mass flows. In this report it is only ever used to split it into two flows, thus
this case is shown eq. (5.26).

Mout,1 = Mout,req (5.26a)
Mout,2 = Min — mout,req (5.26b)
5.2.13. Merger
Main input: e outlet flow state

e inlet flow states

Main output:

The Merger-component merges multiple flows. It is assumed the inlet flow states have the same heat capacity,
such that the outlet temperature are the mass average of the inlet temperatures. The outlet pressure is equal
to the inlet pressures, which are required to all be equal. Additionally, it can be made to throw an error if the
inlet flows are not the same propellant and/or pressure.

5.3. Open Cycle Components
This section discusses the turbine and turbine exhaust, which are both present in any of the open cycles, i.e.
gas generator and open expander cycles.
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5.3.1. Turbine

Main input: Main output:

* inlet flow state * mass flow required

e power required
p ! * mass

. offici
erficiency e outlet flow state

* specific power

* pressure ratio

* outlet pressure

The Turbine-component main function is to calculate the mass flow required to provide the power to drive
the pumps, for which eq. (5.27) is used.

Ptu,req
r-1
) _ [ Pout | ¥
serton[1- (222)7

With rizy,, the turbine mass flow required [kg/s], Pty req the power required from the turbine [W], 14, the
turbine efficiency, ¢, the specific heat capacity of the flow [J/kg], T;, the inlet stagnation temperature [K],
pout the outlet static pressure, p;, o the inlet stagnation pressure.

gy = (5.27)

The mass of the turbine is calculated using the specific power, similar to the pumps, as shown in eq. (5.28).

(5.28)

With my, the turbine mass [kg], and J py,, the turbine specific power [W/kg]

5.3.2. Turbine Exhaust

Main input: Main output:
e inlet flow state e thrust
* expansion ratio ¢ mass

* exit pressure e outlet flow state

e ambient pressure

The Secondary Exhaust-component calculates the thrust provided by the turbine exhaust gasses that are
dumped overboard. To do so it uses general Ideal Rocket Theory equations where the inlet conditions are
equated to chamber conditions. Either the expansion ratio or exit pressure can be provided with the other
being found from eq. (5.29). The thrust is subsequently found from eq. (5.31). If no ambient pressure is
provided ideal expansion is assumed, i.e. p, = p,. No correction/quality factors for the turbine exhaust are
used automatically in RoCAT, since no data on very fuel-rich combustion was found for multiple propellants.
However, a single combined quality factor can be given manually.

Eexh = ( )F ( ) (5.29)
2 y=1
(-
2 \(#75)
o ﬂ(ﬁ) (5.30)

&)(Yv_l) L[ Pe _ Pa
Pin

Crexn=T-|——" 1—( -E (5.31a)
Y

Pin ﬁ
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. 1
Con=7 VR Tin (5.31b)

Frexn = mexhCF,exhC:xh (5.31¢)

With &,,, the expansion/area ratio of the turbine exhaust [-], ' the "Vandenkerckhove"-function [-], y the
heat capacity ratio of the flow [-], p./p;, the exit/inlet pressure of the turbine exhaust [Pa], Cr,y}, the thrust
coefficient of the turbine exhaust [-], p, the ambient pressure [Pal, c:xh the characteristic velocity of the tur-
bine exhaust [m/s], R the specific gas constant of the flow [J/(kgK)], T;, the inlet temperature of the flow[K],
Fr oy, the thrust of the exhaust [ V], and 1.y, the mass flow through the exhaust [kg/s].

The mass of the secondary exhaust is found from similar relations as the Nozzle-components, see eq. (5.18)
(inputs for mass calculation not shown at the start of this subsection).

5.4. Class Specific Components
5.4.1. Gas Generator

Main input: Main output:

e fuel inlet flow state e outlet flow state

e oxidizer inlet flow state e mass

* gas generator chamber pressure
* maximum outlet temperature

e stay time

The gas generator component combines a fuel and oxidizer flow and calculates the combusted outlet flow
in which their combination results. In addition the mass is calculated using a volume estimate based on the
stay time.

The gas generator is modeled generally the same as was done by Kwak [34], but with some clear differences.
Kwak’s approach as well as the differences are discussed in the following paragraphs.

In Kwak’s approach the outlet temperature of the gas generator is assumed to be equal to the maximum tur-
bine temperature, which is given as an input as well as the flow properties inside the gas generator. Therefore,
the combustion modeling was not required in Kwak’s model. However, Kwak also provided the gas generator
9/r-ratio manually, while the gas generator combustion temperature is directly dependent on it. This makes
it possible for values that do not match to be provided simultaneously. To fix this RoCAT uses CEA to find
the °/r-ratio that matches the given maximum turbine temperature. Additionally, by using CEA, various other
properties of the gas leaving the gas generator can now be found automatically as well, instead of being re-
quired as inputs, e.g. the gas density required to calculate the gas generator volume in eq. (5.33) (given later
in this section) and the specific heat capacity and heat capacity ratio, which are both required to calculate the
turbine power in eq. (5.27).

This method works well for most propellants, however, it was found that CEA is not very accurate when cal-
culating highly fuel-rich RP-1/LOX combustion temperatures. This was found to be the case for all fuels
containing long organic compounds by Kauffmann [32] and Mota [43]. Solutions for adapting CEA to coun-
teract this inaccuracy are suggested by Kauffmann [32] as well as Cho [15]. However, for RoCAT a simple linear
relation was applied, as given by Choi [16] and shown in eq. (5.32).

T
(Ol gg = 15:3’_3 ~409.3 (5.32)

Based on the data points given by Choi [16] this relation is accurate for °/r-ratios between 0.25-0.45. Conse-
quently, the relation only replaces CEA when an °/r-ratio below 0.45 is found and warns the user if the relation
results in an °/r-ratio below 0.25. Figure 5.3 shows that this relation matches much better with gas generator
data of known engines as well as the design point chosen by Kwak [34]. The gas generator pressures of the
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engines shown in fig. 5.3 are given in table 5.3. Note that the relation is independent of this gas generator
pressure, while it ideally would also account for it.

Of course the option to give the mixture ratio manually is also still present. If it is given manually it is up to
the user to ensure the gas generator combustion temperature (i.e. maximum turbine temperature) and gas
generator mixture ratio are compatible.

T T T T T T T T T

1300 —o— CEA 100 bar
—&— CEA 10 bar
—— CEA 1 bar
---- Choi et al.
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Combustion Temperature [K
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Figure 5.3: Fuel-rich RP-1/LOX Combustion Temperature (Engine Data from McHugh [41])

Engine | -1 H-1 RS-27 Kwak S-4
GG Pressure [bar] ‘ 77.6 41.3 48.7 30-100 46.0

Table 5.3: Gas generator pressures for engines shown in fig. 5.3

The gas generator is assumed to be a spherical pressure vessel, thus eq. (5.1) is used. The volume is found from
eq. (5.33), which was also used by Kwak [34] and can be found in many other works, e.g. by NASA [45], Rachov
[48], Moroz [42], and Huzel&Huang[29]. Additionally, all use similar values of around 10 ms for the stay
time. However, the volumes found through this relation were intuitively deemed quite low. Unfortunately,
no gas generator volume or mass data could be found to substantiate this suspicion further. A characteristic
length based sizing method for the gas generator as given by Ernst [20] was tried instead. Both methods were
compared, but the latter was found to generally result in even smaller volumes. Thus, eq. (5.33) was ultimately
used for RoCAT.

Veg = (5.33)

With 7, the gas generator stay time, ri1g, the gas generator mass flow, and pg, the density of the gas generator
gas.
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5.4.2. Electrical Component

Main input: Main output:
* output power

o
® electric efficiency input power

* specific power * mass

The Electrical Component is an abstract base class that serves as the basis for Electric Motor, Inverter, and
Battery. All of them consequently calculate their input power and mass using eq. (5.34) and eq. (5.35) respec-
tively. Thus a linear relation between the mass of these components and their power is assumed.

Pin =Pourln (5.34)
Pout

=2 5.35

5y (5.35)

With P,,; the output power, 7 the electric efficiency, and d p the specific power.

5.4.3. Electric Motor

Main input: Main output:

e output power * input power

* electric efficiency e mass
* specific power

® electric heat loss factor

* magnet temp limit

e oxidizer leak factor

¢ oxidizer pump inlet flow state

The Electric Motor-component inherits from Electrical Component and thus calculates an input power and
mass. Additionally, the electric motor warns the user if the expected cooling of electric motor through oxi-
dizer leakage is insufficient, which might demagnetize the permanent magnets inside the electric motor. The
warning condition is shown in eq. (5.36).

Pem,outKem,lass .
— > (mop : Kox,leak) (5.36)

Cp,ox (Tmag - Tox)
With Pes,0ur the electric motor output power [W], K epm, joss the electric heat loss factor [-], ¢y ox the oxidizer
specific heat capacity [J/kgl, Tinag the magnet temperature limit [K], T, the oxidizer pump inlet temperature

[K], rop the oxidizer pump mass flow [kg/s], and K oy, jeax the oxidizer leak factor [-].

5.4.4. Inverter

Main input: Main output:
* output power
* electric efficiency * input power

* specific power * mass

The Inverter-component inherits from the Electrical Component and makes no other calculations than made
by Electrical Component (mass and input power).
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5.4.5. Battery

Main input: Main output:

* output power

* specific power * input power

e specific energy .

* battery packing factor nass

* burn time * power heat loss

The Battery-component inherits from Electrical Component, but differs in quite a few ways. Firstly, it does
not require an electric efficiency. This efficiency is calculated instead using the empirical relation as given by
Kwak [34], which is shown in eq. (5.37). The discharge time is assumed to be equal to the burn time.

Npar = 0.093 - In (t7) +0.3301 (5.37)
With 1,4 the electric (energy) efficiency of the battery [-], and ¢, the discharge time of the battery [s].

The power heat loss is required to calculate the cooling flow in the Battery Cooler and is given by eq. (5.38),
which assumes that all of the energy inefficiency of the battery is dissipated into heat.

Qbat,loss = Ppat,in- (1 - T]bat) (5.38)
With Qpar,10ss the battery heat loss flow rate [W], and Ppq i, the battery "input"” power [W].

The mass of the battery is calculated using the equations shown in eq. (5.39) and can be either limited in
energy or power with the larger of the two determining the actual battery mass.

Ppatout
Mpar,p = Kpar 6“ "” (5.392)
P,bat
P -t
M = K par—oit 4 (5.39b)
Nbat 5E,bat
Mpar = MAX(mbat,Ey mbut,P) (5.39¢)

With mpgs p/ mpar, p the power/energy limited battery mass [kgl, kp, the battery packing factor [-], 6p par
the battery specific power [W/kgl, /0 pa: the battery specific energy [J/kgl, and Ppy,0,; the battery output
power [W].

5.4.6. Battery Cooler

Main input: Main output:

e inlet flow state

« power heat loss e outlet flow state

* coolant temp change * mass

The Battery Cooler-component calculates the coolant mass flow required to cool the battery. This is done
using eq. (5.40) with a maximum change in coolant temperature required as input. This is the same as used
by Kwak [34] except that the coolant specific heat is calculated through CoolProp by the flow state instead of
being given directly as input.

Qhat,loss Ppay (1 - nhat)

Mpat,cl = = (5.40)
“he Cp,clA T Cp,clA T

With ¢, ¢; the specific heat at constant pressure of the coolant (i.e. fuel), s, the coolant mass flow, and ATy
the maximum temperature increase of the coolant.

The mass estimation of the battery cooler has not been implemented.
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5.5. Component Connection

In fig. 5.4 an example simplified schematic of the electric-pump cycle can be seen. It gives an indication as to
how the components are interconnected. Only the most crucial inputs and outputs are shown. If components
are connected by a double line the flow state is given to the downstream component (i.e. specie, temperature,
pressure, and mass flow). A more detailed discussion of cycle configurations is given in the next chapter.

Performance Calc.
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Figure 5.4: Schematic overview of electric-pump cycle component connections
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Input values

This section gives the default input values. Generally, values have been taken from Kwak et al. [34] wherever
possible. Table 5.4 gives the default inputs values that are used for all engines in this report unless specified
otherwise. Values that are not taken from Kwak are the bend ratios and throat half angles. Both are taken
from Huzel and Huang [29] with the former suggested and the latter being the mean of suggested ranges. The
pressure drop factors are taken from Humble [28], while the emissivities are suggested by Zandbergen [64].
Table 5.5 gives several default inputs that are propellant or propellant mixture dependent. Initial tempera-
tures are taken such that CoolProp density is roughly equal to the densities provided by Kwak. Characteristic
lengths and oxidizer-to-fuel ratios are suggested by Humble [28]. The quality factors have been determined
from several engines, most of which are discussed in chapter 7. These are only used if CEA is set to calculate
frozen flow. If shifting equilibrium is used a quality factor of 0.9028 is used instead, as calculated by Ernst [20].
Lastly, if no ambient pressure is provided, it is assumed to be equal to the exit pressure, i.e. ideal expansion is
assumed.

Parameter Symbol | Unit | Value
max acceleration Amax [go] 45
oxidizer tank pressure Pot bar 4.0
fuel tank pressure P bar 2.5
oxidizer tank temperature Tot K 90.19
pressurant initial temperature Tyro K 100
pressurant initial pressure Ppr,o bar 270
pressurant final pressure Ppr.f bar 50
pressurant margin factor Kpr - 1.1
pressurant tank safety factor K pre, sf - 1.2
propellant margin factor Kp - 1.01
tanks structural factor Kt - 2.5
ullage volume factor Kull - 1.08
combustion chamber safety factor Kee,sf - 1.5
injector safety factor Kinj,sf - 1.5
nozzle safety factor K noz,sf - 1.5
convergent throat bend ratio K1 - 0.8
convergent chamber bend ratio Kyl,2 - 1
divergent bend ratio K3 0.328
divergent throat half angle 0 4iv ° 15
convergent half angle 6 conv ° 30
injector pressure drop factor Kinj,Ap - 0.15
cooling pressure drop factor KesAp - 0.4
maximum wall temperature Tw,max K 850
thrust chamber wall emissivity €w - 0.8
hot gas emissivity €ng - 0.1
shaft mechanical efficiency N shaft 0.95
fuel pump efficiency N - 0.61
oxidizer pump efficiency Nop - 0.66
fuel pump specific power Spfp kw/kg | 15.0
oxidizer pump specific power bpop kwW/kg | 20.0
ambient pressure Pa bar Pe

Table 5.4: Default input values

Propellant ‘ 9/p-ratio  Quality Factor [-] Characteristic Length [m] Initial Temperature [K]

LH2(/LOX) 5.60 0.98 0.89 20.25

RP1(/LOX) 2.45 0.95 1.145 263.60

LCH4(/LOX) 3.60 0.97 1.45 111.00
LOX - - - 90.19

Table 5.5: Default inputs based on propellant or propellant mixture.
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Table 5.6 gives the default fluids and materials, which are largely self explanatory. The properties of the ma-
terials are given in appendix B and the numbered materials refer to materials defined by the inputs of Kwak
[34].

Parameter Value
oxidizer Liquid Oxygen
pressurant Helium
fuel tank material Materiall
oxidizer tank material Materiall
pressurant tank material Material2
combustion chamber material NarloyZ
injector material NarloyZ
nozzle material Inconel600

Table 5.6: Default materials and fluids.

Lastly, the cycles have unique parameters that also have default values, which are given in table 5.7 for the
electric-pump cycle and in table 5.8 for the gas generator and open expander cycle. All parameters in the
latter table are present in both cycles except for the parameters which contain the text "gas generator"”, which
are only present in the gas generator cycle. All inputs in both tables are equal to those provided by Kwak [34].

Parameter Symbol Unit | Value
electric motor specific power Opem kW/kg 5.3
inverter specific power Opinv kW/kg | 60.0
battery specific power O pbatt kW/kg | 6.95
battery specific energy OE bart kl/kg | 712.8
electric motor efficiency Nem - 0.95
inverter efficiency Ninv - 0.85
battery structural factor Kbat,st - 1.2
battery coolant temperature change | ATy K 40
electric motor magnet temp limit Tmag,max K 400
electric motor heat loss factor Kem, loss - 0.015
electric motor ox leak factor K ox, leak - 0.005

Table 5.7: Default inputs for the electric-pump cycle.

Parameter Symbol Unit Value
turbine pressure ratio Pr,in! Pru,our - 27
turbine efficiency Nt - 0.52
turbine maximum temperature Ty, max K 900
turbopump specific power Opip kW/kg 13.5
turbine exhaust expansion ratio Eoxh - 20
turbine exhaust material - - Inconel600
turbine exhaust safety factor K sf - 1.5
gas generator stay time lsgg K 0.01
gas generator structural factor Kgg,st K 25
gas generator material - - Material3

Table 5.8: Default input for the gas generator cycle and open expander cycle
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Engine Cycle Implementation

This chapter combines the information from chapter 4 and chapter 5 and provides the theory necessary to
integrate the component models into a complete cycle model. In the implementation of the cycles a modular
approach has been taken, just like for the components, and the principles of object-oriented programming
have been applied. Shared functionality and components of the cycles are therefore grouped in two abstract
base classes as shown in fig. 6.1. These base classes are first discussed and are then followed by the individ-
ual cycles. Lastly, the implemented cycle variants are discussed. For the component numbering used in this

chapter see table 4.1.
Engine
Cycle
Open
Cycle

, oo IR 2
' Electric Pump 'Gas Generator ' Coolant Bleed
Cycle Cycle Cycle
AN J AN J AN J
Open Expander
Cycle

Figure 6.1: Overview of main (blue) cycles’ dependence on the abstract (red) base classes.

Figure 6.2: Cycle schematic of the abstract base class "Engine Cycle"
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6.1. Engine Cycle
The first abstract base class is the Engine Cycle. This is the main cycle on which all the others are built. Con-
sequently, it groups the components and functionality that all the cycles share. This leads to the simplified
cycle schematic as shown in fig. 6.2. As can be seen most of the components are already implemented and
the missing components are those that are responsible for driving the pumps. These components are added
in the lower level classes.

Generally speaking this cycle has three purposes: component integration, remaining parameter calculation,
and mass aggregation. The first two of these are discussed in the following subsections, specifically for the
base engine cycle, while the mass aggregation is discussed later for all cycles at once in section 6.8.1.

6.1.1. Component Integration

The class’ first purpose is to properly integrate the components, assigning the right outputs to the right in-
puts. Most importantly, the flow components are connected such that each inlet flow state is equal to the
outlet flow state of its upstream component. Additionally, required component inputs are connected to the
matching outputs of other components, e.g. the Propellant output, volume, is given as input to the Pressurant
component. Although this sounds rather trivial it is quite easy to create self reference where the output of one
component is required to create its own input. This is a disadvantage of the modular/OOP implementation
approach relative to a more sequential approach.

6.1.2. Parameter Calculation

The second purpose is to calculate any other parameters required by the components, which are not calcu-
lated by the components themselves. Additionally, it should calculate the performance parameters of the
engine. These purposes overlap and are thus discussed together. The main parameters that need to be calcu-
lated for the cycle are the chamber flow state, main thrust chamber performance and pump outlet pressures.
The first two are found using CEA (if not manually provided). CEA requires the following inputs: propellant
names, mixture ratio, pressure ratio, and chamber pressure. Propellant names and chamber pressure are
required inputs, while a reasonable mixture ratio can also be assumed based on the propellant choice. In-
stead of the pressure ratio, the expansion ratio or exit pressure can also be given, which is then used to find
the pressure ratio using eq. (6.1). Note that in RoCAT the expansion ratio and pressure ratio are thus related
through ideal rocket theory, which is different from their relation through CEA. Consequently, providing the
expansion ratio directly to CEA would give slightly different results.

A T
g:—e: (61)

" Tt e

With € the expansion ratio [-], A, the exit area [m?], Ay, the throat area [m?], T the Vandenkerckhove-function
[-] (see eq. (5.30)), y the heat capacity ratio [-], p, the exit pressure [Pa], and p.. the chamber pressure [Pal].

From CEA the following variables are found:

Performance parameters: Hot gas properties inside the chamber:
e ¢*, characteristic velocity [m/s] * Y., heat capacity ratio [-]
0 . .
* C}, the characteristic thrust coefficient [-] o M,c, molar mass [kg/mol]

¢ T,, combustion temperature [K] L. .
* e, dynamic viscosity [Pa s]

* Cpce specific heat [J/ (kg K)]

Pr., Prandtl number [-]

The hot gas properties are combined with the combustion temperature and pressure and are bundled in a
ManualFlowState. This flow state corresponds to the state in the combustion chamber and these constant
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flow properties are used to model the heat flow, as previously discussed in section 5.2.11. With all of these
values from CEA the actual thrust coefficient, main specific impulse, mass flow, and throat area are found
using ideal rocket theory as shown in egs. (6.2a) to (6.2d).

A
CF:CIng(&_ﬁ)_e (6.2a)
Pec  Pec) Arn
Crc*
Ispcc =MNisp- == (6.2b)
8o
F
= —" (6.2¢)
Isp- 8o
nvR-T
Ay = % (6.2d)
Pcc

With 7;5, the specific impulse quality factor [-], Fr the thrust force [N], and R the specific gas constant
[J/ (kg K)1.

Using the mixture ratio, the total mass flow is split into an oxidizer and fuel mass flow. Subsequently, the outlet
mass flows of the oxidizer and fuel tank are set equal to these mass flows. Combined with the temperature
and pressure for both tanks as inputs, the starting flow states for both propellant streams are created. With
this state as starting point each component is provided with an inlet flow state, from which it can get its
properties, and produces an outlet flow state to pass along to the next component. With the required inputs
for the model, and the parameters found in this section all component inputs are known with the single
exception of the pump expected outlet pressures. An initial guess is made using eqs. (6.3a) and (6.3b), which
is corrected to the exact value using eqs. (6.4a) and (6.4b) afterwards, which need to be adapted depending on
the configuration. If the latter equations are used directly there would be self reference, since any component
downstream of the pump requires the pump outlet pressure to be known.

Pfp,out =K fp - Pcc (6.3a)
Pop,out =Kop * Pcc (6.3b)
Pfp,out = Pcc — Apinj —Apcs (6.4a)
Pop,out = Pcc — APinj (6.4b)

With pfy/op,our the fuel/oxidizer pump outlet pressure [Pal, K/ 0p the fuel/oxidizer pump pressure factor [-],
and Apinj/cs the change in temperature over the injector/cooling section [Pa].

Finally, the cycle makes a small adjustment to the total power required from the power source, i.e. the electric
motor or turbine. This adjustment accounts for the mechanical efficiency of the shaft driving the pumps as
shown in eq. (6.5). Note that although this input value for the power source is calculated, the power source
itself is not yet modeled in the main engine cycle.

Preg= Nshaft * (pr + Pop) (6.5)

With Py, the power required from the power source [W], 7 shaft the shaft mechanical efficiency [-], and
Pgpl Pop the power required by the fuel/oxidizer pump [W].

6.1.3. Checks

Besides the above calculated parameters, the cycle makes some additional calculations, which check the va-
lidity of inputs. The inputs should not lead to impossible engine designs or conditions that do not match
assumptions.

Concerning the pressure ratio (either given or calculated) it is checked whether it fulfills the choked flow
condition, as given in eq. (6.6a). If that is not the case the program exits and indicates the exit pressure is too
high. Additionally, if an ambient pressure is proved, the pressure ratio is checked to exceed the Summerfield
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criterion at which flow separation inside the nozzle occurs, as shown in eq. (6.6b). If this is not the case the
program warns the user. Note that the Summerfield criterion can be overly conservative.

Pe < (L ! (6.6a)
Pec  \y+1
% < .45 (6.6b)
a

With p./pcc! pq the exit/chamber/ambient pressure [Pal, and y the heat capacity ratio [-].

Finally, the cycle also calculates the minimum required mass flow through the cooling section using eq. (6.7).
For this a maximum outlet temperature of the cooling section is required. If it is not provided manually it is
assumed to be equal to the wall temperature. If the main fuel flow is less than this required coolant flow, the
program exits and indicates that no cooling solution could be found.

QIOI
h (Tmax,cs,out’ pout) -h (Tin» pin)

(6.7)

mcs,min =
With 715 min the minimum required mass flow through the cooling section [kg/s], Qo the total heat flow rate

(W1, h (T, p) the specific enthalpy of the coolant for a given temperature and pressure [J/kgl, and Tyax, cs,out
the maximum outlet temperature of the cooling section [K].

1

Figure 6.3: Cycle schematic of the abstract base class "Open Cycle"

6.2. Open Cycle

The second abstract base class is the Open Cycle. This cycle inherits from the EngineCycle class and adds the
components that the gas-generator and open expander cycle share, i.e. the turbine and turbine exhaust (#5
and #10). This leads to the simplified cycle schematic as shown in fig. 6.3. It shows that a component which
provides the turbine inlet flow is still missing. This is added in the final cycles.

Just like the Engine Cycle the components are integrated and given their required inputs. With the addition
of the turbine and turbine exhaust two additional effects need to be taken into account; the turbine exhaust
thrust and the turbine mass flow. Firstly, part of the propellant does not exit through the main thrust chamber,
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but through the turbine exhaust. This turbine exhaust flow contributes to the thrust, but substantially less
than the chamber flow. Consequently, eq. (6.2c) needs to be adjusted to account for this additional thrust,
which leads to eq. (6.8). Secondly, the turbine mass flow leads to an increase in total mass flow through the
pumps, which is shown in eq. (6.9).

FT,cc _ FT,tot_FT,exh

(6.8)
Isp,cc- &0 Isp,cc- 8o

Mo =

With ri1.. the mass flow through the combustion chamber [kg/s], Fr . the thrust produced by the main thrust
chamber [N], I . the specific impulse of the main thrust chamber [s], Fr s the total thrust of the engine
[N], and Fr .y, the thrust produced by the turbine exhaust [N] (given by eq. (5.31¢)).

mpu = Hlee + Mgy (6.9)

With i1y, the mass flow through the pumps [kg/s], rii.. the mass flow through the chamber [kg/s], and ri1,
the mass flow through the turbine [kg/s].

6.2.1. Iteration

Both the turbine mass flow and turbine exhaust thrust need to calculated iteratively since they are dependent
on themselves and each other; the required turbine mass flow is calculated from the power of the pumps,
which depends on the total mass flow, which depends on the and chamber mass flow, which depends on the
turbine exhaust thrust, which depends on the turbine mass flow, etc.. This interconnected circular depen-
dence is illustrated in fig. 6.4. To solve this the iteration is started with an assumed turbine mass flow of 0 and
iterated until a certain relative error between iterations is reached. If not given manually, a relative error of
1E-3 is chosen. This value was selected since higher iteration has very little effect as table 6.1 shows. Even
setting the relative error to 1E-14 (smaller values lead to floating point errors, which mess with convergence)
leads to very little change in several key outputs of all engine cycles. Consequently, 1E-3 as relative error gives
enough accuracy.

Cycle Type \ Initial Mass Final Mass Ideal Velocity Change
Electric-Pump -2.117E-5% -2.808E-4 % 1.004E-4 %
Gas Generator -4.011E-4% -4.126E-4 % 4.040E-4 %
Open Expander | -1.626E-3% -1.574E-3 % 1.613E-3 %

Table 6.1: Relative difference for key outputs for engines iterated to 1E-3 relative error and iterated to 1E-14
relative error.

Turbine
Mass Flow

Total
Mass Flow

Turbine
Exhaust
Thrust

Chamber
Mass Flow

Figure 6.4: Circular dependence for the turbine mass flow and turbine exhaust thrust in an open cycle.
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This iteration is shown mathematically in egs. (6.10a) to (6.10e).

FT,tot_ (FT,exh)l'

(Mee)i = T g (6.10a)
(fp) iy = (Mpec); + (M) (6.10b)
(m0p)i+1 = (mo,w)i + (mo,tu)i (6.10c)

() i = F[(Mpp) 1y (op) ;1] (6.10d)

(Frexh) o = Fl0R00) 4] (6.10¢)

With ring ),/ o), the mass flow through the fuel/oxidizer pump [kg/sl, 7itf,cc/ Hio,oc the fuel/oxidizer mass flow
through the chamber [kg/s], and r7itf, 5,/ o 1y the fuel/oxidzier mass flow through the turbine [kg/s]. sub-
script 7 denotes the ith iteration and f [x] denotes a function of x.

6.2.2. Parameter Calculation

In addition to setting up the iteration process for any open cycle engine, the open cycle class also splits the
total propellant mass, m, into a turbine propellant mass, given in eq. (6.11a), and a chamber propellant mass,
given in eq. (6.11b).

Mp,tu =Kp* My lp (6.11a)

Mp,cc =Kp - Mee T (6.11b)

With mp, 1,/ mp, ¢ the turbine/chamber propellant mass [kg], k), the propellant margin factor [-] (same as in
eq. (5.2¢)), rityy,/ riee the turbine/chamber mass flow [kg/s], and t;, the burn time [s].

The open cycle also calculates a new overall specific impulse as shown in eq. (6.12a). Additionally, the total
thrust is also adjusted and given by eq. (6.12b).

Fr 10t
1. = 6.12a
sprot (Mg + Mitee) 8o ( )

FT,tol = FT,exh + FT,cc = Isp,ethtu + Isp,ccmcc (6.12b)

With Fr the thrust force [N], I, the specific impulse [s], 7z the mass flow [kg/s], and with subscripts 1o;/ cc/ exn/ tu
denoting properties of the total, chamber, turbine exhaust, and turbine.

6.3. Electric Pump Cycle

The electric-pump cycle directly inherits from the Engine Cycle and adds the electric motor, inverter, and
battery (#13, #14, and #15 respectively) to provide the power to drive the pumps, as shown in fig. 6.5. This
leads to a very straightforward design: the pumps power required, as defined in eq. (6.5), is passed along to
the electric motor and the rest follows quite trivially. Unfortunately, it is also necessary to cool the battery
with a battery cooler (#16), which complicates the design of this cycle. The fuel pump (#3) as well as the
cooling section (#6) now have a different inlet flow, while the rest of the design remains the same. Additionally,
iteration is required, since the battery coolant mass flow depends on itself, as shown in fig. 6.6a. Similar to
the turbine mass flow for the open cycle, the battery coolant mass flow is set to 0, which leads to a required
battery coolant mass flow, which is then added to the fuel pump flow, which leads to a new battery coolant
mass flow required, etc.. The iteration is continued until the relative error between iterations reaches a value
smaller than 1E-3 just like the for the open cycle iteration.
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Figure 6.5: Cycle schematic of the main class "Electric-Pump Cycle"
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(b) For the battery coolant temperature

Figure 6.6: Circular dependence in the electric-pump cycle. (Purple arrows indicate dependence)

6.3.1. Check

The addition of the battery cooler does not only make the battery mass flow circularly dependent, but also
the temperatures between the fuel pump and battery cooler, as shown in fig. 6.6b.

Fortunately the way the program is set-up the iteration of these temperatures happens as a consequence of
the iteration of the mass flow. However, the amount of iterations required to reach an acceptable error (see
section 6.2.1) is not necessarily the same for both iterations. Luckily the circular temperature dependence
is quite simple as well as the relevant equations, which means they can be solved analytically to check the
final temperatures once the mass flow is known. This equation is shown in eq. (6.13f) and its derivation in
eqs. (6.13a) to (6.13e). After the battery cooler mass flow iteration the battery cooler outlet temperature is set
to the value obtained from eq. (6.13f), after which the other temperatures also follow.
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m
X=AToerge = Trpin—Tpey  a= m;’” ., b=ATy +ATy, (6.13a)
p
o ) B _ab(1- a')
Xiy1=a(x;+b) withxg=0— x; = =4 (6.13b)
-a
ab(1-a’ b
im P09 Gihacr= 92 (6.13¢)
i—o0 —-a l1—-a
e (8T + 8Ty
AToerge = — (6.13d)
gy
m
Tpc,out = Tre,our + AT merge- m_];p (6.13e)
C
ATpc+ATyp
Tye,out = Tft,out + — (6.13f)
1- Do
fp

With T, ;,, the fuel pump inlet temperature, Ty, the fuel tank temperature, A Ty,erge the temperature differ-
ence between the fuel tank outlet and fuel pump inlet, ATj, the (given) temperature change over the battery

cooler, T oy the battery cooler outlet temperature, and Z }’C the fraction of the coolant mass flow relative to
P

the total fuel pump mass flow [-].

1 ‘ 2
l,!
-
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Figure 6.7: Cycle schematic of the main class "Gas Generator Cycle"

6.4. Gas Generator Cycle

The gas generator cycle inherits from the open cycle and adds the gas generator (#11), as shown in fig. 6.7.
With most of the calculations and iterations already defined in the open cycle, the gas generator cycle only
needs to add two splitters (#9) and redefine the inlet flow states to complete the cycle. Additionally, it must
define the division of the turbine mass flow, see egs. (6.10b) and (6.10c). This is done below in eq. (6.14).

1

g 1y = Mf gg = Hig, m (6.14a)
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(()/F)gg

—(O/F)gg .l (6.14b)

mo,tu = mo,gg = Figy -
With i, 1,/ 1116,y the turbine fuel/ oxidizer mass flow [kg/s], ritf, g/ 7115, gg the gas generator fuel/oxidizer mass
flow [kg/s], ry, the turbine mass flow [kg/s], and (°/r) g8 the oxidizer-to-fuel ratio of the gas generator [-].

Note that the gas generator oxidizer-to-fuel ratio is found from the maximum turbine temperature, see sec-
tion 5.4.1, and the (total) turbine mass flow, m;,, is found from the power required, see section 5.3.1. Also
note that, in case of the gas generator cycle, the only flow through the turbine is a combined combusted flow,
so the concepts of oxidizer/fuel turbine flow are somewhat implicit, but they enable a direct comparison
between any engine derived from the open cycle. With the turbine flow defined the gas generator cycle is
completed, all else is already handled by the open cycle.

Figure 6.8: Cycle schematic of the main class "Coolant Bleed Cycle"

6.5. Coolant Bleed Cycle

The coolant bleed cycle inherits from the open cycle and adds no main components, but rearranges the flow
as shown in fig. 6.8. Similar to the gas generator, very little functionality needs to be added on top of the open
cycle. The inlet flow states of the cooling section and injector now come from the splitter after the fuel pump
and the turbine inlet comes directly from the cooling section outlet. Additionally, the division of the turbine
mass flow is very straightforward, as shown in eq. (6.15).

g = M (6.15a)

To, =0 (6.15b)

Finally, a change needs to be made to the minimum required coolant mass flow from eq. (6.7). Since the
turbine is now connected to the cooling section outlet, the maximum cooling outlet temperature should be
at most equal to the maximum turbine temperature. Consequently, the default maximum cooling outlet
temperature is redefined as shown in eq. (6.16) (but can still also be set manually).

Tmax,cs,out =MIN (Tu/v Tmax, tu) (6.16)

With Tinax,cs,0ur the maximum cooling section outlet temperature [K], the T;, the wall temperature [K], and
Tinax, . the maximum turbine temperature [K].

With the above additions the coolant bleed cycle is complete as all else is already handled by the open cycle.
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Figure 6.9: Cycle schematic of the main class "Open Expander Cycle"

6.6. Open Expander Cycle

The open expander cycle inherits from the coolant bleed cycle and only rearranges the flow as shown in
fig. 6.9. Due to the added splitters and merger the flows have become more complex, which warrants some
clarification. Let’s distinguish the two splitters: let the splitter directly down stream of the fuel pump be
called the "pre splitter", as it splits the flow before the cooling section, and let’s call the splitter directly
down stream of the cooling section the "post splitter". Note that the underlying assumption for this cycle
is that more coolant mass flow is required for minimum cooling than is needed for powering the turbine, i.e.
Ty, < Mimin,cs, Otherwise there is no need for the "post splitter" and the cycle becomes identical to the coolant
bleed cycle, as previously discussed in section 4.3.3. The program for the open expander cycle checks if this
condition is met, and if it is not it warns the user that they should probably use a coolant bleed cycle.

With this assumption in mind, the following mass flows can be defined. Combining eq. (6.10b) from the open
cycle, and eq. (6.15a) from the coolant bleed cycle, we get eq. (6.17a). From the mentioned assumption, we
get eq. (6.17b) and we know the mass flow through the turbine, s, from eq. (5.27). For both splitters the
inlet flow and one of the outlet mass flows is now known, thus it is trivial to determine the other outlet mass
flow, which can be seen for both splitters combined in eq. (6.17c), which simplifies back to eq. (6.17a) as it
should.

My, = g cc+ My (6.17a)
Mes = Mics,min (6.17b)
mf,cc = (mﬁa - mcs) + (Fies — Myy,) (6.17¢)

With rir, the mass flow through component x [kg/s], with the subscripts g, the fuel pump, f,.. the chamber
fuel, 4, the turbine, and ¢s/ min,cs the (minimum) cooling section.

With the above mass flows clarified the open expander is complete with all other aspects of the cycle already
handled by the coolant bleed cycle or open cycle.
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6.7. Additional Cycle Configuration

Above, all the cycles which have been implemented in RoCAT have been discussed. However, only their sim-
plest or default configuration have been considered. Due to the modular approach further configuration of
the cycles is relatively simple, but still requires adjusting the code. Therefore several common configuration
options have already been implemented in RoCAT. These configurations are mostly of concern in the veri-
fication and validation chapter, chapter 7, where the configuration of other engines are copied as exactly as
possible. Consequently, for examples of complete engines that use these non-standard configurations the
reader is referred to this chapter. This section quickly touches upon the individual configurations imple-
mented in RoCAT.

6.7.1. Double Fuel Pumps

Many real engines have multiple pumps for a single propellant stream. This can help with preventing cavi-
tation as well as lowering the total power needed by the pumps. The latter can be done by rerouting a large
part of the flow directly to the injector and only part of the flow going through the second pump and cooling
section. The additional pressure needed to overcome the cooling section is thus only provided to the neces-
sary flow. Since in this report the fuel has been assumed to be the coolant, as explained in section 4.2, this
configuration addition only makes sense for the fuel pumps. Consequently, this is what has been added for
all cycles and is shown in fig. 6.10. The flow after the first fuel pump is split into a flow that goes directly to
the injector and a flow that goes through the second pump to the cooling section. For a complete example of
a double fuel pump see fig. 7.5 in chapter 7.

/O\

Figure 6.10: Detail schematic overview of double fuel pump configuration

6.7.2. Parallel Double Turbines

In conventional cycle engines different turbines are sometimes used to drive the fuel and oxidizer pump(s)
individually. This is in part due to the different ideal rotational speeds for different density propellants or
simply being more practical to place two smaller turbopump assemblies around the engine than one big
one, as noted by Sutton[58]. Although the current tool does not model the effects of rotational speeds in
the pumps or turbines, individual turbines still give the possibility to have different efficiencies and pressure
ratios. Thus the turbine configuration as shown in fig. 6.11 has been implemented for all open cycles. In
a parallel configuration this also leads to separate turbine exhausts than can have different inlet flows and
properties. For a complete example of a parallel double turbines configuration see fig. C.1 in appendix C.

6.7.3. Series Double Turbines

Another possibility with double turbines is to have the flow through the turbines in series. This leads to
only one turbine exhaust. Additionally, this requires some manual care in the pressure ratio or exit pressure
inputs for the turbines, otherwise the second turbine is not able to deliver enough power. A double turbines
in series configuration has been implemented for all open cycles with the flow going through the fuel side
first, as shown in fig. 6.12. For a complete example of a series double turbines configuration see fig. C.2 in
appendix C.
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iy

Figure 6.11: Detail schematic overview of parallel double turbine configuration
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Figure 6.12: Detail schematic overview of series double turbine configuration

6.7.4. Double Electric Motor

Lastly, a double electric motor configuration has been implemented for the electric-pump cycle. This gives
the option to have different specific powers and efficiencies for each motor. The configuration chosen only
has one inverter and battery as shown in fig. 6.13.

Figure 6.13: Detail schematic overview of double motor configuration

6.8. Other Parameters
6.8.1. Mass Aggregation

Several aggregate masses are also defined in RoCAT, which are listed below. An overview of these aggregate
masses for all cycles and their constituent masses is shown in fig. 6.14. The colors/levels indicate groupings,
with each lower level/color grouping all components above it. For example, the initial mass consists of the
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propellants masses and final mass, the final mass in turn consists of the pressurant, payload and dry mass,
etc.. Also note that the masses are only accounted for if the engine (cycle) actually contains these compo-
nents, e.g. an EP-cycle engine’s feed system mass does not include a turbine mass nor does the propellants
mass contain turbine (flow) propellant masses. The list below also shows the symbols for some of these mass
groupings. The mass ratio is defined as A = mqg/m .

¢ my: Initial Mass ®* Mengine: Engine Dry Mass * mp,: Chamber Props. Mass
* my: Final Mass * mys: Feed System Mass * My, Turbine Props. Mass
* Mgry: Dry Mass * my: Propellants Mass e m,: Payload Mass
Initial
Final
Pressurant Payload
D
/ v \ Propellants
Tanks
Fuel Tank Oxidizer Tank Pressurant Tank Oxidizer
Chamber
. Flow
/ Engine Dry \
Turbine FI
/ Feed System \ Thrust arbing Flow
Chamber Battery
Pumps
Fuel Oxidizer || Inverter Injector Fuel
Pump Pump Turbine Chamber
Combustion Exhaust Flow
Gas Electric Ty
Turbine Turbine Flow
Generator | Motor Nozzle Heat

Z

/ Exchange%

Figure 6.14: Overview of mass aggregations

6.8.2. Mass Factor

Since RoCAT only calculates the masses of certain components the mass ratio that is defined above does not
match with a real rocket stage. To compensate for this, several mass factors have been calculated from mass
break down data of the Centaur-D upper stage, see appendix D. The relevant factors have been calculated by
assuming that the initial mass without payload from RoCAT (as defined in the above section) is roughly equal
to the sum of body, propulsion group, pressurization group, total propellants, and total helium as defined in
the Centaur-D data set table D.1. How the adjusted mass ratio is calculated is shown in the list of assump-
tions, list of averages, and equations below.

Assumptions:
* Residual Propellants are not taken into account (assumed to be expelled)
* Report Mass = Body + Propulsion Group + Pressurization Group + Total Propellants + Total Helium
* Rest Expendables = Total Jettisonable Hardware + Expandable H202 + Expandable Ice

» Final Mass = Total Tanked Weight - Total Jettisonable Hardware - Total Expendables
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Averages of the Centaur-D:
¢ (Ground Weight - Payload) / Report Mass = 1.1459
¢ (Final Mass - Payload) / (Report Mass - Total Propellants) = 1.9188

Combining the above leads to the new adjusted values for the initial mass, final mass, and mass ratio as shown
below.

(1M0) gqj = Kmy (Mo — my,) + my (6.18a)

(mf)adj =Kmy (mp—mu) +my, (6.18b)
(mo) aaj

A= —2 (6.18¢)
(mf)adj

With &y, = 1.1459 and ., = 1.9188

Despite this adjustment giving more realistic values it should still be taken with a grain of salt as the Centaur-
D is not necessarily representative. For example it has jettisonable hydrogen insulation panels, which are
not used on almost any other second stage. Additionally, the calculated component masses are not always
fully identical to their equivalent listed masses or it is at least unclear. Nonetheless, it certainly gives a more
realistic value than without adjustment.

6.8.3. Change in velocity
In addition to the parameters already calculated by each cycle the change in velocity is also calculated, as
shown in eq. (6.19a), as well as an adjusted version, which is found from the adjust mass ratio discussed
above, as shown in eq. (6.19b).

AV = Iy, orgoln (A) (6.192)

AVyaqi = Isp,1or§oln (Aadj) (6.19b)

With AV the change in velocity [m/s], Isp r the total specific impulse [s], A the mass ratio [-], and adj denot-
ing the adjusted version of a parameter.

With these final parameters defined the description of the cycle implementation is concluded and RoCAT
has been complete described. A list of assumptions as well as a list of differences w.r.t. Kwak are given in
appendix E. This chapter has described the implementation of each individual cycle. It touched upon the
abstract cycles from which they inherit, their optional configurations, and the parameters they calculate,
both internal and external. Combining this information with that of the previous chapter RoCAT has been
fully described. It still requires verification and validation, which is done in the next chapter.



/

Verification&Validation

This chapter contrasts the various cycles modeled in RoCAT with data from existing engines and compares
them to the results from other engine models. The aim is to showcase the accuracy of the model and to
highlight the outputs that need to be viewed with some skepticism. The performance models of RoCAT are
investigated first, followed by an examination of the mass models.

7.1. Performance

The focus of this section is on performance and flow parameters, i.e. mainly the specific impulse but also the
pressures at various in- and outlets as well as the mass flows to the chamber and either the turbine or battery
cooler. The choice to focus on comparing to other models, here called verification, was made because data
from existing rocket engines was only found to a limited extent in literature. However, it is done whenever
possible.

Each subsection starts by introducing the model, engine, and inputs that are used to compare results. The
results are presented in two ways: firstly, a detailed performance schematics and secondly, a table of main
output parameters, which is discussed in-depth. After the performance verification of each individual cycle,
the performance is also validated, although to a lesser extent, due to the lack of data from existing engines.

7.1.1. Performance Schematics

Before starting the verification, this paragraph quickly explains the set-up of the performance schematics
of which the first example can be seen in fig. 7.1. Each schematic shows the total specific impulse at the
top as well as the input total thrust. Furthermore, it shows the flow state in between each component and
consequently how each component influences the pressure, temperature, and mass flow. The splitters and
mergers (9) do not affect the former two properties, so for their downstream flows only the mass flow is given.
The numbers refer to the components as defined in table 4.1. From these schematics it becomes clear which
exit streams contributes how much to the total thrust (for the open cycles) and which streams contribute to
the pump power requirement. All values presented are output values, unless underlined. Generally the only
input values are the expansion ratios, ¢, the total thrust, Fr, sy, the efficiencies, 1, and the mixture ratio of the
thrust chamber, MR.

7.1.2. Electric-Pump Verification

For the verification of the electric-pump cycle, the results need to be compared with those of another model
for electric-pump cycle engines. The best model to compare with would be the model of Kwak [34]. This has
actually already been done at the start of this report in chapter 3, where several implementation inconsisten-
cies were found. They were corrected for and this model was used as basis for RoCAT, which means one could
say RoCAT has already been verified with the model of Kwak too the highest extent possible. However, it is
still interesting to see how the different models compare and if large differences can be explained.

Since Kwak’s model is not available and the paper’s data is limited, RoCAT is compared to the Adjusted Repli-
cation model instead. This model very accurately replicates the data in the paper, as discussed in section 3.4,
and thus should accurately show the difference between Kwak’s model and RoCAT. Note that this is not the
model from which RoCAT was built as that is the Replication model discussed in section 3.2.

Performance parameters were calculated for an electric-pump cycle engine with a thrust, chamber pressure,
and burn time of 100 kN, 10 MPa, and 300 s, respectively, using both models. These values are selected
since they led to the largest differences between the initial replication and Kwak’s model in section 3.2 and
consequently are likely to lead to the clearest differences once again. Detailed schematic overviews of these
parameters for both models are presented in figs. 7.1 and 7.2. An overview of selected parameters is provided
in table 7.1.
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Figure 7.1: Schematic overview of performance and flow parameters for an electric-pump cycle engine
(Fr=100kN, p.=10MPa, #,=300s) as simulated with RoCAT

unic  Adiusted - p AT Diff (%]
Replication

Specific Impulse [s] 370.0 332.4 10.17
Oxidizer Pump Outlet Pressure  [bar] 115.0 115.0 0.0
Fuel Pump Outlet Pressure [bar] 155.0 155.0 0.00
Battery Coolant Mass Flow (kg/s] 0.9916 1.609 -62.24
Chamber Oxidizer Mass Flow (kg/s] 19.57 21.79 -11.32
Chamber Fuel Mass Flow (kg/s] 7.988 8.892 -11.32
Electric Motor Power [kW] 571.40 689.8 -20.72
Turbine Oxidizer Power [kW] 3130 2660 15.01
Turbine Fuel Power [kW] 12054 13139 -9.00

Table 7.1: Comparison of performance parameters for an electric-pump cycle engine
(Fr=100kN, p;.=10MPa, t;,=300s) as produced by RoCAT and by a replication of Kwak’s model [43]
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Figure 7.2: Schematic overview of performance and flow parameters for an electric-pump cycle engine
(Fr=100kN, p..=10MPa, 1;,=300s) as simulated with Adjusted Replication of Kwak’s model [34]
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From table 7.1 it becomes clear that there are quite a few differences between both models. The differences
are not very large, which is is to be expected since the foundation of RoCAT is based on the model by Kwak.
The difference in specific impulse can be largely explained by switching from "shifting equilibrium" to "frozen
at throat" assumptions for the CEA calculation. Additionally quality factors were added as well as a mechani-
cal shaft efficiency that all lead to slightly more propellant flow being required in the RoCAT model. Although
the combined effect of frozen settings, quality factors, and shaft efficiency is substantial, it leads to much
more realistic specific impulse values than those posed by Kwak, see for example the 343 s specific impulse
reported for the vacuum-optimized Rutherford engine [49]. Additionally, the thrust chamber and regenera-
tive cooling heat flow rate were not modeled in Kwak’s model, leading to no temperature increase over the
heat exchanger in fig. 7.2, contrary to RoCAT where the temperature jumps about 520 K as seen in fig. 7.1.
Finally, the largest difference can be found in the battery coolant mass flow, which is also expected. Kwak’s
model underestimates the heat flow rate from the battery as was discussed in section 3.3.4. The pump outlet
pressures are the same although the method has changes somewhat. Kwak assumed the pump outlet pres-
sure to be 1.15/1.55 times the chamber pressure directly, while RoCAT calculates the outlet pressure based
on the pressure drop over the heat exchanger and injector. However, if no pressure drops are manually sup-
plied these pressure drops are assumed to be 0.4 and 0.15 times the chamber pressure. With the fuel flowing
through both and the oxidizer only through the injector this leads to exactly the same pump outlet pressures.
To summarize: the differences found between the two models are considerable, but can largely be attributed
to implementation choices that have been consciously made and have been explained previously in chapter 3
and chapter 5.

7.1.3. Gas Generator Verification

To verify the performance model for the gas generator cycle it is compared to the model given by Mota et
al.[43]. Both models analyze the Vulcain (or HM60) engine, for which the inputs were taken from Mota et al.
and McHugh [41, 43] and can be found in appendix B.3.2. It is a liquid hydrogen/liquid oxygen engine with
1025 kN of thrust using a parallel turbine configuration and an oxidizer-to-fuel ratio of 5.1. Note that despite
being a first stage engine, the specific impulse calculated by Mota is clearly for a vacuum. Consequently, the
ambient pressure has been set to 0. The detailed schematic overview of the results from RoCAT and Mota can
be found in fig. 7.3 and fig. 7.4 respectively. Table 7.2 shows the comparison of important parameters from
both models.

Unit Motaetal. RoCAT Diff [%]

Specific Impulse [s] 433.3 435.3 -0.46
Oxidizer Pump Outlet Pressure  [bar] 130.0 115.0 11.5
Fuel Pump Outlet Pressure [bar] 158.0 155.0 1.90
Turbine Oxidizer Mass Flow kg/s] 4.086 4.066 0.48
Turbine Fuel Mass Flow [kg/s] 4.540 4.590 -1.10
Chamber Oxidizer Mass Flow [kg/s] 206.3 193.5 6.18
Chamber Fuel Mass Flow (kg/s] 35.42 37.94 -7.13
Turbine Oxidizer Power (kW] 3130 2660 15.01
Turbine Fuel Power (kW] 12054 13139 -9.00

Table 7.2: Comparison of performance parameters for the Vulcain (HM60) engine as produced by RoCAT
and Mota’s model [43]

It is clear that RoCAT closely matches with Mota’s model with the exception of the oxidizer pump outlet pres-
sure and as a direct result the power required for the oxidizer pump. As mentioned in the previous subsection,
the outlet pressure is determined rather simplistic. It seems the model could be improved by looking at Mota’s
modeling of the pump, but unfortunately the description in the paper is insufficient. Part of the formula to
estimate the pump exit pressure drop remains unexplained and consequently cannot be replicated. Addi-
tionally, it could also be possible pressure drops were manually provided, although no values are provided by
Mota [43]. Nonetheless, the values match well enough to be considered satisfactory.
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Figure 7.3: Schematic overview of performance parameters and flow parameters for the Vulcain as simulated
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Figure 7.4: Schematic overview of performance parameters and flow parameters for the Vulcain as simulated
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7.1.4. Gas Generator Validation

For several existing gas generator engines performance data was available. Most data is from a paper by
McHugh [41] and concerns the HM7B, H-1, RS-27, F-1, HM60 (Vulcain), and J-2 engines. All of these engines
have been modeled and analyzed. Their performance schematics can be found in appendix C and a detailed
comparison between McHugh'’s data and RoCAT output can be found in appendix F. A summary of the differ-
ences for performance parameters is given in table 7.3.

HM7B H-1 RS-27 F-1 HM60 J-2 Abs.Avg.

GG Mass Flow [kg/s] -4.7  -548 -475 -30.7 3.0 11.7 25.4

GG Mixture Ratio [-] 0.49 -3.3 -1.0 1.2 -1.6 0.03 1.3

Fuel Mass Flow [kg/s] 24 0.30 -0.08 2.1 7.1 24 24
Oxidizer Mass Flow [kg/s] -1.3 -3.4 -3.6 -1.5 -2.4 -2.5 2.5

Fuel Pump Outlet Pressure [MPa] 0.54 -10.1 6.5 -7.5 -1.9 -2.9 4.9
Oxidizer Pump Outlet Pressure [MPa] -17.5 @ -248 -228 -189 -11.5 -18.7 19.0
(Fuel) Turbine Power [kW] -0.9 -16.1  -11.0 -10.4 17.3 0.45 9.4
Oxidizer Turbine Power [kW] -11.3  -19.4 15.4
Specific Impulse [s] 0.41 0.14 -043 046 041 -0.15 0.34

Table 7.3: Differences between performance data from McHugh and RoCAT for selected engines as well as
average of absolute differences

The table above shows that there is good agreement between the data of the existing engines and their sim-
ulation by RoCAT. The oxidizer pump outlet pressure is an exception and does not agree very well. That is in
line with results from the verification where pump outlet pressures also deviated. It is of interest to note that
it is consistently overestimated, which means it could be adjusted for relatively easily with a correction factor.
Alternatively, the feed lines could be modeled and its pressure drop could at least partly compensate for the
underestimation.

The gas generator mass flow has the biggest deviation and is generally an underestimation by RoCAT. Upon
closer inspection it seems that a distinction must be made based on propellant choice, since the average
deviation for liquid hydrogen based engines (HM7B, HM60, J-2) is only 6.5%, while for the RP-1 engines (H-1,
RS-27, F-1) the deviation is 50.7%. It is clear this inaccuracy is only present for RP-1 engines. This singles out a
likely cause. As previously discussed in section 5.4.1, CEA does not properly handle very fuel-rich combustion
of long organic compounds [32]. An alternative empirical formula was applied to compensate, but this only
corrected the relation between combustion temperature and mixture ratio in the gas generator. Which is why
the gas generator mixture ratio is not inaccurate for the RP-1 engines. However, no corrections for the other
flow properties were applied. On closer examination this seems to be the main cause, as the specific heat
capacity found by CEA(frozen) is around 4.2 kJ/kg/K, while Huzel and Huang [29] give around 2.7 kJ/kg/K
for fuel-rich RP-1/LOX combustion (°/r-ratio around 0.35). Note that if CEA is used assuming equilibrium
condition even more inaccurate specific heat capacities are found of around 10 kJ/kg/K. Unfortunately, no
satisfactory work around could be implemented in time for this research.

7.1.5. Open Expander Verification

To verify the performance model for the open expander cycle it is compared to the results of Sippel [53], which
simulated a ~2000 kN LH2/LOX open expander engine, named SE21D. The schematic overview of the flow
and performance parameters are shown at the end of this section. Figure 7.5 shows the new data as produced
with RoCAT, while fig. 7.6 shows the original data from Sippel [53]. The inputs used were directly taken from
Sippel’s paper and are listed in appendix B.3.3. Since Sippel’s schematic is just as detailed as the one produced
by RoCAT almost all parameters can be compared and there is good agreement between the two schematics.
To more accurately compare the results, the most important parameters have been listed in table 7.4.

The first columns of interest are the columns labeled Sippel, RoCAT, and Diff.. These show the difference be-
tween the two models, the columns denoted with a 2 are discussed later. The Expected Heat Flow Rate in the
Sippel-column is highlighted in bold, because it has been calculated from Sippel’s data instead of being taken
directly from the paper. The differences found in this comparison are mainly found in three areas: Firstly, the
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pressure rises over the pumps are not very accurate, which in turn affect the required power. Secondly, the
heat flow rate is quite severely overestimated, which also directly affects the coolant flow. And, finally, the dif-
ference in the throat radius carries on to most of the sizing of the thrust chamber. Notice that the secondary
fuel pump’s pressure increase is underestimated, while the coolant flow passing through it is overestimated,
which almost cancel each other out in the secondary fuel pump power required. For the heat flow rate, there

Name Unit Sippel | RoCAT Diff. [%] | RoCAT 2 Diff. 2 [%]
Chamber Sp. Impulse [s] 365.085 | 368.80 1.02 368.80 1.02
Exhaust Sp. Impulse Fu. [s] 158.933 | 155.13 2.39 154.41 2.84
Exhaust Sp. Impulse Ox. [s] 153.064 | 155.13 1.35 154.42 0.88
Overall Sp. Impulse [s] 360.985 | 365.14 1.15 364.68 1.02
AP Oxid. Pump [MPa] 8.249 7.1463 13.37 8.2490 0.00
AP Fuel Pump [MPa] 8.449 7.3463 13.05 8.4490 0.00
AP Fuel Pump 2 [MPa] 3.36 2.6596 20.85 3.3600 0.00
Fuel Pump Power Req. [MW] 15.443 13.649 11.62 15.882 2.84
Fuel Pump 2 Power Req. [MW] 1.01 1.0335 2.33 1.0182 0.81
Oxid. Pump Power Req. [MW] 4.315 3.7203 13.78 4.2906 0.57
Total Pump Power Req. IMW]  20.768 18.589 10.49 21.405 3.07
Heat Flow Rate [MW] 111.037 | 140.12 26.19 111.04 0.00
Turb. Mass Flow [kg/s] 10.174 9.3034 8.56 10.448 2.69
Cool. Mass Flow tkg/s] 16.394 20.596 25.63 16.327 0.41
Main Fuel Flow [kg/s] 93.677 | 91.524 2.30 92.598 1.15
Main Oxid. Flow kg/s] 456.323 | 452.22 0.90 451.83 0.99
Chamber Diameter [m] 0.985 .84159 14.56 .98500 0.00
Chamber Volume (m3] 1.029 75037 27.08 1.0279 0.11
Subs. Length [m] 1.582 1.5187 4.00 1.5476 2.17
Throat Radius (m] 0.286 .24436 14.56 .28600 0.00
Nozzle Length [m] 2.548 2.3310 8.52 2.7282 7.07

Table 7.4: Comparison between SE21D performance values as expected from the Sippel paper [53],
estimated by RoCAT, and estimated with several extra inputs

are several factors that can lead to deviations in the output of the model as compared to the data. A possible
factor is the uncertainty of the area ratio for regenerative cooling cut-off, which was taken from a previous
study and seems to be used in Sippel’s simulation, but is not explicitly clear [54]. Evidently, a larger cooled
area would directly influence the heat flow rate. Additionally, the heat transfer model makes many simpli-
fying assumptions, i.e. constant wall temperature and constant hot gas properties. Improving the model to
work without some of these simplifying assumptions will likely improve the heat transfer estimate.

For the pump outlet pressures, the cause is almost certainly the simple relations used to estimate the pressure
drop over the injector and cooling section. This also seems in line with previous research as Ernst, who used
similar relations, found a RSE of 19.6% for the outlet pressures while comparing with similar engines [20].
As already suggested in the gas generator section, addition of a feed line component will likely increase the
accuracy of the pump outlet pressure.

For the throat radius it is not clear what causes the deviation, but temperature, pressure, and mass flow in the
combustion chamber all deviate less than 2%. These properties should determine the throat area according
to ideal rocket theory in combination with the heat capacity ratio and molar mass of the gas in the combus-
tion chamber. Consequently, it can be concluded that Sippel sizes the throat differently from ideal rocket
theory or his chamber gas properties deviate from CEA. The former seems more likely.

To ensure these 3 differences are the main ones the simulation was run again, but this time with the throat
radius, heat transfer, and pressure rises given as inputs. As can be seen from the 2nd-columns, with these
additional inputs the remaining parameters match up very well. The small exception is the nozzle length,
which makes sense as Sippel did not provide detailed information on the divergent nozzle section, thus a 15°
conical divergent was assumed instead of a bell nozzle. The latter is longer than the former and thus this is a
likely reason for the difference.
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Exit Conditions  Sippel CEA Diff [%]
Mach Number [-] 3.411 3.354 -1.67 5
Temperature [K] 1579  1569.68  -0.59 ' -pace-vem
Pressure [kPa] 60 72.432 20.7
Table 7.5: Exit conditions of the SE21D as found by Sippel and from CEA
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Figure 7.5: Schematic overview of performance parameters and flow parameters for the SE21D as simulated

by RoCAT
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Some differences in the specific impulses remain as well. Although not a large difference, the main specific
impulse difference is quite important and a 1% difference has a considerable effect on performance. A pos-
sible reason is heat loss due to regenerative cooling, which is not accounted for in the modeling. The latter
reason was also identified by Ernst [20], who also compared his simulation with Sippel’s SE21D data, but that
seems not very likely in this case as exit temperature and mach number are lower as found by CEA than given
by Sippel as can be seen in table 7.5. A final aspect to be considered is that the decomposition of RP-1 due
to a high temperature after the cooling section is not accounted for, which might lead to reduced specific
impulse. This aspect is discussed in more detail in section 8.1.3.

Overall it is clear that there is room from improvement in the heat transfer model and pump outlet pressure
calculation, but otherwise the models agree nicely.
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Figure 7.6: Schematic overview of performance parameters and flow parameters for the SE21D as simulated
by Sippel [53]

7.1.6. Open Expander Validation
Real world data is limited for the open expander cycle as very few engines of this type have been made, the
closed expander cycle is more common. More specifically, the LE-5A and B engines are the only production
engines with this cycle [37] (more recently joined by the LE-9). The LE-5A has complex split cooling, while the
LE-5B’s configuration is more in line with most open expander cycle configurations discussed in this report.
As a consequence the LE-5B is used in the comparison. The specific configuration of the LE-5B is a open
expander with single pumps and double turbine in series.
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Unfortunately, data on the LE-5B is limited and sometimes intermixed with data from the LE-5 engine, which
is a gas generator and not an open expander, e.g. in the work of Ernst [20]. Almost all required inputs were
found with the exception of four parameters: the efficiencies of both pumps, and the efficiencies of the tur-
bines. Therefore, these have been assumed to be equal to the values given for the SE21D discussed previously.
Since these are quite crucial parameters this brings some added uncertainty to the RoCAT outputs, but dif-
ferences are expected to be small enough for the comparison to still be relevant. The complete set of inputs
can be found in appendix B and the comparison between output values is shown in table 7.6 below.

LE-5B [2] RoCAT Abs. Diff. [%]

Exit Diameter [m] 1.65 1.67 0.94
Vacuum Specific Impulse [s] 447 451.0 0.90
Length [m] 2.75 3.16 15.08
Engine Dry Mass [kg] 285 104.5 63.33
Heat Transfer [MW] 8.30 11.86 42.81
Fuel Side
Pump Outlet Pressure [bar] 68.6 56.1 18.21
Pump Mass Flow [kg/s] 5.20 5.72 10.00
Shaft Power [kW] 805.7 593.3 26.36
Turbine Inlet Pressure [bar] 36.9 41.6 12.82
Turbine Inlet Temperature [K] 409 409 -
Turbine Outlet Pressure [bar] 7.20 8.12 12.82
Turbine Mass Flow [kg/s] 0.66 0.67 1.33
Oxidizer Side
Pump Outlet Pressure [bar] 53.0 41.6 21.45
Pump Mass Flow [kg/s] 26.9 25.3 6.11
Shaft Power [kW] 182.0 115.3 36.66
Turbine Inlet Pressure [bar] 6.30 8.12 28.94
Turbine Inlet Temperature [K] 329 348 5.77
Turbine Outlet Pressure [bar] 2.90 3.74 28.96
Turbine Mass Flow [kg/s] 0.49 0.29 41.22

Table 7.6: Comparison between real data and RoCAT output for LE-5B open expander engine

From table 7.6 it can be seen that there is decent agreement overall, but serious differences for several param-
eters. Some chaining effects can be seen, for both propellant sides the pump outlet pressure is significantly
underestimated, which leads to reduced shaft power. On the contrary the turbine inlet and outlet pressures
are too high. Oddly enough the combination of high turbine pressure and reduced shaft power leads to a very
accurate turbine mass flow for the fuel side. For the oxidizer side the turbine mass flow is reduced, which
is more in line with expectations, especially considering the somewhat higher inlet temperature. Lastly, it is
important to note that the heat transfer is overestimated by about 43%, which likely means RoCAT calculates
more cooling flow than is the case in reality.

7.1.7. Performance Conclusions

In this section the RoCAT model has been compared to another model for every cycle type. In general there
seems to be good agreement between models on the overall specific impulse and most other parameters of
interest. The parameters that deviate consistently are the regenerative heat transfer and pump outlet pres-
sures. For the former this deviation is deemed acceptable as first order heat transfer estimation is notoriously
difficult and very simplifying assumptions have been made. Additionally, any improvement to this part of the
model would most likely cost quite some time while also greatly increasing the calculation time of each anal-
ysis run. The outlet pressures deviation with respect to the other models is more concerning and would most
likely be easier to fix. The current estimation accounts for the pressure drop over each individual compo-
nent, but the individual component pressure drops are all calculated as a simple linear factor of the chamber
pressure. The performance verification and validation have identified this as a clear weak point of the model.



64 7. Verification&Validation

7.2. Mass

This section focuses on the validation of the mass models for RoCAT. Similar to the previous section each
cycle is discussed in turn, which is followed by overarching conclusions. In contrast to the previous section,
only validation is discussed as no enough data is available from similar models to do verification.

7.2.1. Electric-Pump

For the electric-pump cycle no real world mass data is available. Only the Electron has flown with this cycle
and Rocket Lab has not published any well defined mass data. Consequently, comparison is only possible
with simulated data from literature. Although a handful of models for the electric-pump cycle have been
presented in previous research, only two give absolute mass data; Kwak et al. [34] and Lee et al. [35]. Since
the former has been the foundation for RoCAT there is good agreement between RoCAT and Kwak’s results
as has been established in section 3.2. Therefore, the comparison is made with data from Lee’s paper as an
addition. The mass comparison is made for the electric-pump cycle engine discussed in that paper for which
the RoCAT inputs can be found in appendix B.3.1. The main inputs are listed below:

e Thrust: 500 N e Burn Time: 600 sec ¢ Fuel: RP-1
¢ Chamber Pressure: 20 bar e O/F-ratio: 2.45 ¢ Oxidizer: LOX

The results of this comparison can be seen in table 7.7. "Power" in this table refers to the sum of the battery,
inverter, electric motor and pumps. From table 7.7 one can see that there is varying agreement between

Component Lee RoCAT Abs. Diff. [%]
Tanks 0.598 0.650 8.82
Feed line 2.474 - -
Power* 2.585 2.179 15.73
Thrust Chamber 5.138 0.254 95.05
Propellant 97.788  106.241 8.64
Total** 106.110 109.324 3.03

Table 7.7: Comparison of RoOCAT and Lee et al.[35] masses for an electric-pump cycle engine
*Battery, Inverter, Electric Motor, and Pumps - **Total mass without Feed line mass

the mass parameters for both models. The mass values for the tanks, propellant, and total match acceptably
(<10%), while for the combination of all power components the agreement is somewhat less and for the thrust
chamber the difference is more than an order of magnitude. Upon further inspection a likely explanation for
the smaller differences is a difference in specific impulse, which is somewhat expected as Lee uses CEA with
shifting equilibrium settings, while RoCAT uses frozen settings. This explains the higher propellant mass and
consequently higher tank mass. However, a higher propellant mass would also indicate a higher mass flow,
which would cause higher mass for all power components, while the opposite seems the case. Most likely this
is caused by a difference in pump exit pressures, as Lee used more detailed methods to estimate them. Finally,
the thrust chamber values do not agree at all. This seems to be the case for all cycles and configurations, as
shown in the following subsections, and this is discussed further in the general conclusions at the end of this
chapter.

7.2.2. Gas Generator
For the gas generator cycle mass data from McHugh is used [41] just as was done in the performance section.
The deviation of RoCAT output from the data from McHugh is shown in table 7.8.

HM7B H-1 RS-27 F-1 HM60 J-2 Abs.Avg.
Engine Dry Mass [%] | -67.03 -58.72 -62.28 -28.52 -12.16 | -52.09 46.80
Chamber Mass [%] | -66.38 -41.58 -46.95 - -12.17 | -43.72 42.16

Table 7.8: Differences between mass data from McHugh [41] and RoCAT for selected GG engines

Itis evident from the data in the table that the estimated mass of the engine is vastly underestimated for most
of the engines. Some underestimation is expected, as not all components are modeled. Additionally, the
components that are modeled only include the essentials while neglecting peripherals such as connections,
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sensors, and support structures. However, it is concerning that the engine’s dry mass is not even half of what
was expected.

The deviation for these same engines is small for the performance parameters, as previously shown in sec-
tion 7.1.4. Consequently, it can be deduced that the issues lies with the mass models. More specifically, the
modeling of the thrust chamber (injector, chamber, and nozzle) is shown to be a main problem in table 7.8.
Unfortunately, it is not clear from this limited data how the mass of the other components that make up the
engine’s dry mass compare to the real masses.

7.2.3. Open Expander

Almost no real world data could be found for open expander engines with the single exception of the LE-5B
engine dry mass. Other open expanders were or are under development like the M10 for the Vega-E, BE-7 for
the New Glenn, and LE-9 for the HIII. However, for none enough data could be gathered to simulate them,
despite their (expected) dry masses being available. Consequently, for the open expander cycle mass model
the LE-5B’s dry mass is the only validation point. It was already given in table 7.6, but for convenience is
repeated below table 7.9:

LE-5B [2] RoCAT Diff [%]
Engine Dry Mass [kg] 285 104.5 -63.33

Table 7.9: Comparison between RoCAT and real data for LE-5B engine dry mass

Some deviation is likely due to uncertainty in assumed inputs, as discussed in section 7.1.6. Nonetheless, the
engine dry mass is severely underestimated, which is in line with the findings in the previous sections.

7.2.4. Mass Conclusions

Combining the discussion from the previous subsections, it becomes apparent that the mass models are quite
inaccurate and severely underestimate the engine dry mass. Although detailed mass data per component is
lacking, it seems that this is mostly due to the thrust chamber (injector, chamber, and nozzle) mass. This is
most likely due to limited modeling which only accounts for a shell mass. Additionally, some components
that have not been modeled in RoCAT contribute significantly to the total engine dry mass, i.e. feed lines and
valves. Furthermore, the mass of the heat exchanger has also not been modeled. The lack of these compo-
nents exacerbates the underestimation of the engine dry mass.

Several options are available to improve the mass modeling, but none of them have been applied in this
research. Since the primary objective of this study is comparative, accurate absolute values are of lesser con-
cern. Although the models’ accuracy may be limited, they remain reasonably consistent over a wide range
of thrusts and cycles, and are therefore still useful for comparing individual cycles. Nevertheless, it is es-
sential to note the inaccuracy of the mass models, and ideally, they should be improved. Some options for
improvement include:

¢ Adding (mass) models for the feed lines, valves, and cooling jacket

* Improving the thrust chamber mass model through more detailed modeling
* Adding correction factors based on existing data

¢ Switching from physical modeling to empirical models

Each of these has some drawbacks, but the empirical factors are probably the easiest improvement. As an
example a correction factor of about 1.44 for the thrust chamber mass could have been found from table 7.8.
This also matches reasonably with the correction factor found by Ernst [20] of 1.51, which used similar mass
models and also applies such a correction factor. However, the mass data is quite limited and adding correc-
tion factors to match this data somewhat invalidates their use in validation.
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In this chapter the models of RoCAT have been verified and validated. It can be concluded that the perfor-
mance and flow parameters are all generally modeled within acceptable margins (<30%), while this is not
the case for the mass models. Especially the thrust chamber mass is severely underestimated. Outputs that
see considerable, but acceptable deviation are the pump outlet pressures and the regenerative heat flow rate.
With the models of RoCAT validated and verified and its limitations identified, it can be used to compare the
various cycles in the next chapter.
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Results & Discussion

In this chapter the electric-pump cycle is compared to the gas generator cycle and open expander cycle. First
for the same input chamber pressure and mixture ratio and secondly with the same inputs individually opti-
mized. Four aspects are considered: initial mass, mass ratio, total specific impulse and velocity change. This
is followed by an analysis of future development of the electric-pump cycle. A detailed definition of the per-
formance aspects is given in fig. 6.14 for the initial mass, section 6.8.1 for the mass ratio, eqs. (6.2b) and (6.12a)
for the total specific impulse, and eq. (6.19a) for the velocity change.

As already mentioned in the introduction, the performance of the engine cycles is of interest, which is why
these parameters were chosen. Initial mass largely determines acceleration, places a lower limit on the initial
thrust, and largely determines the payload mass of its lower stage if applied as upper stage. The velocity
change directly shows what payload can be taken to which altitude or orbit. The mass ratio itself is mostly of
interest as determining parameter of the velocity change. The same is true for the specific impulse, while it
also shows how efficiently the engine uses propellant. Finally, the mass ratio itself is also of interest, since it
will clearly show the difference between the expelled turbine drive gas and the battery which is carried along.

8.1. Direct Cycle Comparison

The models in RoCAT are used to compare the electric pump, gas generator, and open expander cycle. In this
section this is done directly, i.e. each cycle is compared to another at the same input chamber pressure, burn
time, and thrust, assuming RP-1 as fuel. All other inputs are take as default, see tables 5.4, 5.5, 5.7 and 5.8 for
these default values. There are two exceptions:

* End of cooling expansion ratio: 10

 Exit pressure: 0.02 bar

The cooling of the nozzle needed to be limited because otherwise the required coolant flow would be greater
than the main fuel flow for large sections of the design space, which lead to invalid designs and which RoCAT
consequently does not accept. This does not limit the energy supplied to the turbine in the open expander
cycle since the minimum required coolant flow was higher than the required turbine flow in almost all cases,
i.e. the temperature of the turbine inlet was almost always maximum in the open expander cycle. This is also
what one would expect from the double split open expander cycle, as previusly discussed in section 4.3.3.
The exit pressure was selected to stay in concordance with the work of Kwak et al. [34].

To give some more detailed insight into the cycles their performance schematics are first provided in figs. 8.1
to 8.3 for each cycle. This is only a single engine in the middle of the considered ranges, i.e. a burn time of
750 and a chamber pressure of 50 bar. The schematics give insight in the differences between the cycles. It
is interesting to note that the electric-pump and gas generator cycle have almost the same fuel flow, despite
the clear difference in recirculating battery coolant and additional flow for the gas generator. Furthermore,
it also clearly shows that the turbine exhaust contributes less to the thrust in the case of the open expander
cycle than for the gas generator cycle, despite the former having a higher turbine mass flow. These quirks will
be discussed further in the specific impulse subsection.

67
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Figure 8.1: Performance schematic of an electric-pump cycle engine with F7=100kN, #;,=500s, p..=50bar
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Figure 8.2: Performance schematic of a gas generator cycle engine with Fr=100kN, #;,=500s, p..=50bar
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With some initial insight from the schematics, it is now time to compare the cycles over the whole considered
ranges. The electric-pump cycle is compared to the gas generator cycle and open expander cycle on the four
parameters mentioned at the start of this chapter. This direct comparison is made for engines with 100 kN
thrust for which the chamber pressure and burn time are varied. Only a single thrust is selected since it was

observed that thrust has very little effect on the relative differences although it greatly influences the absolute
values, which is in line with Kwak’s findings [34].
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Figure 8.4: Comparison of initial mass between EP-, GG-, and OE-cycle

8.1.1. Initial Mass

As can be seen in fig. 8.4 the initial mass of the electric-pump cycle engine is larger than that of the gas gen-
erator cycle over the whole range of chamber pressures and for all burn times. This is different from previous
research, most notably Kwak et al [34], which found the initial mass of the electric-pump cycle to be lower
than the gas generator cycle’s initial mass for burn times above 390 seconds with the same inputs. Addi-
tionally, the open expander cycle is quite a bit heavier than the gas generator cycle for all considered inputs.

Further discussion as to why the open expander performs worse than the gas generator is discussed in a sub-
sequent part of this chapter.

In the three graphs all cycles have an optimal chamber pressure at which they have the lowest initial mass,
although that of the gas generator is slightly outside the considered range (10.5 and 13.0 MPa for burn times
of 300 and 1200 sec respectively). Additionally, for both conventional cycles this optimum moves marginally
for different burn times, while burn time has a large effect on the optimum for the electric-pump cycle. Both
the effects of chamber pressure and burn time are considered in more detail.
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Group Components Pec
Energy Source Turbine Propellant, Battery " 1"
Feed System Pumps, Turbine, Gas Generator, Electric Motor, Inverter 11 -
CCProp. Group  Chamber Propellant, Pressurant, Tanks | "
Thrust Chamber Injector, Combustion Chamber, Nozzle ? -

Table 8.1: Expected effect of an increase in chamber pressure and burn time on component masses

To do so the components are divided in four groups as is shown in table 8.1. This table also shows the the-
oretical effect that increases in burn time and chamber pressure are expected to have. Firstly, the feed sys-
tem components’ masses are expected to roughly increase linearly with chamber pressure as this directly
increases the power required by the pumps on which the mass estimation of these components is based.
Burn time, however, is not expected to have any effect on these components.

This is in contrast to the energy source group, which is also dependent on the pump power, but should scale
roughly linearly with burn time as longer operation leads to more turbine propellant mass and a heavier bat-
tery. An important caveat for the battery is that the battery should be energy limited for it to scale with burn
time. This is true for all considered burn times as the selected battery has an optimal discharge time of only
100 sec.

For the third group, it is a core principle of engine design that chamber propellant is expected to decrease
with increasing pressure due to specific impulse gains and subsequent decrease in chamber propellant flow.
The effect of burn time on this group is expected to be positive and roughly linear. Additionally, the tanks and
pressurant scale with total propellant volume, but can be assumed to scale the same as the chamber propel-
lant, since this makes up at least 94% of the total propellant volume in all considered cases.

Finally, for the thrust chamber the effect of an increase in chamber pressure is less clear as it increases the
thickness of the components, but reduces their size through a reduced throat area (also through reduced
mass flow). Additionally, the area ratio is changed since the exit pressure is given, while the chamber pressure
is varied. This also has an effect on the size of the nozzle. Changes in burn time are expected to not have any
effect on the thrust chamber mass.

Detailed Pressure Effects

Above the expected behavior of these groups has been predicted, while figs. 8.5 and 8.6 show the actual be-
havior of these mass groups with changing chamber pressure with a burn time of 300 sec. In fig. 8.5 it can be
seen that feed system mass indeed grows with chamber pressure and the electric-pump cycle’s feed system
mass is heavier and grows much faster than that of the two conventional cycles for which the difference is
barely noticeable on this scale. The thrust chamber mass develops similarly for all cycles, with the electric-
pump cycle’s being slightly heavier. This can be explained due to a slightly higher chamber mass flow. The
sudden kink in the graph line for thrust chamber mass is due to the minimum material thickness, i.e. for pres-
sures lower than 5 MPa the thickness is decided by this minimum and increases in pressure lead to a smaller
throat area, which ultimately leads to a lower mass. Above 5 MPa the thickness is determined by the chamber
pressure and increases in pressure still lead to a reduced throat area, but the effect of increased thickness is
larger and leads to a heavier thrust chamber.

The masses of the energy source and chamber propellant group are plotted in fig. 8.6, which directly shows
that the former increases with increasing pressure, while the latter decreases. In this graph both y-axes cover a
range of 700 kg, thus visual differences for both mass groups translate to equal absolute numerical differences
and can be compared more intuitively. The differences between the cycles for the energy source masses are
larger than those between the cc prop group. Additionally, energy source mass growth rate is constant or
increases for all cycles. This in contrast to the CC propellant group mass, whose decrease levels off with
increasing pressure. These two effects combined explain the optimum chamber pressures for initial mass
that were found in fig. 8.4. The growth of the feed system and thrust chamber mass also contribute, but for
the conventional cycles they comprise at most 1.2% of initial mass, while for the EP-cycle this is 2.4%. This
only becomes less with increasing burn times, so their effect is limited.
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Figure 8.7: Turbine inlet properties versus chamber pressure for the GG- and OE-cycle

A last thing to be discussed from fig. 8.6 is the fact that the energy source mass for the EP- and GG-cycle is
nearly linear with chamber pressure, while for the OE-cycle the growth rate increases. Upon closer inspection
this is caused by the turbine inlet properties relation to chamber pressure. Figure 8.7 show their development.
It becomes clear that the turbine inlet properties develop differently for the gas generator and open expander
cycle. Since the mass flow required by the turbine, 71y, is proportional to the specific heat capacity, c,, and
heat capacity ratio, y, as given below in eq. (8.1).

-1

(8.1

. ( Pin )(71’1)
My o< | cp|1-
Pout

From the above equation it can be concluded that with increasing y and c,, the required turbine mass flow
decreases, consequently a decreasing growth rate of these properties results in an increasing growth rate of
the turbine mass flow and subsequent turbine propellant mass as was found in fig. 8.6. Therefore, the prop-
erty deviation explains why the turbine propellant mass does not grow linearly with pressure for the open
expander, but does for the gas generator. It is important to note that the open expander and gas genera-
tor have different driving gasses for the turbine: heated fuel and fuel-rich combustion gasses respectively.
Additionally, different models calculate the properties of these turbine drive gasses. For the OE-cycle the
are determined through CoolProp, while for the GG-cycle they are determined through a empirical relation
or CEA as discussed in section 5.4.1. Additional ramifications of this difference are discussed below in sec-
tion 8.1.3.
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Figure 8.10: Development of chamber propellant group mass with burn time

Detailed Burn Time Effects

In this paragraph the effect of changes in burn time on the the previously defined four groups are analyzed.
The mass groups are plotted against burn time for engines with a chamber pressure of 10 MPa. Figure 8.8
shows the feed system mass and thrust chamber mass. For both it was predicted that burn time would have
no influence and that is the case with the clear exception of the EP-cycle feed system mass, which decreases
with burn time. This decrease is due to the battery efficiency being dependent on discharge time, i.e. burn
time; with higher burn times the battery is more efficient, produces less heat and less battery coolant is re-
quired, which leads to lower pump power and ultimately a lighter feed system. This is in line with the findings
made by Kwak et al. [34].

The effect burn time has on the energy source mass and chamber propellant group mass are shown in figs. 8.9
and 8.10. In addition to the absolute mass values a burn time ratio is shown to clearer visualize the effects
of burn time on the different cycles. Therefore, in fig. 8.9 the straight horizontal lines for the OE- and GG-
cycle energy source ratio indicate a linear relation with burn time. For the EP-cycle the energy source mass
grows with burn time, but from the burn time ratio it becomes clear that the growth rate declines until it hits
aminimum. This coincides with the battery hitting a discharge efficiency of 100% at +1344 seconds. With the
current assumptions no battery cooling would be required from this point onwards. This limit was not con-
sidered in previous research, but is important to consider since it means that further burn time increases do
not improve the relative performance of the EP-cycle to conventional cycles. Additionally, the battery heating
model is probably not adequate for these burn times as discharging batteries heat up, even at 100% discharge
efficiency and above. It however essentially shows the performance of an electric-pump cycle that does not
need cooling.

Figure 8.10 shows the difference between the chamber propellant group mass. Its growth with burn time is
the same for all cycles. Since it is visually not very clear: the Chamber propellant mass of the open expander
cycle is consistently 0.8% less than that of the electric-pump cycle, while that of the gas generator cycle is con-
sistently 1.4% less. The development of this mass group is as expected and the relative differences between
the cycles are independent of burn time for this group.
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8.1.2. Mass Ratio

In the previous section the initial mass has been divided into four groups and the effect of chamber pressure
and burn time on each of these groups has been discussed. The mass ratio is derived from these groups and
defined as initial mass divided by final mass. For all cycles the feed system and thrust chamber groups are
part of the final mass. The chamber propellant group should be split, since the tanks and pressurant are part
of the final mass, but the chamber propellant is not.

Lastly, the energy source group should be considered. This is were the main difference between the cycles is
found; the turbine propellant is expelled during flight for the conventional cycles, while the battery is kept on
board for the electric-pump cycle.

This leads to the mass ratio developing as shown in fig. 8.11 for various burn times and chamber pressures.
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Figure 8.11: Comparison of mass ratio between EP-, GG-, and OE-cycle

In fig. 8.11 the differences between the conventional cycles are barely visible compared to the difference with
the electric-pump cycle. The main cause of this large difference is the battery mass. However, even if the
battery mass would be "expelled", fig. 8.5 already showed that the feed system of the electric-pump cycle
is heavier than that of the other cycles over the considered pressure range. Additionally, it is clear that all
cycles have higher mass ratios for longer burn times. This is to be expected as the increase in required pro-
pellant dominates all other effects of increased burn time. The graph also shows a decrease in mass ratio with
chamber pressure for all cycles. This is also as expected. For example, for the electric-pump cycle, the total
propellant decreases about 6% when increasing the chamber pressure from 3 MPa to 10 MPa. Conversely,
the feed system mass more than triples. So the final mass increases, while the initial mass decreases leading
to decreased mass ratios. Although previously it was found that the mass of the tanks and pressurant de-
creases with increasing pressure as well as the mass of the thrust chamber (below 5 MPa), this effect is not
large enough to offset the large increase in feed system mass. E.g. Increasing the pressure from 3 to 5 MPa
for the EP-cycle reduces the thrust chamber mass by 9 kg and the tanks&pressurant by 13 kg, while the feed
system mass increases by 35 kg.
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8.1.3. Specific Impulse

In fig. 8.12 the development of overall specific impulse with chamber pressure is shown for all three cycles.
It is clear that both conventional cycles perform worse than the electric-pump cycle. This is as expected
since the propellant used to power the turbine is expelled at a significantly lower specific impulse than the
propellant going through the main chamber. Since all propellant goes through the main chamber for the
electric-pump cycle the other two cycles have a lower overall specific impulse.
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Figure 8.12: Comparison of specific impulse between EP-, GG-, and OE-cycle

Additionally, the conventional cycles have an optimum chamber pressure while this is not the case for the
electric-pump cycle. This optimum is found at 13.2 and 7.4 MPa for the gas generator and open expander
cycle respectively. For these cycles there are two opposing effects at work; an increase in chamber pressure
leads to improved combustion in the chamber an thus higher specific impulse for the chamber flow. Con-
versely, increased chamber pressure leads to more pump work and, consequently, a larger percentage of the
total flow is required to power the turbine. This flow is expelled at a low specific impulse and thus negatively
affects the overall specific impulse. A slight compensation is that this turbine flow still marginally contributes
to the thrust thus reducing the required chamber flow, which also has been modeled.

With diminishing improvements in chamber specific impulse for ever increasing chamber pressure this leads
to the optima as found in fig. 8.12 for the conventional cycles. Since the electric-pump cycle does not use a
turbine there is no negative effect of increasing pressure and overall specific impulse keeps increasing.

Gas generator vs Open Expander

So far the trends found in fig. 8.12 are as expected, but there is one aspect of the graph that still was to be
explained: namely that the open expander cycle has a worse specific impulse than the gas generator over the
whole considered range.

Generally, the expander cycle is seen as more efficient than the gas generator, but there are explanations for
this unexpected result. The main one being the propellant choice. In these results only engines with RP-
1/LOX as propellant combination have been considered. However, in literature and within existing engines
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no expander cycles are found that use this propellant combination. Most designs use liquid hydrogen and
oxygen instead. There are practical reasons why not to use RP-1, i.e. coking of hydrocarbon fuels at high
temperatures [38], but one of the main reasons is the relatively low specific heat capacity of RP-1: +2 kJ/kg.
Compare this to the specific heat capacity of hydrogen, +14 kJ/kg, and it becomes clear that RP-1 is a worse
coolant and can carry less heat from the thrust chamber to the turbine.

This also means that regenerative cooling with RP-1 is actually quite limited. At a thrust of 25 kN the nozzle
is small enough that cooling becomes almost impossible for all cycles. Cooling beyond an area ratio of 6 after
the throat requires more RP-1 than is needed for the main combustion.

Besides these inferior cooling properties, RP-1 has a high (average) molecular mass, which means the tur-
bine exhaust contributes less to the thrust than if a a propellant would be used with a lower molecular mass,
i.e. hydrogen. In comparison to the gas generator cycle the difference in molecular mass is even more pro-
nounced. For hydrolox the gas generator combustion products are heavier than the pure hydrogen used in
the open expander cycle, while for RP-1/LOX the combustion products are considerably lighter than pure RP-
1. This further reduces the performance of the open expander cycle relative to the gas generator cycle when
RP-1 is used as fuel. An alternative would be to compare the cycles with hydrolox as fuel instead. However,
the chosen electric-pump cycle configuration does not allow for this currently. The configuration chosen in
this report feeds the hot battery coolant back into the main fuel pump. With RP-1 this is possible, but with
cryogenic propellants this would quickly lead to cavitation issues in the fuel pump. Hence, the comparison
has been made for RP-1 engines despite its unsuitability for the open expander cycle.

RP-1 properties estimation

The previous paragraph has given a theoretical explanations for the low specific impulse of the open expander
relative to the gas generator. However, besides the theoretical explanation there is a further cause that is
mostly due to RoCAT’s implementation. As previously discussed in section 5.1.1 CoolProp is used to handle
pure substances, while CEA is used to handle combustion products. Consequently, the properties of the flow
entering the turbine are determined differently for the open expander cycle and gas generator cycle.

For RP-1 (i.e. n-Dodecane in CoolProp) both methods are not in line with real world data. CEA overestimates
the decomposition of hydrocarbons and ends up with mostly atomic carbon for both combustion or thermal
decomposition [32], while CoolProp does not model thermal decomposition at all. As a result the specific
heat capacity, heat capacity ratio, and molar mass differ significantly.
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Figure 8.13: Properties of (Decomposed) RP-1 according to CEA and CoolProp

The graphs shown in fig. 8.13 show the specific heat capacity and heat capacity ratio as found by CEA and
CoolProp for pure RP-1, or its near equivalent n-Dodecane. When found with CEA the specific heat capacity
changes quite a bit more with changes in temperature and/or pressure than when CoolProp is used. The op-
posite is true for the heat capacity ratio, which is more sensitive when estimated with CoolProp. It is also clear
that the general trends of both properties are more predictable for CEA; the specific heat capacity increases
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with increasing temperature and decreasing pressure. For CoolProp the trends are less clear. Regardless, there
are clear differences between these two models and the resulting differences in the flow properties effect how
much mass is required to run the turbine. In addition to the two properties shown in fig. 8.13 there is also a
large difference in molar mass. CEA predicts a molar mass of 12.66 - 13.75 g/mol depending on temperature
and pressure, while CoolProp predicts 170.33 g/mol irrespective of the temperate and pressure. The molar
mass does not influence the turbine mass flow directly, but alters the turbine exhaust thrust contribution.
The more than 10 times decrease in molar mass leads to more than 3.5 times higher thrust contribution, thus
substantially reducing the required main flow, which eventually also lead to a reduction in the turbine mass
flow.

The combined effect of these differences has also been calculated for an open expander cycle engine with a
thrust of 100 kN, chamber pressure of 10 MPa, and turbine inlet temperature of 850 K. Switching from Cool-
Prop’s property estimation to CEA, gives a 3.1% increase in overall specific impulse. Note that although the
relative difference in specific heat capacity is largest at lower pressure, more turbine propellant is required
at higher chamber pressure, thus the difference between CEA and CoolProp grows as chamber pressure in-
creases. A 3% difference in specific impulse is considerable and would put the open expander’s specific im-
pulse slightly above that of the gas generator cycle if CEA’s properties are used. However, as previously stated,
CEA leads to an overestimation of the overall specific impulse, while CoolProp leads to an underestimation.
The true value will be in between both estimates, but it is important to note that currently RoCAT underesti-
mates the overall specific impulse of the open expander cycle if RP-1 is used as turbine drive gas.

8.1.4. Change in Velocity

In the previous subsections the engine cycles have been compared on mass ratio and overall specific impulse.
Both are important for the velocity change the rocket can impart to its payload, which is the final measure
of the performance for a cycle. In fig. 8.14 one can see this change in velocity for each cycle for various burn
times. Note that the mass ratio only accounts for the modeled components and a mass compensation factor
(see section 6.8.2) has not been applied. This leads to an overestimation of the change in velocity. Con-
sequently, the absolute values should be taken with a grain of salt and the focus should be on the relative
performance of the cycles.
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Figure 8.14 is a clear combination of the previous graphs displaying the mass ratio and specific impulse
(figs. 8.11 and 8.12). The effect of the mass ratio still dominates and the electric-pump cycle performs worse
than both cycles over the whole range of considered inputs. Additionally, the relative difference between the
electric-pump cycle and the others is smaller for higher burn times and greater for higher chamber pressures.
This is in line with the observations for the mass ratio. The difference is somewhat lessened by the higher
specific impulse, but only marginally so.

In effect it can be concluded that the electric-pump cycle performs worse than the conventional cycles for
the same burn time and chamber pressure. The electric-pump cycle compares worst against the gas gen-
erator cycle at 300 s burn time and 10 MPa chamber pressure where it has a velocity change that is 26.6%
lower. Conversely, the difference is only 8.9% when compared at 1200 s and 3 MPa. Compared to the open
expander cycle the largest and smallest relative difference are 24.7% and 7.5% respectively. These relative dif-
ferences for idealized velocity change for the gas generator are similar to those found by Kwak et al. (8 and 25
%), but slightly worse. This is as expected since the differences in modeling between RoCAT and Kwak were
expected to slightly improve the gas generator performance, e.g. more complete consideration of turbine ex-
haust thrust contribution (see section 6.2), while decreasing the performance of the electric-pump cycle, e.g.
accounting for efficiencies in battery coolant flow (see section 3.3.4).

All in all this section has shown that in direct comparison the electric-pump cycle performs worse than con-
ventional cycles on all aspects considered, i.e. initial mass, mass ratio, specific impulse, and velocity change.
Despite the higher specific impulse of the electric-pump cycle with respect to the conventional cycles, the dif-
ference is far too small to compensate for the great reduction in mass ratio as a result of carrying the battery
the whole flight. The relative difference in the performance parameters between the gas generator cycle and
electric-pump cycle are in line with previous research, but RoCAT predicts slightly worse relative performance
of the electric-pump cycle. Furthermore, there is one clear exception: the initial mass. No combination of
burn time and chamber pressure were found where the initial mass was lower for the electric-pump cycle,
while previous research did find these points at burn times above 390 seconds [34].

Additionally, it was found that the open expander cycle also performs worse than the gas generator cycle. The
main cause for this was found to be the propellant selection. RP-1 seems to be ill suited for use in an open
expander cycle engine, mainly due to its inferior cooling capabilities. In addition, the chosen implementation
of propellant property estimation does not model the thermal decomposition of hydrocarbon fuels, which
exacerbates the lower performance results for the open expander cycle.

8.2. Optimized Cycle Comparison

In the previous section the cycles have been compared for the same input chamber pressure, and burn time.
However, the different cycles clearly operate optimally at different chamber pressures. Furthermore, previ-
ous research found that the electric-pump cycle might operate better at slightly leaner mixture ratios [63] (for
methane engines). Consequently, an optimization routine was written to compare the engine cycles while
optimizing for chamber pressure and chamber mixture ratio. The goal is to find the highest velocity change
achievable for a given total impulse (i.e. burn time and thrust). Visualization of the complete design space
and optimal points for all cycles can be seen in figs. 8.15 and 8.16 for a burn time of 300 and 1200 seconds
respectively. Both sets of 3D graphs are made for a thrust of 100 kN.

From fig. 8.15 it is clear that the conventional cycles have very similar optimal pressure and chamber O/F-
ratio for a burn time of 300 sec; 5.01 MPa and 2.33 for the GG-cycle and 4.94 MPa, 2.32 for the OE-cycle.
The EP-cycle’s optimal point is however found at a much lower pressure and somewhat fuel-richer O/F-ratio;
1.42 MPa and 2.23. In addition to the different optimal inputs the AV achieved is also different. Similar to
the direct comparison the gas-generator still performs best with the open expander a close second and the
electric-pump having the lowest. The EP-cycle has a 9.9% and 8.6% lower velocity change than the GG- and
OE-cycle respectively. This is still a clear gap, but much better than if the cycles are compared for the same
high chamber pressure, which lead to differences upwards of 20%. The difference in O/F-ratio between the
cycles are explained later in this section.
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Now looking at fig. 8.16 the relative differences in maximum change in velocity between the cycles have
changed for this higher burn time of 1200 sec. As was seen previously, the improvement in battery efficiency
for longer burn times is a boon to the EP-cycle that the other cycles do not have. Consequently, the electric-
pump cycle now performs only 9.4% and 7.7% worse than the GG- and OE-cycle respectively.

Besides this relative improvement of the EP-cycle, it is clear that the optimal points have shifted as well. For all
cycles both the chamber pressure and O/F-ratio have increased. However, the increase in chamber pressure
is very small for the EP-cycle. It still operates at a relatively low pressure; 1.45 MPa. Conversely, the optimal
pressure for the other cycles have increased to 8.93 MPa and 6.53 MPa for the GG- and OE-cycle respectively.

This difference in increased optimal chamber pressure can be explained by what was observed for the mass
ratio in fig. 8.11; higher chamber pressure leads to lower mass ratios, but this effect is less pronounced for
higher burn times (for the conventional cycles). In contrast the development of chamber specific impulse
with chamber pressure is not affected by burn time. Consequently, at higher burn times an increase in cham-
ber pressure becomes worth the gain in specific impulse relative to the loss in mass ratio. For the electric-
pump cycle however the mass ratio trend is barely influenced by the burn time and consequently the optimal
chamber pressure also barely changes with burn time. The effect of burn time on this mass ratio trend can be
explained using the groups from table 8.1. The energy source and chamber propellant groups both increase
in mass with burn time. For the conventional cycles both these groups are only in the numerator of the mass
ratio, while the for the electric-pump cycle the energy source mass is also in the denominator, reducing the
effect of its changes.

The previous paragraphs have mainly discussed the reasons for differences in optimal chamber pressure be-
tween cycles and for different burn times, yet the O/F-ratio also is different in each of these cases. Originally,
it was thought that a difference in cycle could explain these differences. Especially for the electric-pump cycle
burning more fuel-rich would mean a lower relative effect of the battery coolant on the main fuel pump inlet
flow, leading to a lower temperature and higher density. This higher density, in turn, would lead to relatively
lower fuel-pump power required, which, in combination with the absolutely lower oxidizer-pump power (due
to the reduced O/F-ratio), could potentially lead to reduced overall pump power and consequently be worth
a slight reduction in specific impulse. However, this is not the case. Although the fuel pump inlet density
increases with a decrease in O/F-ratio this does not lead to a reduction in total pump power.
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Consequently, another explanation for the differing O/F-ratios is required. Upon further inspection this ex-
planation is quite straightforward: the optimal O/F-ratio is simply determined by the chamber pressure. The
effect of the chamber O/F-ratio on the mass ratio is actually quite small for all cycles, while it naturally has a
large effect on the chamber specific impulse. Additionally, the optimal O/F-ratio for specific impulse is influ-
enced by chamber pressure as is shown in fig. 8.17.

This effect is the main reason for the differences in optimal O/F-ratio between the cycles and different burn
times. Additionally, the mass ratios are even slightly better when burning slightly fuel-rich for all cycles.
Therefore, it can be concluded that there is no benefit of burning slightly lean for the EP-cycle, in contrast
to the research by Yu et al. [63]. It should however be noted that Yu et al. investigated engines with 30 kN
of thrust and that used methane as fuel. Thus, it could be possible this effect is dependent on these inputs,
especially the fuel selection, and ideally a more equal comparison should be made. However no methane
engines have been verified nor validated for the RoCAT tool, which could be a goal for future research. Fur-
thermore, Yu et al. did not account for regenerative cooling of the battery using the fuel, but simply ignored
the cooling. It would be interesting to see if this is a potential cause for the different conclusions.

All taken together this section has shown the differences in the optimal operating points for the different
cycles. It was found that the effect of O/F-ratio on mass ratio is limited and mostly influences specific impulse.
Consequently, the optimal O/F-ratio is almost completely dependent on the chamber pressure with higher
chamber pressures leading to higher optimal O/F-ratios.

The optimal chamber pressures for the electric-pump cycle can be found around 1.44 MPa and is only slightly
dependent on burn time, while an increase in burn time leads to considerable increases in optimal chamber
pressure for both conventional cycles, especially for the gas generator cycle, whose optimal chamber pres-
sures range from 4.94 MPa to 8.93 MPa.

Finally, the difference in velocity change for the electric-pump cycle compared to the conventional cycles at
their respective optimal points is between 9.9% - 7.7% depending on burn time and cycle choice. This gap is
still considerable, which is highlighted by the fact that the optimal electric-pump cycle design at 1200 seconds
still performs worse than that of the open expander cycle at 300 seconds.

8.3. Future of Electric-Pump Cycle

As has been discussed in the literature study and in the introduction of this report, an important advantage
of the electric-pump cycle is that its main technologies have constantly been improving and this trend is pro-
jected to continue. Any improvements in the efficiencies, specific powers, or specific energies of the electric
motor, inverter, and battery would lead to improvements in performance of the electric-pump cycle. How-
ever, the battery is the heaviest component and has seen the most improvement. Additionally, the specific
power is generally irrelevant as in all cases previously considered the battery was energy limited, so its mass
was determined by the specific energy. Therefore, this section focuses on the specific energy of the battery.
The discharge efficiency is burn time dependent and thus literature is less clear about what gains have been
made here. Consequently, it is of interest to see how the performance of the electric-pump cycle improves
with higher specific energy for the battery. This is done in this section.

To get a fair comparison the engines have been individually optimized as done in the previous section, i.e.
their chamber pressure and mixture ratio have been selected for highest velocity change. Plotting this opti-
mized velocity change for all cycles and various burn times lead to the graph as show in fig. 8.18. It clearly
shows the improvement of the performance of the electric-pump cycle relative to that of the gas generator
and open expander cycles. Once again it is clear that the relative difference between the conventional cycles
and electric-pump cycle is smallest for high burn times. However, even for the highest burn time and highest
specific energy considered the velocity change is still lower than that of the conventional cycles for the same
burn time. This is the case despite this highest specific energy being 10 times the value used in previous cal-
culations of 713 kJ/kg, which was deemed reasonable for modern batteries. Another aspect to this is the fact
that the electric-pump lines for 300 and 500 seconds of burn time flatten at 2.7 MJ/kg and 3.8 MJ/kg respec-
tively. This is due to hitting the specific power limit. For these lower burn times the specific energy becomes
high enough that it is no longer the limiting factor, but instead the specific power becomes the limiting factor.
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Figure 8.18: Effect of battery specific energy on performance of electric-pump cycle

If the 1200 seconds EP-cycle case would be extended this specific power limit is also reached at around 8
M]J/kg and reaches a AV of 10.70 km/s, slightly less than that of the 1200s OE-cycle case 10.76 km/s. Even at a
burn time for maximum discharge efficiency (1344 sec) the EP-cycle still ends up just lower than the OE-cycle
at 10.75 km/s. It seems that without improvement in battery specific power there is no possibility for the
electric-pump cycle to reach a higher velocity change than the conventional cycles regardless of the battery
specific energy. Luckily, in reality this is likely not a problem as specific energy and specific power of the bat-
tery are intrinsically linked. Any future improvements in specific energy would lead to enough improvements
in specific power to prevent this, although it is important to keep in mind either of these parameters could be
limiting in the performance of the electric-pump cycle.
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Figure 8.19: Effect of battery specific energy without specific power limit
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Consequently, if the specific power limit is ignored, the graph as shown in fig. 8.19 is produced. Note that the
ranges of battery specific energy is much wider than previously considered. From this graph one can see that
the electric-pump cycle performs equal to the open expander cycle at + 11 MJ/kg for a 1200 s case. However,
it still never reaches the performance of the gas generator. For the lower burn times cases the performance
of neither conventional engine cycle is achieved for the electric-pump cycle. This can be easily understood if
one breaks down the initial masses. This has been done for the 500 seconds burn time case of fig. 8.19 at the
extremely high specific energy of 100 MJ/kg and is shown in table 8.2.

(Optimal) Input EP GG OE
Chamber Pressure [MPa] 4.88 6.13 5.42
O/F-Ratio [-] 2.345 2.363 2.354
Battery Specific Energy [M]/kg] 100 - -
Mass [kg]
Chamber Propellant 15925.2 | 15633.7 | 15762.7
Turbine Propellant - 358.8 536.3
Pressurant 61.9 62.1 63.2
Fuel Tank 81.5 84.4 90.1
Oxidizer Tank 224.2 222.3 222.3
Pressurant Tank 93.2 93.5 95.1
Fuel (Turbo)Pump 9.9 13.6 12.8
Oxidizer (Turbo)Pump 7.6 14.3 12.6
Injector 6.4 5.3 5.8
Combustion Chamber 4.5 4.5 4.5
Nozzle 51.3 54.9 52.5
Electric Motor 59.7 - -
Inverter 5.6 - -
Battery 2.6 - -
Secondary Exhaust - 1.1 0.7
Gas Generator - 0.1
Output
Mass Ratio [-] 27.2 29.7 30.1
Overall Specific Impulse [s] 323.4 322.0 315.9
Velocity Change [m/s] 10472.4 | 10713.5 | 10551.7

Table 8.2: Detailed initial mass composition of all cycles with optimized chamber pressure and O/F-ratio.
For 1;,=500s.

Looking at table 8.2 it becomes obvious that at such a high battery specific energy the mass of the battery
becomes inconsequential. At 2.6 kg it now weighs less than the inverter. Nonetheless, the mass ratio of the
electric-pump cycle is still considerably lower than that of the gas generator cycle, 27.2 versus 29.7. The com-
ponents responsible for this can be found in the feed system: The feed system of the gas generator is 28.1 kg,
while that of the electric-pump cycle is 82.8. Clearly, only an improvement in battery is not sufficient. The
effect of carrying unwanted extra mass to the end of flight seems to be so extreme that even the added mass
of the electric motor and inverter alone reduce the performance of the electric-pump cycle below that of the
conventional cycles for these burn times. Consequently, for shorter burn times it seems essential that not
only the battery specific energy must improve, but also the specific power of the electric motor and inverter.

Upon further inspection of table 8.2 the electric motor’s mass is much larger than that of the inverter, which
is why only improvements for the electric motor are considered for now. Luckily, the specific power of electric
motors has also made great progress in the past decades, similar to the specific energy of batteries. Conse-
quently, both parameters are related to a historic trend, such that future development of the EP-cycle can be
estimated.
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Sakama et al. state that brushless DC electric motors have a 10 times higher specific power than 20 years
ago [50]. However, the same research states that increases in specific power for electric motors in general has
stagnated in the last decade. Nonetheless, a simple linear trend is assumed. This is likely overoptimistic, but
gives a maximum boundary as to EP-cycle future performance.

For the historic development of the battery specific energy the trend as defined by Tiede et al. is used [59].
Note that this concerns the battery cells with maximum specific energy, which often have relatively poor
specific power. Consequently, neglecting the specific power limit, as was done previously, is most likely not
realistic with these values. However, this is done anyway in the following analysis, but at the end of this sec-
tion the specific power limit is reconsidered.
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Figure 8.20: Projected development of EP-cycle in the future

In fig. 8.20 the projected development of the EP-cycle is shown, assuming the electric motor and battery
technologies develop as given by Sakama and Tiede. Additionally, the specific power is assumed to not limit
the battery mass and the conventional cycles are assumed to not improve in the future. As is clear from the
graph even with these optimistic trends and assumptions it still is projected that the EP-cycle will take more
than half a century to become equal in performance to the open expander cycles and even longer to equate
the gas generator cycles. For clarity, table 8.3 gives the years at which the EP-cycle has an equal change in
velocity to the other cycles.

BurnTime [s] GG [year] OE [year]

300 75.1 46.6
500 72.3 45.8
1200 66.8 447

Table 8.3: Number of years after 2023 at which EP-cycle overtakes the performance of the other cycles

It becomes clear that the EP-cycle does not surpass either conventional cycle in the near future. Furthermore,
it is quite dubious if these predictions are even realistic as the trends by Tiede and Sakama are not meant to
be extrapolated multiple decades into the future. Additionally, theoretical limits of battery and electric motor
performance might be reached much sooner. Thus, an analysis of the actual performance values is in order.
Table 8.4 shows the values predicted by Tiede and Sakama at the cross over years as well as the corresponding
minimum required specific power for the battery. The values are given for the first and latest surpassing of
the conventional cycles as well as current state of the art.
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Case [Unit] OE @1200s GG @300s | Current State of the Art
When does EP reach this performance [Year] 2067 2098 2023
Battery Specific Energy [Whikg] [Wh/kg] 1492 4258 636[46] (@75 W/kg)
Electric Motor Specific Power [kW/kg] kW/kg 1440 47900 10 [24]
Battery Specific Power [kW/kg] kW/kg 20 [21] (@150 Wh/kg)

Required 6 ppgarr @500 s [kKW/kg] 9.76 27.8

[ ]
[ ]
Required 6 pparr @300 s [kWikg] [kW/kg] 15.4 44.0
[ ]
Required 0 ppqarr @1200 s [kW/kg] [ ] 4.43 12.6

Table 8.4: Specific powers and energy as expected at surpassing of conventional cycles

Comparing the values from table 8.4 it becomes clear that the required jump in specific power is much lower
than the required jump in the battery specific energy and electric motor specific power. It seems reasonable
that the limitations of the battery specific power have been ignored in the previous paragraphs. However it
should be noted that battery specific power and energy are always a trade-off: the highest achieved specific
power and highest achieved specific energy are not found in the same battery. Nonetheless, based on the
values in table 8.4 it seems reasonable to focus on the battery specific energy as the limiting factor for the
battery mass.

Before the data from table 8.4 is analyzed further it should be noted that it is unlikely that the trends by Tiede
and derived from Sakama’s data hold so far into the future. The theoretical limits of these technologies will
be approached and will pose severe hurdles in further improvements. For example, the theoretical maxi-
mum specific energy of current commercial lithium-ion battery chemistries is around 885 Wh/kg [44]. This
is clearly lower than the required 4258 Wh/kg to get similar performance as the gas generator for low burn
times. Thus, even if the theoretical maximum of this current technology is reached, it would not be enough.
Nonetheless, several new battery technologies have theoretical maximum specific energies that surpass even
that very high requirement (e.g. Li-O, with a theoretical maximum of 5217 Wh/kg [11], but most of these
technologies are very far from commercialization and possible breakthroughs in these technologies are not
modeled by historic trends.

In table 8.4 it becomes clear that both the battery specific energy needs to increase by an order of magnitude
and the electric motor specific power several orders of magnitude before the EP-cycle performs equal to the
conventional cycles. Consequently, it can be concluded that the EP-cycle will stay a cycle that performs worse
than the conventional cycles without any major breakthrough in both battery and electric motor technolo-
gies. This leaves this cycle as one that should be selected for its other benefits at the cost of this performance
reduction. A performance reduction which decreases relative to the conventional cycles over the years, but
remains substantial in the near future.

An unmentioned positive for the electric-pump cycle is that this section has solely focused on specific power
and energy, but has not considered the efficiencies. However, improvements in the efficiency of the electric
motor, inverter, and battery are to be expected in the future. Especially gains in battery efficiency will improve
the performance as less battery cooling is required as a consequence. Additionally, batteries whose efficiency
is less dependent on discharge time could lead to improved performance at lower burn times. Consequently,
gains are most likely to be made through the battery efficiency, even moreso because the electric motor and
inverter efficiencies are already quite high currently (assumed 95% and 85% respectively for the analysis in
this chapter).

A final note is that as that is battery specific energy increases, so does the optimal chamber pressure of the
EP-cycle. This makes intuitive sense as the gain in specific impulse with chamber pressure comes at a in-
creasingly lower cost in added battery mass as the battery specific energy increases, leading to higher optimal
chamber pressures. That the operating chamber pressure of the EP-cycle shifts with battery specific energy
should be kept in mind when viewing fig. 8.18 and is shown in fig. 8.21. The lack of smoothness in the graph is
due to a combination of CEA’s limited precision and a relatively large tolerance required for the optimization
routine.
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Figure 8.21: Effect of battery specific energy on electric-pump cycle optimal chamber pressure

So, to conclude, this chapter has compared the electric-pump cycle, gas generator cycle and open expander
cycle for various cases, directly and optimized, for current and for future performance. It can be concluded
that in all cases the electric-pump cycle has a clear disadvantage in terms of performance relative to the
conventional cycles. Furthermore, multiple components of the electric-pump cycle will need to see improve-
ments of at least an order of magnitude before this disadvantage can be completely overcome. This will re-
quire breakthroughs in the technologies of batteries, electric motors, and inverters, which are hard to predict.
However, if historic trends are an indication, this will take at least several decades.
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Conclusion

9.1. Conclusions

This research set out to quantify the performance of the electric-pump cycle relative to that of conventional
cycles and its development in the future. For this purpose a tool was built, RoCAT, which can analyze various
cycle configurations of the gas generator and open expander cycle in addition to that of the electric-pump
cycle. It is based on several previous studies, e.g. that of Ernst, Mota, and Rachov [20, 43, 48], but most im-
portantly on the work of Kwak [34]. It extends the last mentioned by the addition of a thrust chamber model,
including regenerative cooling, and the capacity for analyzing open expander cycle engines. It also models
the flow and its properties at every component inlet and outlet using CoolProp and CEA. Furthermore, it takes
a modular approach by being programmed according to the object oriented approach in Python. Addition-
ally, RoCAT has the ability to optimize a cycle for velocity change (AV) and return the optimal mixture ratio
and chamber pressure.

The results of RoOCAT were compared to those of several engines and engine designs and matched quite well
with several exceptions. Known trends are followed by RoCAT and both intermediate and final performance
values coincide with previous research and actual rocket data. When considering the performance parame-
ters noteworthy differences were found in the required pressure change over the pumps and heat flow rate.
With differences around 15% for the former and 20% for the latter. The inaccuracy of the pump pressure
change is somewhat expected since the pressure drops for individual components were calculated as lin-
early dependent on chamber pressure, which is only a rough estimate. Similarly, the model used for the heat
transfer has been kept consciously simple to reduce complexity and calculation time. Consequently, a lower
accuracy was deemed acceptable. Looking at the mass estimation it was found that the engine dry mass is
severely underestimated, on average around 50%. This is partly caused by the limited amount of components
that are modeled, but also due to underestimation of the mass of several components, most notably the thrust
chamber. Despite this being an unacceptable error for determining absolute values, it was accepted as the
analysis of this research is solely comparative.

With this verified and validated tool in hand the electric-pump cycle with regenerative battery cooling was
compared to two conventional cycles. In a direct comparison the electric-pump cycle was found to deliver
7.5% to 26.7% less AV than the conventional cycles, with the smaller difference found at low chamber pres-
sures and high burn times and vice versa. When optimizing for chamber pressure and mixture ratio for each
cycle before comparing AV, the difference with the gas generator cycle was 9.4 - 9.9% and with the open ex-
pander cycle was 7.7 - 8.6%. Smaller differences are found at higher burn times. Thus, in both direct and
optimized comparison the electric-pump cycle performed worse than the conventional cycles.

The main driving factor for the lower performance is due to the difference in "energy source"; a battery which
needs to be carried the whole flight, unlike the turbine propellant used for the conventional cycles. The higher
specific impulse of the electric-pump cycle only marginally compensates for this significant drawback as was
concluded in the results. Furthermore, the feed system was found to be much heavier than that of the con-
ventional cycles as well, which was in line with expectations and previous research.

Differences with previous research were also found, more specifically the conclusions of Kwak et al. [34].
Most notably it was found that the electric-pump cycle has a higher initial mass than the gas generator cycle
over the complete considered range of chamber pressure and burn time, while Kwak found lower initial mass
for the electric-pump cycles for burn times above 390 seconds. This difference can be explained by two main
factors:
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Firstly, during initial replication of Kwak’s results there were found to be several calculations steps that did not
match the description within the paper. Foremost of these were the omission of efficiencies in the calculation
of the battery coolant flow and the odd iteration of the gas generator mass flow. Correcting the former leads
to a heavier electric-pump cycle, while correcting the latter leads to a lighter gas generator cycle.

Secondly, several aspects of the cycles have consciously been modeled differently in RoCAT than has been
done by Kwak. Most importantly the modeling of flow properties and the calculation of turbine exhaust
thrust contribution. The former leads to slightly "better" properties of the turbine flow than the values given
by Kwak and the latter was also found to be beneficial relative to the 1% thrust contribution assumed by Kwak.
Consequently, both approaches lead to a lower initial mass for the gas generator.

During the analysis of the three cycles it was discovered that the chosen electric-pump cycle configuration
did not work with cryogenic propellants. The combination of increased temperature and low pressure which
occurs when feeding the battery coolant back into the main fuel pump stream leads to risk of cavitation or
simply pumping gaseous fuel. Consequently, only analysis using RP-1 was possible.

On the contrary, the open expander cycle performed worse than expected when using RP-1 as fuel. The cause
for this is twofold. Firstly, RP-1 was found to simply not to be a good fuel choice for the open expander cy-
cle due to its low specific heat capacity and high molecular mass. Secondly, RoCAT does not model thermal
decomposition of uncombusted flow, which leads to overestimation of the already high molecular mass and
leads to errors in the flow properties. These issues are of much less concern when using other fuels, e.g. liquid
hydrogen. This meant that the comparison between the open expander cycle and electric-pump cycle using
RP-1 is somewhat uninformative. Nonetheless, these conclusions show the value of RoCAT as a design tool.

The future of the electric-pump cycle was considered by focusing on two aspects: Firstly, the battery spe-
cific energy, since it was assumed that the battery was restricted more by energy than power, which was also
confirmed. Secondly, the electric motor specific power, since its mass dominated the feed system mass. It
was found that if battery specific energy would increase by one order of magnitude and electric motor spe-
cific power by two, the electric-pump cycle performs better than the conventional cycles. Following historic
trends it was found this will take at least multiple decades.

Consequently, it can be concluded that in the foreseeable future the electric-pump cycle is a rocket engine
cycle that performs worse than the conventional cycles. It comes with a list of potential advantages, as given
in the introduction, but this cycle will need to be selected despite its performance, not because of it.

9.2. Recommendations

RoCAT has been designed such that it is capable of handling various propellants, cycles, and configurations.
Consequently, it could be used to analyze many more aspect of preliminary rocket design in general and the
electric-pump cycle in specific. Several cases would be of interest:

An interesting case would be to add an electric-pump cycle configuration that allows the use of cryogenic
propellants. This would allow for fairer comparison with the open expander cycle, since it was found to un-
der perform with kerosene, while also showing if another propellant works for the electric-pump cycle. Since
verification and validation for several liquid hydrogen engines has already been done, this would be the most
logical choice, but some initial tests with liquid methane for RoCAT have also been performed.

Another case that would require very little adjustment of RoCAT, would be a study into expander cycle config-
urations. As discussed in section 4.3.3 the work of Herbertz et al. [25] compares three possible configurations
all of which split the flow before the cooling section. All of these configurations are already present in the
RoCAT tool as well as configurations that split the flow after the cooling section and splits both before and af-
ter. Verifying the work of Herbertz and extending it by quantifying the difference in performance for all these
configurations and for several propellants could be of great value to future open expander design.

A last case of interest is the effect of dropping the battery mid flight, which was ultimately not considered in
this report. However, this case should require only a minimal adjustment of the mass ratio calculation by Ro-
CAT make a first estimate, but much more work if considered in detail. Ideally some simple flight dynamics
would be added to consider the effect of dropping, e.g. half the battery midway or dropping in thirds, etc..
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However, before non-comparative cases can be researched with the help of RoCAT some improvements are
recommended or careful consideration of its limitations. As mentioned in chapter 7, several inaccuracies
were found in the RoCAT model. Most importantly concerning the pump pressure, heat flow rate, and en-
gine dry mass. Ideally, improvements would be made for these estimates before continuing with future work.
Concerning the required pump pressure it is recommended that the pressure drop models for the injector
and cooling channels be improved. For the latter an improved component was already coded, but has not
been implemented due to time constraints. If this is not sufficient to get more accurate pump outlet pressure
estimates the addition of a pressure drop for the merger and splitter components could be introduced as well
as new components like feed lines and valves. These relatively straightforward additions should be more than
adequate to get a more accurate pump outlet pressures.

Concerning the heat flow rate the recommendation is to simply accept this error. Accurate but simple heat
transfer estimation is notoriously hard to find. Additionally, a more complex models was built for the heat
transfer and heat exchanger, but led to many additional inputs being required and greater instability of the
tool as a whole. If the heat flow rate error is truly deemed unacceptable these complex components could
prove a good starting point and can be found in the source code.

Lastly, the engine dry mass could also be improved by the addition of several minor compents like feed lines
and valves and accompanying mass estimates. Suggestions for both pressure drop and mass models for these
components can be found in the literature study of this research [6]. More importantly the thrust chamber
mass estimation should be improved, the shell mass method simply seems inadequate. An empirical factor
of around 2.27 can be deduced from the data presented in chapter 7, although this factor is found from only
6 data points and ideally should be strengthened with additional data. Alternatively, the empirical method
presented by Schlingloff [51] and also used by Mota [43] could be used instead. A final recommendation is to
look at the gas generator mass model, which is based on stay time. This method is ubiquitous in past research
(e.g. [34, 36, 45, 48]), but leads to very low estimates for the gas generator mass. Unfortunately, no mass values
from existing engines could be found to confirm this suspicion.

All in all there is both room for improvement and extension, but much research can be envisioned with the
RoCAT tool. In this research it has been used to place the electric-pump cycle more firmly in the context of
existing rocket cycles, to confirm trends of previous research, and to show that despite continuous improve-
ments its relatively low AV will remain in the near future. But in general RoCAT offers analysis of a broad
scope of rocket engines with various cycles, propellants, and configurations as well as modularity to easily
adjust the model of any individual component. This makes it a formidable tool, for future research as well as
preliminary design.

RoCAT is available on GitHub at: https://github.com/RubenvdBerg/RoCAT


https://github.com/RubenvdBerg/RoCAT
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A

Detailed Data for Kwak Replication Model

In this appendix several data points from the paper by Kwak et al. [34] are extracted and it lists some mi-
nor assumptions made in the replication of that paper’s model. Additionally, detailed data sets are provided
that show the differences between the initial replication model and Kwak’s model, as well as between the ad-
justed replication model and Kwak’s model. Finally, several figures from the paper have been replicated with
the adjusted replication model to show that these match perfectly or at least as perfect as possible by visual

inspection.

A.1. Specific Impulse

To determine the specific impulses calculated by Kwak et al. [34] the only source was the figure as shown in
fig. A.1. This figure was digitized and the data points estimated, which leads to the data as shown in table A.1.
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Figure A.1: Specific impulse graph taken from Fig.10 in reference [34]

Chamber Specific Impulse [s]
Pressure [MPa] EP GG
3.0 355.4 349.7
4.0 359.3 351.4
5.0 362.1 352.0
6.0 364.3 352.0
7.0 366.1 351.5
8.0 367.6 350.8
9.0 368.9 349.8
10.0 370.0 348.6

Table A.1: Specific impulses extracted from fig. A.1
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A.2. Minor modeling details

Other minor details had to be figured out as best matching Kwak’s modeling approach. Most of these are
elementary and have mostly been included to be as thorough as possible, facilitating replication of the results
of Kwak and this paper. These are given in the list below.

¢ CEA is set to shifting equilibrium and no correction factors are applied
¢ CEA is used with the pressure ratio as input (Equivalent IRT area ratio gives different results)
¢ The values found from CEA are rounded to five significant figures

¢ The CEA propellants which have been used are the NASA standards for RP-1 and Liquid Oxygen seen
below

e CEA propellants are: RP-1, -5907.672 ¢/mo1, 298.150 K - O2(L), -3102.055 ¢®/mo1, 90.170 K

» Thrust and specific impulse denote ideally expanded thrust and specific impulse unless specified oth-
erwise

A.3. Replication Model Comparison

In this section the data from Kwak et al. [34] is compared to the replication model. Tables A.2 to A.4 show the
mass, specific impulse, and change in velocity values as calculated by the replication model and presented in
Kwak et al.. The next paragraph clarifies how the data in these tables was exactly produced or where it was
taken from.

For these tables, the mass and mass ratio data in the "Kwak"-columns is directly taken from Fig.10 in Kwak
et al. [34], while the specific impulse was extracted from Fig.11 in the paper (see appendix A.1). For the
replication-columns partial masses are rounded to the nearest kilogram and the total is the sum of these
rounded values. Additionally, the mass ratio is calculated using eq. (A.1a). This choice of rounding and mass
ratio calculation are done in correspondence with the original data. No intermediate rounding is applied for
any other data shown in this report. For both the Kwak and replication data the velocity change is calculated
using eq. (A.1b) without intermediate rounding of the mass ratio. Furthermore, the Feed System is defined as
shown in eq. (A.1c). Finally, it should be noted that the mass ratio, MR, as used by Kwak and in these tables is
not the same as the mass ratio, A, as used throughout the rest of the report, but roughly the inverse.

MR=(Total - CC Propellants - GG Propellants)/Total (A.1a)
AV =I5 g In(MR ™) (A.1b)
Feed System=Fuel Pump + Oxidizer Pump + (Gas Generator OR (Inverter + Electric Motor)) (A.1c)

With AV the change in velocity, I, the specific impulse, and MR the mass ratio as defined in eq. (A.1a).

Electric Pump Gas Generator
Kwak Repl. Diff. [%] Kwak Repl. Diff. [%]

CC Propellants [kg] 8350 8350 0.00 8318 8267 -0.61
GG Propellants [kg] - - - 505 508 0.59
Battery Pack [kg] 415 426 2.65 - - -

Feed System [kg] 151 155 2.65 43 43 0.00
Tanks [kg] 207 207 0.00 219 217 -0.91
Helium [kg] 33 33 0.00 35 35 0.00
Total [kg] 9156 9171 0.16 9120 9070 -0.55
MR [-] 0.0880 0.0895 1.70 0.0326  0.0325 -0.31
Specific Impulse [s] 370.0  370.0 0.00 3486  352.1 1.00
Velocity Change [m/s] 8817 8756 -0.69 11707 11829 1.04

Table A.2: Comparison of replication model and data from Kwak et al. [34]
(t, =300, Fr = 100 kN, p.. = 10 MPa)
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Electric Pump Gas Generator
Kwak Repl. Diff. [%] Kwak Repl. Diff. [%]
CC Propellants [kg] 10856 10856 0.00 10812 10747 -0.60
GG Propellants [kg] - - - 656 661 0.76
Battery Pack [kg] 521 530 1.73 - - -
Feed System [kg] 150 152 1.33 43 43 0.00
Tanks [kg] 272 272 0.00 287 285 -0.70
Helium [kg] 44 43 -2.27 46 45 -2.17
Total [kg] 11843 11853 0.08 11844 11781 -0.53
MR [-] 0.0832 0.0841 1.08 0.0317 0.0317 0.00
Specific Impulse [s] 370.0  370.0 0.00 3486  352.1 1.00
Velocity Change [m/s] 9016 8983 -0.37 11794 11922 1.09
Table A.3: Comparison of replication model and data from Kwak et al. [34]
(tp =390, Fr =100 kN, p.. = 10 MPa)
Electric Pump Gas Generator
Kwak Repl. Diff. [%] Kwak Repl. Diff. [%]
CC Propellants [kg] 33402 33402 0.00 33273 33068 -0.62
GG Propellants [kg] - - - 2021 2034 0.64
Battery Pack [kg] 1373 1374 0.07 - - -
Feed System [kg] 143 143 0.00 43 43 0.00
Tanks [kg] 878 878 0.00 927 921 -0.65
Helium [kg] 134 134 0.00 141 140 -0.71
Total [kg] 35930 35931 0.00 36405 36206 -0.55
MR [-] 0.070  0.070 0.57 0.0305 0.03 -1.64
Specific Impulse [s] 370.0 370.0 0.00 3486  352.1 1.00
Velocity Change [m/s] 9630 9629 -0.01 11929 12052 1.03

Table A.4: Comparison of replication model and data from Kwak et al. [34]
(tp =1200s, Fr = 100 kN, p.. = 10 MPa)

A.4. Adjusted Model Comparison

In this section the data from Kwak et al. [34] is compared to the adjusted replication model. This model was
made to show that if certain models were changed w.r.t. the original replication model the data of Kwak could
be almost exactly replicated. Consequently, the tables mostly contain the same values for both models, but
differences have been highlighted in bold. The same considerations concerning the sources and calculations
of the parameters as in appendix A.3 need to be considered.

Electric Pump Gas Generator
Kwak Adjusted Kwak Adjusted

CC Propellants [kg] 8350 8350 8318 8318
GG Propellants [kg] - - 505 505
Battery Pack [kg] 415 415 - -
Feed System [kg] 151 151 43 43
Tanks [kg] 207 207 219 219
Helium [kg] 33 33 35 35
Total [kg] 9156 9156 9120 9120
MR [-] 0.0880 0.0880 0.0326 0.0326
Specific Impulse [s] 370.0 370.0 348.6 348.6
Velocity Change [m/s] 8817 8817 11707 11707

Table A.5: Comparison of adjusted model and data from Kwak et al. [34]
(tp =300s, Fr =100 kN, p.. = 10 MPa)
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Electric Pump Gas Generator
Kwak Adjusted Kwak Adjusted
CC Propellants [kg] 10856 10856 10812 10814
GG Propellants [kg] - - 656 657
Battery Pack [kg] 521 520 - -
Feed System [kg] 150 150 43 43
Tanks [kg] 272 272 287 287
Helium [kg] 44 43 46 46
Total [kg] 11843 11841 11844 11847
MR [-] 0.0832 0.0832 0.0317 0.0317
Specific Impulse [s] 370.0 370.0 348.6 348.6
Velocity Change [m/s] 9023 9016 11795 11794

Table A.6: Comparison of adjusted model and data from Kwak et al. [34]
(tp =390s, Fr =100 kN, p.. = 10 MPa)

Electric Pump Gas Generator
Kwak Adjusted Kwak Adjusted

CC Propellants [kg] 33402 33402 33273 33273
GG Propellants [kg] - - 2021 2021
Battery Pack [kg] 1373 1372 - -
Feed System [kg] 143 143 43 43
Tanks [kg] 878 878 927 927
Helium [kg] 134 134 141 141
Total [kg] 35930 35929 36405 36405
MR [-] 0.0700 0.0700 0.0305 0.0305
Specific Impulse [s] 370.0 370.0 348.6 348.6
Velocity Change [m/s] 9632 9630 11929 11929

Table A.7: Comparison of adjusted model and data from Kwak et al. [34]
(t, =1200s, Fr =100 kN, p. = 10 MPa)

A.5. Adjusted Model Figures

In this section the figures from Kwak’s paper[34] are reproduced using the adjusted model. As already stated
in chapter 3, the data produced by the adjusted model very closely matched that of Kwak’s paper. This is also

the case for the graphs shown below.
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B
Inputs

This appendix contains the input values used to produce the results as presented in this report. They are
presented with parameter symbol, value, and unit. See the nomenclature for clarification on the symbols and
subscripts or section 5.5 for a table that contains both names and symbols. Additionally, most inputs, and
their use in the model, are discussed in more detail in chapter 5. First, the inputs used by Kwak are given,
followed by the properties of the materials used in RoCAT. Lastly, the non-default inputs are listed for all

engines simulated in this report.

B.1. Kwak Replication Inputs

Table B.1 shows all inputs used in the replication of Kwak’s model. This is essentially a copy of Table 3 from
Kwak’s paper [34] with the addition of several inputs only mentioned in the text, e.g. the battery coolant

change in temperature, AT} g ¢

Parameter Value Unit Parameter Value Unit
Cp.f 2009 J/kg-K Amax 4.5 g0
Cpgg 2024.7 J/kg-K N 0.61 -
(O/F)¢e 2.45 - Nop 0.66 -
(O/F)gg 032 - N 052 -

Ypr 1.667 - Nem 0.95 -

Yee 116 - Ninv 085 -

Pe 0.002 MPa Kfp 1.55 -

Ppro 27 MPa Kop 1.15 -

P s 5 MPa K 2.5 -

P 0.25 MPa Kgg 2.5 -

Pot 0.4 MPa Kprt 1.2 -
Puyin! Pruyour 27 - Ky 1.08 -

Ry 2080 J/kg-K Kpr 1.1 -

Rgq 2741 J/kg-K Kp .01 -
ATpat,c1 40 K Kbat 1.2 -

Tpro 100 K Pox 1126.1 kg/m3
Tu,in 900 K Pfu 804.2  kg/m3
lggs 10 ms Pfem 2850 kg/ms3
b 13.5 kW/kg Pot,m 2850 kg/ms3
Oop 20 kW/kg Ppre,m 4430 kg/ms3
O 15 kW/kg Pggm 8220 kg/m3
Oem 5.3 kW/kg O fi,m 250 MPa
Oiny 60 kW/kg Oot,m 250 MPa
O par,p 6.95 kW/kg O prt,m 1100 MPa
O pat,E 198 Wh/kg Ogam 550 MPa

Table B.1: Inputs used in the replication of Kwak’s model [34]
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B.2. Predefined Materials

RoCAT defines several materials and their properties, all of which are given in table B.2 below. The num-
bered materials refer to the properties given by Kwak [34] with Materiall being used for the propellant tanks,
Material2 for the pressurant tank, and Material3 for the gas generator.

Material Yield Strength [MPa] | Density [kg/m3] | Poisson Ratio [-] | Therm. Cond. [W/(Km)]
Inconel600 1035 8470 0.31 21
Ti6Al4V 1170 4330 0.31 6.7
Al2219 414 2840 0.33 120
NarloyZ 315 9130 0.34 350
Al7075T6 570 2810 0.33 130
Steel301 (Annealed) 275 7830 0.27 16.3
Steel301 (Full Hard) 965 7830 0.27 16.3
Al6061T6 276 2700 0.33 167
Materiall 250 2850 - -
Material2 1100 4430 - -
Material3 550 8220 - -

Table B.2: Predefined materials in ROCAT and their properties

B.3. Non-Default Inputs for Engines

In the following subsections the inputs are listed for each engine simulated in this report and their sources.
Only inputs that are different from the default inputs, given in section 5.5, are shown.

B.3.1. Electric-pump

Inputs for the electric-pump cycle engines.

Lee’s engine
Below the inputs are given for the electric-pump cycle described by Lee et al. [35], which was compared
with RoCAT outputs in section 7.2.1. Besides the listed values below the material for the propellant tanks is
Al6061T6 and for the combustion chamber and nozzle the material is Steel301 (Annealed). The engine uses
RP-1 as fuel.

Parameter Value Unit Parameter Value Unit
Fr 0.5 kN Aimax 0 m/s?
ty 600 S Kp 1.1 -
Pee 2 MPa Kt 1.0 -
Pamb 1028  Pa Kull 1.2 -
Pe 1028  Pa Kee,sf 2.0 -
Pre 0.379 MPa Kinjsf 2.0 -
Pot 0.310 MPa K noz,sf 2.0 -
L* 1.145 m Opem 875 W/kg
(O/F) ¢ 245 - O pbar 650 W/kg
Nisp 1.0 - OE bat 325 Wh/kg
Nem 087 -

Table B.3: D

B.3.2. Gas Generator

The inputs for the gas generator cycle engines are given here. The discussion of their simulation can be found
in section 7.1.4. For all these engines a turbine exhaust expansion ratio of 4 has been assumed. Despite all
being first stage engines, except for the HM7B, vacuum ambient pressure has been assumed, since McHugh
gives vacuum thrust and specific impulse only.
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F-1

Table B.4 shows the inputs that were used to simulate the F-1 gas generator engine. All data is taken from
McHugh [41] and Ernst [20]. The F-1 uses RP-1 as fuel and has a 0.416 gas generator oxidizer-to-fuel ratio

(which is not used as input).

Parameter Value Unit Parameter Value Unit
FT 7775.5 kN ptu,in/ptu,out 16.3 -
ty 161 S (O/F)¢c 2.27 -
Pec 7.76 MPa Ny 0.764 -
Pamb 0 MPa Nop 0.714 -
Pgg 6.76  MPa Neu 0.605 -
Ty in 1062 K € 16 -
L 1.22 m Eeoxh 4 -

Table B.4: inputs used for simulating the F-1 engine

H-1

Table B.5 shows the inputs that were used to simulate the H-1 gas generator engine. All data is taken from
McHugh [41] and Ernst [20]. The H-1 uses RP-1 as fuel and has a 0.342 gas generator oxidizer-to-fuel ratio

(which is not used as input).

Parameter Value Unit Parameter Value Unit
Fr 9454 kN Puvin! Prwour 1821 -

ty 150 s (O/F)¢e 2.26 -
Pee 4.15 MPa Ny 0.75 -
Pamb 0 MPa Nop 0.71 -
Pgg 4.22 MPa Nu 0.66 -
Tpsin 922 K £ 8 -

L* 0983 m Eexh 4 -

ACC
(A—m) 167 -

Table B.5: inputs used for simulating the H-1 engine

HM60

Table B.6 shows the inputs that were used to simulate the HM60 gas generator engine. All data is taken from
Motaetal. [43] and McHugh [41]. The HM60 uses liquid hydrogen as fuel and has a 0.9 gas generator oxidizer-
to-fuel ratio (which is not used as input).

Parameter Value Unit Parameter Value Unit

Fr 1025 kN (Prwin! Prwour) p,, 170 -

15 605 S (ptu,in/ptu,out)ox 13.6 -

Pee 10.0 MPa (O/F)¢e 5.1 -

Pamb 0 MPa Ny 0.76 -

Pgg 8.5 MPa Nop 0.73 -

Toin 871 K M s fi 059 -

L* 0.84 m N w,ox 027 -

(j}—m) 299 - € 45 -
Eexh 4 -

Table B.6: inputs used for simulating the HM60 engine

HM7B

Table B.7 shows the inputs that were used to simulate the HM7B gas generator engine. All data is taken from
[43] with the exception of the exhaust gas expansion ratio, €.y, which was broadly estimated from HM7B
schematics. The HM7B uses liquid hydrogen as fuel and has a 0.87 oxidizer-to-fuel ratio for the gas generator

(which is not used as input).
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Parameter Value Unit Parameter Value Unit
Fr 62.6 kN Puyin! Pru,our  16.7 -

ty 731 s (O/F)¢c 4565 -
Pee 3.6 MPa Ny 0.73 -
Pamb 0 MPa Nop 0.60 -

P 0.2 MPa Nu 0.45 -

Por 0.3 MPa £ 82.9 -
Pgg 2.3 MPa Eexh 4 -
Tosin 860 K (g—m) 278 -

L* 0.68 m

Table B.7: inputs used for simulating the HM7B engine

J-2

Table B.8 shows the inputs that were used to simulate the J2 gas generator engine. All data is taken from
McHugh [41] and Vilja et al.[60]. The J-2 uses liquid hydrogen as fuel and has a 0.94 gas generator oxidizer-
to-fuel ratio (which is not used as input).

Parameter Value Unit Parameter Value Unit

Fr 1023 kN (Pu,in! Pruout) fu 7200 -

Iy 475 S (ptu,in/ptu,out)ox 2.65 -

Pee 5.4 MPa (O/F) ¢ 5.5 -

Pamb 0 MPa ul 0.80 -

Pgg 4.7 MPa Nop 0.73 -

Truin 922 K M tu,fu 0.60 -

L* 0.62 m N tu,ox 0.47 -

(27) 158 - P 275 -
Eexh 4 -

Table B.8: inputs used for simulating the J-2 engine

RS-27

Table B.9 shows the inputs that were used to simulate the RS-27 gas generator engine. All data is taken from
McHugh [41] and Ernst [20]. The RS-27 uses RP-1 as fuel and has a 0.33 gas generator oxidizer-to-fuel ratio
(which is not used as input).

Parameter Value Unit Parameter Value Unit
Fr 1043 kN Puyin! Pruour  22.0 -

f 274 s (O/F) ¢ 2245 -
Pee 4.87 MPa Ny 0.779 -
Pamb 0 MPa Nop 0.718 -
Pgg 4.7 MPa ur 0.589 -
Tpsin 916 K £ 12 -

L* 0.99 m Eeoxh 4 -
(4<) 162 -

Table B.9: inputs used for simulating the RS-27 engine
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B.3.3. Open Expander

Inputs for the open expander cycle engines.

LE-5B

Table B.10 shows the inputs that were used to simulate the LE-5B open expander engine for validation in
section 7.1.6. Most of the inputs are taken from Aoki et al. [2]. The chamber to throat area ratio is assumed
to be the same as the LE-5, whose value is taken from McHugh [41]. The expansion ratio at which the cooling
ends has been visually estimated from a schematic in Kakuma et al.[31]. The efficiencies of the propellant
pumps and turbines have been assumed to be the same as those of the SE21D provided below.

Parameter Value Unit Parameter Value Unit
Fr 137 kN (Prwin! Prwour) p, 5125 -

tp 534 s (Pain! Prout) yy 2172

(O/F) ¢ 5.0 - e 311 -

£ 110 - Eclend 6 -

Pee 3.62 MPa Ty 21 K
Pamb 0 MPa Tot 90 K
Pre 0.2 MPa Tuin 409 K
Dot 0.4 MPa L* 1.145 m

Table B.10: Inputs used for simulating the LE-5B engine

SE21D

Table B.11 shows the inputs that were used to simulate the SE21D open expander engine for verification in
section 7.1.5. The SE21D is a LH2/LOX-engine and is simulated for sea level conditions. All inputs are taken
from Sippel’s paper([53]. €., has been taken as the mass based average of both secondary exhausts.

Parameter Value Unit Parameter Value Unit
Fr 1947.03 kN Kisp 099 -
Pee 6.649 MPa Kexh,isp 0.98 -
Pamb 0.101325 MPa (O/F) ¢ 55 -
pr 0.3 MPa Nfp 0.7 -
Por 0.5 MPa Nop 0.76 -
Pru,out 0.3 MPa ur 045 -
Pexh,e 0.04 MPa 1 fp2 0.75 -
Trin 506.452 K € 12.52 -
Tft 21 K Eexh 1.6502 -
Tot 90 K €end,cl 5 -
L7, 4 m Accl Aspy 2.9654 -

Table B.11: inputs used for simulating the SE21D engine






C

Gas Generator Performance Schematics

In this appendix the performance schematics are provided for all gas generators which have been modeled
to validate RoCAT in section 7.1.4. For the readers convenience the component numbering is repeated below
in table C.1. Each schematic shows the total specific impulse at the top as well as the input total thrust.
Furthermore, it shows the flow state in between each component and consequently how each component
influences the pressure, temperature, and mass flow. The splitters and mergers do not affect the former two
properties, so for their downstream flows only the mass flow is given. From these schematics it becomes
clear which exit stream contributes how much to the total thrust and with which individual specific impulse.
All values presented are output values with the exception of the expansion ratio, €, of the thrust chamber and
turbine exhaust(s), the total thrust, Fr , the efficiencies, n, and the mixture ratio, MR, of the thrust chamber.

# | Component Electric-Pump | Gas Generator | Open Expander
1 Fuel Tank X X X
2 Oxidizer Tank X X X
3 Fuel Pump X X X
4 | Oxidizer Pump X X X
5 Turbine X X
6 | Heat Exchanger X X X
7 Injector X X X
8 Thrust Chamber X X X
9 Splitter/Merger X X X
10 | Turbine Exhaust X X
11 | Gas Generator X

12 | Electric Motor X

13 | Inverter X

14 | Battery X

15 | Battery Cooler X

16 | Pressurant Tank X X X
17 | Pressurant X X X
18 | Fuel X X X
19 | Oxidizer X X X

Table C.1: Overview of components and in which cycles they are present. The components are referred to by
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number in most schematics in this report.
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C.1. HM60

Fri=1025.0 kN Igpor = 435.29 s

Fr 15543 kN | [8163.9N R,
I,,268.75s 41301.74s 1
¢ 4.0000 “la.0000 .
5.8972 kg/s] [2.7589 kg/s
0.5000 MPa 10.6250 MPa
506.82 K |* “1752.33k
13.139 MW 2.6603 MW
Nt 0.59 [ =, 0.27
42.535 kg/s |/ " [197.58 kgrs
0.2500 MPa | ~1 0.4000 MPa
20.250 K 90.190 K
12.482 MW |/ o [2.5273 Mw
Nfp 0.73 Tlop  0.76
42535 kg/s | ./ . | 197.58 kg/s
15.500 MPa | { 11.500 MPa
35.243 K , 94.251 K
4.5899 kg/s|” [ 4.0663 kgss
8.6561 kg/s | .~ _ [0/Fac 0.89
8.5000 MPa
871.00 K (19352 kgss
= 1231.46 kgss
37.945 kg/s | - 15.000 Mo
190.59 K B Stats
= 1001.3 kN p,
81.387 MW | - 41i2s 1
€end 20.00 45.000 €
- 510 o/F

Figure C.1: Schematic overview of performance parameters and flow state of
the HM60 engine as simulated by RoCAT
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C.2.]J-2

Friot =1023.0 kN

-lsp’tot = 424.38 S

3.5641 kg/s|
0.6528 MPa|.
695.50 K |-

6.4318 MW
Nt  0.60 [

39.105 kg/s |/
0.2500 MPa |

20.250 K

6.1102 MW |

NMp 0.73

39.105 kg/s| .
8.3700 MPa |’

28.347 K

1.8369 kg/s|”
3.5641 kg/s| .~

4.7000 MPa
922.00 K

37.268 kg/s| .
6.2100 MPa |

193.00 K

85.990 MW |-~

€end 20.00

(0657.6 N F,

1276.31 s I,
“14.0000 e

[3.5641 kg/s

10.2463 MPa
/|646.76 K

1.3839 MW
= Ntw 0.47

" [206.70 kgrs
~10.4000 MPa

90.190 K

e [1.3147 MW

Tlop  0.80

[206.70 kg/s

~16.2100 MPa

92.115 K

: h ‘*~E.7272 ka/s
\"@/FGG 0.94
20498 kg/s

T [242.24 kgss
~-15.4000 MPa

3375.4 K

“T1013.3 kN R,

426.56s 1,
27500

Figure C.2: Schematic overview of performance parameters and flow state of
the J-2 engine as simulated by RoCAT

5.50 O/F
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C.3. HM7B

Fp 401 =62.200 kN

-Isp,tot =447.35s

Fr 646.13 N
I, 27653 s
e 4.0000

0.2383 kg/s
654.17 K

0.1377 MPal...

2.6321 kg/s|/
0.2500 MPa [
20.250 K

0.3284 MW |
N7 0.60

2.6321 kg/s|
5.5800 MPa |
27.700 K

0.1271 kglg'/‘_,
O/Foc 087}

2.5050 kg/s| .-
4.1400 MPa |
264.79 K

83811 MW | ..
s 20.00

0.2383 kg/s
12.3000 MPa
860.00 K

[ 11.546 kg/s
0.4000 MPa
90.190 K

-...] 0.4003 MW

“. | 0.0518 MW

Tlop 0.73
[ 11.546 kg/s

! 4.1400 MPa

91.663 K

o111k
“[11.435 kgss
~._ [13.940 kgss

3.6000 MPa
3116.7 K

61.554 kN Fr

45027 s 1.,

82.900
457  OJF

Figure C.3: Schematic overview of performance parameters and flow state of
the HM7B engine as simulated by RoCAT
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C.4. RS-27

FT,tOt =1043.0 kN -Isp,tot =300.49 s

Fr 5902.1 N
I,, 125.63 s
e 4.0000

4.7906 kg/s
769.99 K

0.2136 MPa ...

111.21 kg/s|/
0.2500 MPa
263.60 K

1.4086 MW |~

111.21 kg/s|
7.5485 MPa |
266.26 K

3.6106 kglg'//,
O/Fea 0.3?3""

107.60 kg/s | -
5.6005 MPa |
503.14 K

64.287 MW | ..~
€end 12.00

4.7906 kg/s
14.7000 MPa
916.00 K

[242.73 kg/s
------- 0.4000 MPa
90.190 K

.| 2.9766 MW

| 1.4192 Mw
Tlop 0.78
~_[242.73 kgss
~| 5.6005 MPa
92.004 K

T [1.1801 kgss

[ 24155 ks

349.15 kg/s
-1 4.8700 MPa
3503.5 K
1037.1 kN Fr
™| 302.89s 1,
12.000 ¢
225 QJF

Figure C.4: Schematic overview of performance parameters and flow state of
the RS-27 engine as simulated by RoCAT



C. Gas Generator Performance Schematics

C.5.H-1

Fr4or =945.40 kN

-Isp,tot =292.42s

Fr 4383.4 N
I, 125.86 s
e 4.0000

3.5514 kg/s
765.44 K

0.2317 MPal...
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204245 1,
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Figure C.5: Schematic overview of performance parameters and flow state of
the H-1 engine as simulated by RoCAT
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C.6. F-1

FT,tOt =7775.5 kN -Isp,tot =306.20 s

Fr 73.016 kN
I,,141.83s
¢ 4.0000

52.498 kg/s
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. - R 0.4000 MPa
812.75 kg/s |/ _90.190 K
0.2500 MPa | _ s 560 MW
263.60K | 52.498 kg/s 1 060
P 16.7600 MPa S
ro.707 MY 1062.0K “ | 17.360 MW
T}fp 0.71 N l’l O 76
— S op .
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12.028 MPa | é7972648 kg/s
267.93 K 80249 EPa
o 3;?'944 kg/%',/ e 1554 kg
0.42 |
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464.04 K ;5766908 I\K/IPa
371.00Mw |1 —
€end 16.00] . | 77025 kN Py
— ~.|309.615 1,
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Figure C.6: Schematic overview of performance parameters and flow state of
the F-1 engine as simulated by RoCAT
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Centaur Mass Data

This appendix contains the mass break down of the Centaur-D as taken from reference [18], followed by ratios
calculated from this data in table D.3. Note that the data given in tables D.1 and D.2 is presented in pounds.

Several additional aggregations to the original data have been made most of which are self explanatory. For
the Hydrogen/Oxygen/Propellants it should be noted that "Total Tanked" refers to "Total Expended" + "Total
Residual", while "Total" refers to "Total Tanked" - "Ground venting/boil-off". Additionally, the "Final Mass"
is found as "Payload" + "Total Basic Hardware" + "Total Residuals". The "Report Mass" is defined as "Body" +
"Propulsion group" + "Pressurization group" + "Total Propellants” + "Total Helium", which is assumed to be
synonymous to the initial mass calculated in this report, as discussed in section 6.8.1.

Centaur Launch AC-6 | AC-9 | AC-10 | AC-11 | AC-15 | Average
Payload/Spacecraft 2,084 | 1,741 | 2,193 | 2,294 | 2,291 2,121
Basic Hardware:
Body 940 994 972 944 927 955.4
Propulsion group 1,192 | 1,235 1,194 1,202 1,226 1,210
Guidance group 310 339 341 311 333 326.8
Control group 117 148 140 140 152 139.4
Pressurization group 138 201 139 135 185 159.6
Electrical group 266 276 268 289 286 277
Separation group 80 77 78 81 81 79.4
Flight instrumentation 447 547 274 258 252 355.6
Miscellaneous equipment 153 338 133 145 143 182.4
Total Basic Hardware 3,643 | 4,155 | 3,539 | 3,505 | 3,585 3,685
Jettisonable Hardware:
Nose fairing 2,006 | 2,033 | 1,964 | 2,071 | 2,032 2,021
Insulation panels 1,218 | 1,218 | 1,174 1,231 1,224 1,213
Ablated ice 50 50 69 50 54.75
Total Jettisonable Hardware | 3,224 | 3,301 | 3,188 | 3,371 | 3,306 3,278
Residuals:
Liquid hydrogen 163 150 130 70 207 144
Liquid oxygen 271 290 199 195 662 323.4
Gaseous hydrogen 83 116 83 81 68 86.2
Gaseous oxygen 165 170 164 161 171 166.2
Hydrogen peroxide 52 33 83 67 41 55.2
Helium 5 4 4 5 4 4.4
Ice 12 12 12 19 12 13.4
Total Residual Hydrogen 246 266 213 151 275 230
Total Residual Oxygen 436 460 363 356 833 490
Total Residual Propellants 682 726 576 507 1,108 720
Total Residuals 751 775 675 598 1,165 793

Table D.1: Overview of centaur mass data in pounds. Taken from [18] (Continues next page)
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Centaur Launch AC-6 AC-9 | AC-10 | AC-11 | AC-15 | Average
Expandables:

Total Expended Hydrogen 5,133 4,993 5,086 5,127 5,003 5,068
Total Expended Oxygen 25,250 25,038 | 24,922 25,164 24,685 25,012
Total Expended Propellants 30,383 | 30,031 & 30,008 30,291 29,688 30,080
Total Expendables 30,482 30,239 | 30,058 30,359 29,889 30,205

Ground Ignition Weight

Final Mass 6,478 6,671 6,407 6,397 7,041
Report Mass 33,282 33,160 | 32,843 33,079 @ 33,126

Table D.2: Continuation of Centaur mass data in pounds. Taken from [18]

Centaur Launch AC-6 AC-9 | AC-10 | AC-11 | AC-15 | Average

Table D.3: Various mass ratios calculated from tables D.1 and D.2
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Assumptions & Differences

This appendix list the differences between RoCAT and the model given by Kwak et al.[34] and lists the as-
sumptions made for the models used in RoCAT.

E.1. Differences w.r.t Kwak

121

CoolProp fluid properties

CEA combustion products properties

GasGenerator O/F-ratio determined by maxi-

mum turbine temperature

Addition of Thrust Chamber (Injector, Com-

bustion Chamber, and Nozzle)

Addition of regenerative cooling

Addition of gas generator O/F-ratio estimation

Account for thrust contribution of turbine ex-

haust gas

Minimum material thickness of pressure com-

ponents

Inlet/outlet flow state for each component

Enthalpy change for turbine, pumps, and heat

exchanger

Electric-pump cycle temperature dependence

of flow calculation

Fixed inaccuracies:

— Electric-pump cycle battery coolant flow

efficiencies

— Gas generator propellant mass margin

factor

— Gas generator required turbine mass flow

iteration

New cycle: open expander cycle

New configurations:

— Dual pumps

Parallel dual turbine

Series dual turbine

Dual electric motor

¢ Modularity:

Optional submerged pressurant tank

Optional tank shapes (sphere, cylinder
with various caps)

Optional predefined materials
Optional configurations

Optional open expander configurations
(pre- or post-cooling split or both)

Optional nozzle sizing (area ratio, pres-
sure ratio, exit pressure)

Optional nozzle shape (conical or bell)

Optional propellants (RP-1, LH2, and
LCH4 tested with LOX)

Optional manual combustion properties

Optional nozzle input (pressure ratio, exit
pressure, or expansion ratio)

¢ Additional checks:

Pressure balance
Pumps NPSH requirement
Electric motor leak cooling

Choked flow and Summerfield Criterion
Check

Minimum cooling requirement

¢ Inputs no longer required:

Chamber Characteristic Length
Contraction Ratio
Gas generator O/F-ratio

Fluid Properties
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E. Assumptions & Differences

E.2.

List of assumptions
The mass of pressure components, e.g. tanks, chamber, nozzle, gas generator, is calculated by assuming
them to be thin walled pressure vessel (with a minimum thickness)

CEA set to frozen settings

The battery heat loss is determined by its inefficiency which is based on burn time
Fuel is used to regeneratively cool the thrust chamber

n-Dodecane is comparative to RP1

Liquid Oxygen is used as oxidizer

RP1/LH2/LCH4 is used as fuel

The mass of power components, e.g. pumps, turbine, inverter, electric motor, battery, is calculated by
assuming a linear relation between power and mass

The convergent section of the combustion chamber’s volume is simplified to be a truncated cone

CEA only receives pressure ratio inputs. If an expansion ratio (or exit pressure) is provided IRT is used
to find the equivalent pressure ratio, which is subsequently used in the CEA calculations. Using the
expansion ratio directly would not give the same results as CEA internally does not use IRT to convert
between expansion ratio and pressure ratio

Temperature changes over "work" components like the pumps, turbine, and heat exchanger are based
on enthalpy, which is calculated using CoolProp

Propellants are assumed to enter the combustion chamber at tank temperatures (could be fixed with
another iteration loop)

Pressure drops over key components such as the injector and heat exchanger are assumed to scale
linearly with combustion chamber pressure

Radiative heat transfer is assumed to be a constant percentage of convective heat transfer (if radiative
heat transfer over the whole thrust chamber is 10% of total convective heat transfer, it is assumed that
for each section the total is simply 110% of the convective heat transfer)

Radiative emissiviteis are taken to be independent of wall material and propellant choice

Pure propellant flow properties are estimated using CoolProp dynamically

Combusted flow properties are estimated using CEA and are constant

Maximum pressure in propellant tanks is determined by initial fluid height and maximum acceleration

Thrust contribution of turbine exhaust flow is determined by Ideal Rocket Theory equations and de-
creases the required thrust from the thrust chamber

Mixture ratio of gas generator is determined through CEA from turbine temperature requirement
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Detailed Gas Generator Validation Data

This appendix contains the validation data for the gas generator cycle in table E1. It is a complementary
data-set to the data provided in table 7.3 and table 7.8. Table Ela provides the values as calculated by RoCAT,
table E1b provides the values as provided by McHugh [41] and table E1lc provided the percentage difference
between the two, i.e. (Xperugh — Xrocar) ! Xnmcrugn - 100. The absolute average in the last column of table Elc
is obtained by taking the absolute value of each difference and then taking the average.

HM7B H-1 RS-27 F-1 HM60 J-2

Thrust Chamber Length [m] 1.93 2.10 2.52 5.68 3.22 3.32
Exit Diameter [m] 0.989 1.20 1.41 3.47 1.77 1.92
Engine Dry Mass [kg] 52.1 363 432 6030 1510 739
Chamber Length [m] 0.279 0.636 0.641 0.796 0375 0417
Chamber Diameter [m] 0.181 0.549 0.515 1.16 0.460 0.459
Chamber Mass [kg] 23.2 193 220 3477 378 251
GG Mass Flow [kg/s] 0.238 3.55 4.79 52.5 8.66 3.56
GG Mixture Ratio [-] 0.874 0.331 0.327 0.421 0.886 0.940
Fuel Mass Flow [kg/s] 2.63 103 111 813 425 39.1
Oxidizer Mass Flow [kg/s] 11.5 227 243 1777 198 207
Fuel Pump Outlet Pressure [MPa] 5.58 6.39 7.55 12.03 15.50 8.37
Oxidizer Pump Outlet Pressure [MPa] 4.14 4.74 5.60 8.92 11.50 6.21
(Fuel) Turbine Power [kW] 400 2375 2977 35860 13139 6432
Oxidizer Turbine Power [kKW] - - - - 2660 1384
Specific Impulse [s] 447 292 300 306 435 424
(a) As modeled RoCAT
HM7B H-1 RS-27 F-1 HM60 J-2
Thrust Chamber Length [m] 2.01 2.67 3.77 6.1 3.1 3.38
Exit Diameter [m] 0.992 1.24 1.44 3.66 1.7 2.05
Engine Dry Mass [kg] 158 878.2 1146.6 8436.8 1719 1542
Chamber Length [m] 0.283 0.78 0.75 1 0.426  0.4572
Chamber Diameter [m] 0.18 0.53 0.52 1.02 0.415 0.47
Chamber Mass [kg] 69 331 415 - 430 446.8
GG Mass Flow [kg/s] 0.25 7.86 9.13 75.7 8.4 3.19
GG Mixture Ratio [-] 0.87 0.342 0.33 0.416 0.9 0.94
Fuel Mass Flow [kg/s] 2.57 102.4 111.3 796 39.7 38.2
Oxidizer Mass Flow [kg/s] 11.7 2349 251.8 1804 202.5 212.1
Fuel Pump Outlet Pressure [MPa] 5.55 7.1 7.09 13 15.8 8.62
Oxidizer Pump Outlet Pressure [MPa] 5.02 6.3 7.25 11 13 7.64
(Fuel) Turbine Power [kW] 404 2830 3346 40000 11200 6403
Oxidizer Turbine Power [kW] - - - - 3000 1717
Specific Impulse [s] 445.5 292 301.8 304.8 433.5 425

(b) As given by McHugh [41]

Table E1: Overview of parameters for various gas generator engines
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HM7B H-1 RS-27 F-1 HM60 J-2 Abs.Avg.

Thrust Chamber Length [m]
Exit Diameter [m]

Engine Dry Mass [kg]
Chamber Length [m] -18.46 -14.49 -20.43
Chamber Diameter [m] 14.10
Chamber Mass [kg] -
GG Mass Flow [kg/s]

GG Mixture Ratio [-]

Fuel Mass Flow [kg/s]

Oxidizer Mass Flow [kg/s]

Fuel Pump Outlet Pressure [MPa]
Oxidizer Pump Outlet Pressure [MPa] -18.9
(Fuel) Turbine Power [kW] -16.1 -11.0 -10.4
Oxidizer Turbine Power [kW] - - -
Specific Impulse [s]

(c) Difference between table E1b and table Ela in percent.
Green-Red gradient between an absolute difference of 0 and 30 %.

Table E1: Overview of parameters for various gas generator engines






The electric-pump cycle is a rocket engine configuration that
uses an electric motor to power the pumps instead of a tur-
bine. This offers several expected advantages such as simpler
design, lower development costs, and easier restartability, but
comes with reduced performance compared to conventional
cycles. Previous research has primarily compared the electric-
pump cycle to the gas generator cycle and has been limited to
direct comparison. This research aims to extend these studies
and to place this new cycle better in the context of conventional
cycles. To do so a Rocket Cycle Analysis Tool was developed
called RoCAT. It models the last-named cycles as well as the
open expander cycle for a broad scope of thrusts, burn times,
and chamber pressures, and several propellants. In addition,
RoCAT optimizes several inputs for each cycles individually for
a fairer comparison. Besides analyzing the electric-pump cy-
cle’s current performance, this research also estimates its per-
formance in the future based on historic trends in its key tech-
nologies like the battery and electric motor.

]
TUDelft



	Executive Summary
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Literature Review
	Replication of Kwak's Model
	Kwak's Model
	Replication Model
	Detailed Analysis of Kwak's approach
	Gas-generator mass flow
	Gas-generator specific impulse
	Gas generator propellant masses
	Electric-pump battery coolant flow

	Adjusted Replication Model

	Engine Cycles
	Modeled Components
	General Configuration
	Individual Cycle Configuration
	Electric Pump Cycle
	Gas Generator Cycle
	Expander Differentiation
	Coolant Bleed Cycle
	Open Expander Cycle


	Engine Components
	Base Classes
	Flow State
	Flow Component
	Material
	Pressure Structure

	Main Components
	Propellant
	Tank
	Pressurant
	Pressurant Tank
	Pump
	Injector
	Thrust Chamber
	Combustion Chamber
	Nozzle
	Heat Exchanger
	Heat Transfer Section
	Splitter
	Merger

	Open Cycle Components
	Turbine
	Turbine Exhaust

	Class Specific Components
	Gas Generator
	Electrical Component
	Electric Motor
	Inverter
	Battery
	Battery Cooler

	Component Connection

	Engine Cycle Implementation
	Engine Cycle
	Component Integration
	Parameter Calculation
	Checks

	Open Cycle
	Iteration
	Parameter Calculation

	Electric Pump Cycle
	Check

	Gas Generator Cycle
	Coolant Bleed Cycle
	Open Expander Cycle
	Additional Cycle Configuration
	Double Fuel Pumps
	Parallel Double Turbines
	Series Double Turbines
	Double Electric Motor

	Other Parameters
	Mass Aggregation
	Mass Factor
	Change in velocity


	Verification&Validation
	Performance
	Performance Schematics
	Electric-Pump Verification
	Gas Generator Verification
	Gas Generator Validation
	Open Expander Verification
	Open Expander Validation
	Performance Conclusions

	Mass
	Electric-Pump
	Gas Generator
	Open Expander
	Mass Conclusions


	Results & Discussion
	Direct Cycle Comparison
	Initial Mass
	Mass Ratio
	Specific Impulse
	Change in Velocity

	Optimized Cycle Comparison
	Future of Electric-Pump Cycle

	Conclusion
	Conclusions
	Recommendations

	Bibliography
	Detailed Data for Kwak Replication Model
	Specific Impulse
	Minor modeling details
	Replication Model Comparison
	Adjusted Model Comparison
	Adjusted Model Figures

	Inputs
	Kwak Replication Inputs
	Predefined Materials
	Non-Default Inputs for Engines
	Electric-pump
	Gas Generator
	Open Expander


	Gas Generator Performance Schematics
	HM60
	J-2
	HM7B
	RS-27
	H-1
	F-1

	Centaur Mass Data
	Assumptions & Differences
	Differences w.r.t Kwak
	List of assumptions

	Detailed Gas Generator Validation Data

