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Denna avhandling undersoker utvecklingscykeln for ett brytbart
lock till en raketlanseringsbehdllare. Med hjdlp av CFD-analys i ANSYS Fluent modellerar
studien det transienta dynamiska gasbeteendet inuti behéllaren under lanseringen och jamfor det
med det forvintade beteendet som erhéllits frin NASA CEA-berdkningar. En specialanpassad
trycktestrigg utrustad med hogfrekventa tryckgivare och infilld montering anvindes for att
validera CFD-resultaten i ett verkligt experiment. For att utveckla den infillda monteringen
anvindes frekvensinnehdllet i det simulerade gasbeteendet i behdllaren och de mekaniska
begrinsningarna i behéllarens uppbyggnad. Resultatet blev konstruktion och tillverkning av
en infdlld montering med en specificerad akustisk naturlig frekvens.

Som en del av utvecklingsprocessen designades prototyper av kompositlock och en modell
utvecklades for att simulera deras beteende under belastning. For att validera modellens
resultat och bekrifta antagandena om det anvinda materialet (FR-4) designades och tillverkades
en sprangtrycksprovningsrigg.  Spriangprovningar genomfordes dock inte pd grund av
tidpunkten for tillverkningen av spriangtrycksprovningsriggen och tillverkningsproblem med
locken. Endast titningsintegritetstestet genomfordes for att sdkerstdlla tillverknings- och
monteringskvaliteten.

Faltforsok genomfordes och data samlades in. For att stodja forsoken undersoktes hur resultaten
frén faltforsoken kunde valideras. Som ett resultat av detta ansigs det nodvandigt att genomfora
fler faltforsok och dynamisk kalibrering av sensorerna som en del av det framtida arbetet.

Baserat pa resultaten drogs flera slutsatser och forslag for att stodja det framtida arbetet
med att utveckla en optimerad och stromlinjeformad utvecklingsprocess for brytbara
behallarlock.
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This thesis investigates the development cycle of a frangible cover for a rocket launch canister.
Using CFD analysis in ANSYS Fluent, the study models transient dynamic gas behavior
inside the canister during launch and compares it with the expected behavior obtained from
NASA CEA computation. A custom pressure test rig equipped with high-frequency pressure
transducers and recess mounting was used to validate the CFD results in a real experiment. To
develop the recess mount, the frequency content of the simulated gas behavior in the canister
and the mechanical constraints of the canister setup were used. The result was the design and
manufacturing of a recess mount with a specified acoustic natural frequency.

As part of the development process, composite cover prototypes were designed, and a model
was developed to simulate their behavior under load. To validate the model’s results and
confirm the assumptions about the material used (FR-4), a burst pressure test rig was designed
and manufactured. However, burst testing activities were not conducted due to the timing of
manufacturing the burst pressure test rig and manufacturing issues with the covers. Only the
seal integrity test was conducted to ensure manufacturing and assembly quality.

Field test experiment was conducted and data gathered. To support the experimental efforts,
investigation was conducted into how to validate the field test results. As a result, more field
tests and dynamic calibration of sensors were deemed necessary as part of future work.

Based on the results, multiple conclusions and suggestions were drawn to support future
work of development an optimized and streamlined development process of frangible canister
covers.
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frangible cover, CFD, FEA, high-pressure sensor, pressure sensor, development, ignition
overpressure, launch canister, recess mount, experiment, Tsai-Wu
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Modern ground based rocket launch equipment is costly compared to the targets they are used
against. As drones become cheaper and cheaper to manufacture, with some drones costing
as little as 300 dollars [1], the technological gap in the cost effective launch equipment is
apparent. Ground based systems like Patriot (Fig. 1.0.1), can indeed be used against modern
inexpensive threat set. But all the support equipment that is used and the munition price
becomes a financial burden for the user in case of active use of the system. This thesis is
focused on ground-up development of one of the components of a cost-effective launch support
equipment, specifically covers for the launch canister. Launch canister is an important part of
the ground support equipment, as it houses the rocket before the rocket is launched and protects
it from the external environment under required conditions. Design of the launch canister
includes multiple components, and the focus of this study is one of the most important ones
as it is directly affecting transportation, storage and in some cases even correct placement of the
munition. Canister covers are mainly acting as sealing component at both sides of the canister.
Covers ensure that munition can perform its mission at any conditions and for it to maintain its

ability to operate until the manufacturer’s specified expiration date.

Figure 1.0.1: Patriot System Rocket Launch Canister reloading [2]
00000 000 00 00O 0o 0000 boo boo boooiibooon 0o oo Cooo
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Canister plays a critical role in protecting rocket from the external enthronement. Understanding
how gas dynamics and pressure evolution affects the inner space of the canister, is essential for
a optimal design choice, especially when it comes to choosing material for the covers. This
section gives a general overview of the concepts that are essential for developing canister cover.
It includes concepts of gas dynamics, structural effects of the gas flow inside the canister and
how gas flow outside the canister affects the adjacent covers. What needs to be covered is also

a material selection and a manufacturing process for the covers.

000 00000l fiogo oty 0o jodiioo

Each event in the canister occurs with a duration of a fractions of seconds. After the short
ignition the engine or in this case solid propellant motor, starts burning. What results at the
exit of the nozzle after ignition is a high temperature, high-velocity flow which increases the
internal pressure of the canister (Fig. 1.1.1). The interaction between the rocket plume and the
canister covers is directly related to phenomena like shock-wave formation and reflection, and
turbulence. Characterizing pressure evolution in the canister is an essential step to understand

structural loads on the enclosures.

o Direction of
Direction of plume Rocket flight

Aft Cover

AN / / [ Fontco
é\ / é /

/

Figure 1.1.1: Internal structure of canister [3]
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What this thesis is trying to achieve is timely burst of the covers. For that initial leading
pressure wave needs to reflect from the aft cover and reach the front cover and break it. All this
needs to happen before the rocket reaches the front cover, hence avoiding the contact between

them.
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There are multiple materials from which covers have been made and there a lot of studies
exploring the materials [4][5] for the canister covers. Materials discussed in this study are
Carbon Fiber Reinforced composites and Glass Fiber Reinsforced Composites, with Glass fiber
being discussed in more details as a more affordable option. The challenge of using this kind
of material is modeling of the foam structure and simulating its properties as close as possible
to real ones. There numerous studies made to study the impact strength of the EPP foam as
well its compressibility [6]. This foam is being used extensively in automotive industry [7] and

hence most of the studies and simulations are coming from automotive field.

UiO0ooD 4ojtoo

Composite materials are materials that are manufactured by combining at least two components
called (eg. fiber and matrix) to form a material with properties blended from the component
material properties. Most common way of producing composites is to use fiber reinforced
composites.Fiber reinforced composites are known for their high stiffness, resistance to the UV

light, low density, corrosion resistance and tailorable mechanical properties. [8][9]

FIBER REINFORCED COMPOSITES

(common example)
FIBER

(carbon, glass, aramid) \\/
+
MATRIX MATERIAL
(epoxy)
FIBER REINFORCED /7\ ||
COMPOSITE CARBON MATRIX CARBON FIBER

FIBERS t MATERIAL = COMPOSITE

Figure 1.1.2: Fiber reinforced composites diagram [10]

Carbon fiber reinforced composites offer all of that mentioned above but at the high cost,
which is often justified by the performance gains in areas where weight saving and mechanical

reliability are the priority.

Glass fiber on the other hand offers a reasonable mechanical properties for the lower price, along

with better impact resistance and electrical insulation. [11]

There are number of manufacturing techniques for fiber composites[12], each with at least 2
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sub-variations. Those main techniques are:
* Hand/Wet Layup
* Vacuum Bagged Wet Layup
* Infusion
* Pre-Pregs
* Resin Transfer Molding (RTM)
* Pultrusion
* Filament Winding
* Compression molding
* Automated layup
* 3D printing

Out of all of these techniques metioned the ones that are even considered for prototyping and
testing phase are Hand/Wet Layup, Pre-Pregs, Vacuum Infusion and Vacuum Bagged Wet
Layup.

Qo0oiol 0o0od

Hand/Wet Layup is the manual approach to manufacturing of composites[12], where a human
manually applies resin matrix on the fibers. Its applied with rollers or spray. Later it either
cured just like it was rolled, or it can be vacuum bagged. Problems that come with it are usually
due to the fact that all the geometrical intricacies of the mould need to be taken into account

when laying the plies before the resin starts to cure.

GEL COAT

REINFORCING MATERIAL
MOULD peoiy

CONSOLIDATION ROLLER

Figure 1.1.3: Hand Lay-Up Process[13]



CHAPTER 1. INTRODUCTION 5

Qooooooo

Pre-pregs are an expensive pre-made solution which is suspended in the partially cured
state[12]. Manufacturer usually applies the exact amount of the epoxy needed for the excellent
reinforcement. It is stored in the partially cured and frozen “pre-impregnated” state, hence
the name, allowing for long term storage. To “impregnate” the fibers the pre-preg needs to be
”cooked” in the oven at the temperatures higher than room temperature. The result is a precise

resin content all over the laminate.

Figure 1.1.4: Pre-preg example [12]

Uoodgd toootiog

It is the process where the “impregnated” part is placed under the vacuum bag and is connected
to two reservoirs. One contains the matrix resin, the other one is used for collecting it[14]. The
vacuum pump sucks out all the air from the collection reservoir and from under the vacuum
bag, creating a vacuum. Vacuum instead gets filled with the resin matrix that is being moved

by the differential of pressure.

RESIN SYSTEM

’

INJECTION HDS\ VACUUM BAG FILM
FLOW MEDIUM

FEEDTHROUGH BAG

RELEASE FILM
RELEASE FABRIC
VACUUM BAG

SEALING TAPE I‘ ADHESIVE TAPE

I COMPOSITE MATERIAL COMPONENT

MOLD

Figure 1.1.5: Vacuum infusion manufacturing process[13]
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Bagged wet layup is a rather similar to manual lay up approach[15]. But instead of just letting
the resin cure, vacuum bag with release plies and other vacuum supplies are applied to remove
the excess resin from the part and for it to wet the fibers evenly without any air pockets present.
The risks stemming from this approach is the fact that it is really easy to suck out too much

resin.

Figure 1.1.6: Vacuum assisted wet layup manufacturing process [16]

000 000 00 0ooooo jooooo

When talking about the types of covers for rocket canisters, two distinct type can be
differentiated, based on the actuation process. The following categories are rather simplified

but are more or less representative of the world of canister cover designs.

0000000 DOO00D are covers that are designed for failure or rupture with a specific force or
pressure load applied to them. Typical load that is applied is internal overpressure generated
by the rocket motor. Some of the covers can use a separate device to apply the load to shatter
the cover. There are two subtypes of such covers. No contact breaking cover, and fly-through
covers. No contact covers are as was mentioned rely on the separate pressure of force to be
acting on the cover to break it, without any interference with the rocket. Covers are usually
made out of composite materials and are used widely due to their low weight, simplicity in

usage and passive actuation without contact with the rocket.
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s, Mises

Multiple section points
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+1.101e+02
+1.009e+02
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S, Mises
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+0.000e+00

Figure 1.1.7: Frangible cover example [4]

Fly-through covers are using the impact of the rocket on the cover as the mechanism for breaking.
The principle of the manufacturing is sometimes the same as in passively broken covers, but
in this case extra materials can be considered for manufacturing, such as rubber for designing
a membrane like structure. Perfect example of fly through cover is a Patriot system canister,

shown on Fig. 1.1.8. Both cover subtypes are non reusable.

MISSILE THERMAL ALIGNMENT  MAM msa.LE su»gm- TIE-DOWH
INSULATION PIN {4) FRAMES FITTINGE {8)

NONSLIP
WALK SURFACE
‘-._

————— ‘-“'-""-

7 [ rE

Fgamp-r T\EI)GW’M EYE BOLTS
POl BOLTS [9) RING (8)

FRAME (4) MISSILE UMBILICAL
SUPPORT BRACKET

- AFT
N BLOWAWAY
il COVER

RECORDS HOLDER

ANCHOR
SHACKLE (8)
LAUNCH
RAIL
CANISTER HEATER
‘CONNECTOR

CAMISTER UMBILICAL
ELECTRIGAL CONNECTOR

TORQUE TUBE:

HANGLE VACUUM PRESSURE RELIEF

VALVE AND DESSICANT HOLDER

Figure B-24. Patriot guided missile configuration.

Figure 1.1.8: Patriot canister with fly through front cover[17]

LI00000I00ID DUJ0DooD OUoUll are a second major type of covers that is being used in the
industry for more than few decades. The principle of work is simple. Cover is actuated
by motors or hydraulic systems by using hinging or sliding motion. These covers are

considered reusable and are commonly used on the shipborne vertical launch systems or VLS
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in short. These actuated covers are commonly known for their complexity, added weight and

maintenance, hence are used only when strictly necessary.

Figure 1.1.9: VLS module example [18]

0o OOo

The goal of the thesis is to provide a company with a feasibility study of the frangible covers,
with a brief analysis of cost effectiveness and mass manufacturing included. My project aims
for providing a baseline design and experimental data to base judgment when reiterating the

design for further cost reduction or for any other company projects related purpose.

0t Odboool hooboooooo

To achieve objectives of this thesis a methodological structure was defined, to ensure traceability

of steps and verify completeness of the study.

First of all a background study needs to be done to become informed about the state of the art
developments and past research done on the topic of frangible covers. Then a numerical model is
built with assumptions acceptable for the current stage of development. Numerical study is then
performed to receive an estimation of the pressure evolution inside the canister. These results
are then to be validated by the experimental approach, with pressure measurement during a real
life firing testing campaign. Once validated, results are used to design prototypes of covers for
a certain failure pressures. To ensure that covers break at the needed pressure, numerical model
is built and simulated. Results are again to be validated by doing an series of experiments using

a custom designed and built test rig. Based on the results from the experiments, conclusions are
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drawn and based on them a product is designed and manufactured for the current development

needs.

400 000 000000000 LofOooiboo dodtoo oo foo boooo boo foooio o hotooodo bod doooooodooa
[00C000000 Loo00o 000 0boood O Loto oo f0odto iU oo

Original Quantity k = Scaled Result (1.1)

Where k is the factor defined by the author.

00 DO0booot tobido Uoo oodioitboioo

In terms of benefits, the main benefit is clear, cost efficient working solution for a product that
solves existing problems with the said product. Feasibility study also will give a guidance or
inspiration for more canister designers from European Union which just might increase the
war readiness of European countries in the long run. So this study serves both as a benefit to

academic and research institutions as well as defense and space companies (agencies).

In terms of Ethics, scientific integrity is considered and simulations and experimental data are
reported without any extra corrections to ensure transparency. Any limitations of the study and

any uncertainties are acknowledged.

Intellectual property here plays a big role as there is a no disclosure agreement signed between
the thesis author and the company which the individual is working for. Everyone involved in

the thesis is credited properly with each contribution accounted.

As far as the sustainability is concerned the study is aiming for a sustainable approach in terms
of material use efficiency and trying to use recycled or recyclable materials. In the case of
aerospace industry it is quite hard to come by sustainable materials. Especially when it comes
to this study material candidates: carbon/glass fiber composites or EPP foam. This project

ensures that it is done as sustainable as possible.
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The following sections delve into research exploring the flow field within launch tubes, with
considerable foundational studies being conducted prior to the 2000s, some even predating
the Iron Curtain’s collapse. Many modern designs are derived from these early investigations.
Present-day publications on this subject are often restricted by NDAs and expensive access fees,
highlighting the importance of utilizing any accessible literature. These studies will serve as the
foundation for developing analytical, experimental, and numerical methods to describe the flow
in a regular sized rectangular launch tube. Most of the referenced research focuses on larger
canister systems [19] and large-scale military experiments, such as those at White Sands [20],

with only a limited number of studies being publicly available.

Concerning the design of closure systems, the focus is exclusively on frangible covers. Research
involving designs where covers are broken by rocket impact or mechanical activation is not

applicable and will be disregarded.

The study focuses exclusively on composite materials, examining their properties and costs,
since these materials alone meet the criteria for lightweight and mass production. Detailed

requirements are provided in Chapter 4.

0t DOoobitd obb o 0bobodoote bhoobotdbg 0 bobobonbd
HooQobooo

Theoretical background research was mainly focused on the following areas:
1. Description of the flow field in the launch canister.

2. End cover designs

10
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Throughout the history of development of rocket launchers numerous studies have been
conducted, on documenting both numerical and experimental methods. The subject of those

studies is in most cases flow fields in the canisters upon the ignition of the rocket [20].

One of the more older studies like Jon. J Tagla’s and L.P. Anderson’s paper [19] explore
specifically internal flows of the Navy Vertical Launch system. The study focuses on describing
the process of shock wave formation and and highlights an importance of 2D modeling of such
phenomena to gain a basic understanding of the flow patterns. Study highlights and importance
of the study of the shock waves not only for the design of the covers but also as an important
consideration for structural design. Pressure waves that are moving forward are acting as a load
on the missile structure and as the load acts on the missile it propagates through it as a system of
stress waves and can cause the vibrational response of missile and internal components. It also
showcased some experimental data that gives a good ballpark of pressure strength and pressure

wave travel time that can be scaled down or up depending on the size of launch tube.

In the following conference paper of Hong-Gye Sung [21], the flow of the rocket exhaust was
studies in the cylindrical tube. Paper focused on the effect of the shock wave on the flow-by flow
that and on the over pressurization at the front closure, which is extremely important considering
the subject of current thesis. Paper showcases the use of the MUSCL (Monotonic Upstream-
Centered Scheme for Conservation Law) for prediction of the flow before and after aft closure
rapture and found that Van Leer’s limiter is the best among tested limiters for the calculation
of flow fields inside launch tubes. Another invaluable data was obtained in terms of timing of
the events inside the canister with reverse flow starting at 50 microseconds and shock passing
missile base at 100 microseconds. These numbers give a good starting point for the further

numerical simulation setup and its duration.

Even though the study of R. Venkatraman [22] is not directly related to the launch tube, it
showcases an important phenomena that occurs in during the ingition Solid Rocket Motor,
specifically IOP (Ignition Overpressure). The research effectively showed that IOP waves are
generated from the initial flow formation within the rocket nozzle. These waves initially travel at

supersonic speeds but gradually decrease in intensity with increasing distance and time.

An interesting article by Aolin Zhang [23] shows much more recent numerical study of the flow
in the canister. With the main focus being to showcase that the frangible lids are broken not
by the gas but by shock waves, Zhang employs unsteady standard k- model to simulate the
flow in the launch tube. The results show that the back lid was broken by shock waves formed,
rather than influence of the gas itself. Results from the analysis again showcase the range of

the pressure wave strength, both at the back and in the front, even if the engine size is not the
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Figure 2.1.1: Pressure contour example from shock-wave opening of the canister [23]

same.

An analysis performed by S.J. Lee [20] showcases a coupled study that shows interactions of the
gas flow with launch tube structures. The fluid-structure interaction at the time of the writing
of the mentioned study, was a complex topic. The model code managed to capture the real-time
deflection of the cover and to highlight an importance of the tilt angle of flying out igniter. This
proves to be an important insight, as igniter with a tilt angle as large as 30 degrees was observed
and bow shocks were formed at the forward end of the igniter. This may create an additional
unbalanced load on the nozzle and needs to be considered when choosing the type of ignition

and its modeling.

A study on the hot launch and shock wave interaction was performed by P.K. Sinha [24]. Study
had compared two different turbulence models, RNG k- and Standard k- model and used RNG
version as the more accurate one for simulation of shock wave impingement, blow-by flows and,
for one of the most important things for hot launch, base drag phenomena. Base drag phenomena
if not counted with, can severely constrain the missile motion and affect mission detrimentally.
Study showed that an order of magnitude of increase of annular gap had increased base pressure
by 60% and this in turn brought down the base drag by 10%.

In the paper dated 2019 by Jae Eun Lee [25], a new model was developed to study the hot
launch power-on base pressure and base drag deriving from it. The new model for predicting
the base pressure involves axisymmetric flow path simulation with the novel use of flow-path
modeling”, which simplifies the complex geometry of the launch tube with protuberances (fins,
structural supports, etc.) to a model that keeps the equivalent cross-sectional area. Jae Eun
Lee used k-1 SST turbulence modeling contrary to P.K. Sinha who used k- model. The study
confirmed that base pressure was highly correlated with missile position and chamber pressure
(thrust states). The study showcases a cost-effective and simplified quasi-steady model which

proves to be in good agreement with the experimental data.

Really insightful paper by QuanZheng Cao [26], covers a very important topic of rapture time
of the back cover and influence of this time on the shock strength. Cao uses 3D unsteady

modelling to see the propagation of shock waves in 4 different cases. From the results an
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Figure 2.1.2: Example of the pressure profile along the launch tube[20]

important conclusion can be made, that the longer the rapture time, the higher the pressure
at the front, which when translated to design means that front caps can be made stronger if
the back caps are stronger as well. This can directly affect a solution of the problem adjacent
launch flow impact. Ranges of the pressures are again predictable, all hover in the range 2-3 Bar,
with 3 Bar present at the longest rupture time. Most of the studies before predicted a pressure,

depending on their Combustion chamber pressure and geometry, to be between 1-2 Bar.

A study covering flow in the canister and focused on the disturbances caused by hot launch, was
written by ShaoZhen Yu [27]. This paper doesn’t assumes that opening is done automatically
before the actual ignition of the rocket, hence the load on the front cover is not the focus here.
What was studied on the hand, was the load on guide rails and Static pressure distribution inside
the canister related to position of the rocket during launch phase. What the results brought
were, the intensity of the loads and their frequency and interesting conclusion that the front
static pressure reached its peak when the rocket passed a middle of the launch canister. These

insights are important to better interpret the numerical results later.

Publication by Jing Li [28] effect of the gas flow on the adjacent canister is studied to give a
theoretical reference for engineering application. This type of the load is rarely studied, and
if is studied, it gets really hard to get a data about it. Given the dimensions of the tube that
are present in the study, one can apply the timings and pressure loads to have an educated
guess for predicted load on the adjacent cover and a better expectation of numerical result from
simulation. Combining this study with QuanZheng Cao’s [26] findings, a design accounting for

all mentioned nuances can be made.

Research made by Z P Liu [29], trying to fill the gap in the understanding of the effect of exhaust
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plume impinging on the adjacent canister. Reason that makes this case complicated and less
acurate when studied in 2D, is the pressure and temperature distribution on the cover when
impinged by high-speed and high-temperature flow. And the key contribution that author wants
to make is that temperature effects have a way bigger effect in case of steel covers. Effects that
result in plastic deformation. Study proves to be a good example of reiteration process, with
cap design adjusted after discovery of the flaw. And it proves to be important to be considered
when dealing with the system in focus of this thesis, where launch tubes potentially might be

packed closely together.

Paper by Ma Yanli [30] has covered every stage of the rocket launch from the canister. Ma
conducted a comprehensive 3D study with numerical simulation focused at multiple stages of
a rocket launch. Study used techniques like dynamic mesh and coupled simulation with k-

turbulence model to model plume interaction with a launch tube. Simulation included the
simulation of the breakage of aft cover and breakage time. Reflected shock-waves from the
guide arc, were mapped with their decay studied. A lot of extra attention was given to pressure
and temperature distribution of pre-selected points, and their variation with rocket moving in
and outside the canister. Some of these findings relate to ShaoZhen Yu’s results [27]. Negative
base pressure was observed and its variation was studied. These findings are necessary as was
confirmed by by P.K. Sinha [24] and Jae Eun Lee [25] to assess severity of affect on the rocket’s
stability and mission capability. Overal study provides a good reference for a design of the
structurally resilient and thermally protected launch platforms, as well as a good reference for

shock wave transfer used for end cover design.

Jioio OO0 00000 0oooooo

In the field of rocket launcher frangible cover design, lightweight and strong materials are
desired. For that purpose mainly composites are used. And to study composite covers a lot

of research has been written covering the topic.

In the paper by J H Wu [31] a detailed analysis of the fracture of the composite cover was studied
using both experimental and Finite Element Analysis approaches. Tsai-Wu and maximum
strength criteria were used to characterize the failure of the cover. It was noted by the author that
in most of the cases the failure occurs in the adhesive bond layer of the cover, as it is usually the
weakest part. Hence most of the times adhesive bond strength defines the burst strength of the
cover. To simulate the response of the frangible cover, layered composite modelling was used
in the NASTRAN code. A few conclusions were drawn. The main one is that failure initiated
as expected at the edges where the adhesive bonds are present. Another finding suggests that
laminate lay up orientation, thickness of the laminated components and the strength of adhesive
have drastic effects on the static burst strength. It is also useful to mention that manufacturing

defects may have introduced the discrepancies between experimental and numerical results,
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hence for more accuracy it may be useful to do probabilistic analysis rather then deterministic,

in order to compensate for single error discrepancies.

A recent in-depth study by Hong Li [32] shines light on the usage of basalt fiber composites.
Author conducted a thorough research into defining properties of basalt fiber reinforced epoxy
composites and then using these properties for experimental static burst testing and finite
element analysis. Li established a model based on the fourth strength theory criterion and
proved its reasonability for prediction of the failure of the frangible covers. On the contrary
to Wu [31] Li used grooves to create stress concentrators and to direct the breaking of the
caps this way. Compared to the usual long-cut fibers, fibers in this study were short-cut which
allowed author to make a lot of simplifications based on the assumptions of material isentropic,
assumption derived from the large length-thickness ratio. Study builds a foundation for the
usage of the basalt fiber composites in the frangible cover design field, as little to no studies
have covered this topic. Results of the simulations with the assumptions made, have an error
of less than 20 %. In a study by Wei Zeng [34] another variation of the end frangible cover is
studied. Author used a fiber cloth to adhesively bond the principle parts, on top of the epoxy
adhesive. With this parametric study was conducted in Abaqus. Failure criterions were used
for transient dynamic study to delete elements once their stiffness is depleted. For elastic and
plastic stage of deformation ductile and shear criterion were used, and a failure criterion was

used to describe a condition of failure. Combining FLUENT study results with Abaqus dynamic
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transient analysis, Wei Zeng provides a good estimation of the failure pressure and failure times
based on the parametric changes of the geometry of the bonding layer. Study confirms the rise
of failure pressure and time with the increase of the length of the bonding layer, and proves that

the model chosen is effective and methods chosen are feasible.

An interesting design for the frangible cover was proposed by Guangming Zhou [35]. The cover
design used adhesive bonds as the breaking point between principal parts and employed a few
variations of split zone span. 6 different cases used different angles of local non-split weak
zone, spanning from full weak zone (0 degrees) to 25 degree sector with 5 degree difference
between each case. Covers were manufactured with vacuum assisted resin infusion (VARI)
method, which might have added extra variation in terms of performance compared to the
numerical model. Numerical model was done in Dytran and used approximate Riemann solver
for describing interaction of fluid-solid coupling in the canister. For identifying the failure in
the weak region, infamous Tsai-wu criterion for maximum strain failure was used. Results from
the experiments and numerical simulations show that with the increase of the span of the local
no-split zones the time of separation and failure pressure increases, which proves the concept
of reinforcement of weak zones with local no-split zones. Author notes that there is a 10-15
% error between experimental results of failure pressure values and numerical results, this as
mentioned earlier is suspected to be caused by manufacturing defects, which just happened to

be a consistent occurrence.

As an extension of the study by J H Wu [31], another study was conducted on the same cover
type. Study [33] by T Y Kam, coauthor of J H Wu, is one of the few studies on the topic
of external pressure influence and structural analysis on externally influenced cover. As in the
previous study Tsai-Wu and maximum stress criteria are used to study failure of the components,
but this time buckling is included in the study as well. Buckling is studied to measure the
buckling pressure and to account for structural instability. The experimental setup is almost
the same as in the first study, with the convex type of cover facing inward of the pressure test
chamber. One of the most important discoveries of the study is the value of the K ratio, a factor
describing the ratio between the external failure pressure and the internal one. The study showed

that the K ratio for the designed and tested covers hovers around 2, which is a good result.

In the publication by Deng’an Cai [36], research on frangible covers was conducted. The design
introduced a weak region characterized by an adhesive bonding layer, reinforced with additional
glass fiber layers for enhanced bonding. The failure region comprised a single split area
connecting the top and bottom sections. A standard manual wet-layup process was employed
for its fabrication. Transient-dynamics models were utilized for simulations as the author
indicated that static FE models alone fall short in comprehensively capturing the behavior of
frangible composites. A Riemann solver-based model was applied to analyze the burst process.

Results from the combined simulation revealed that the cover’s deformation in the proposed
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Figure 2.1.4: Example of simulation of cover failure[37]

configuration is primarily influenced by the primary cover structure rather than the placement
of the weak zone. Conversely, the failure pressure is notably affected by the weak-zone height.
The study, consistent with others, highlights a 10-15% discrepancy between experimental and

numerical values, an error margin observed in the referenced studies.

Article presented by Aniello Smarazzo [37] covers a design methodology as sets a baseline for
rule of thumb for controlled rupture frangible covers. By using using intricacies of geometry,
carvings and composite materials to guide the stress propagation and failure, author ensures
predictable, non-damaging fragmentation of the cover under missile impact. 3 geomteric types
were considered as main candidates for frangible covers, planar, pyramidal and dome-shaped
tailgates. And using LS-DYNA combined with Chang-Chang failure criterion author tested
innovative techniques of resin only carving zones for improving cleanliness of fracture and
reduction of peak-stresses. Results have proven that dome-shaped cover provides the smallest
peak-stresses and fractures without many debris. Uniqueness of the study is the approach
but also the overall geometry, as to meet the requirements, asymetric design of the tailgate
was used, which introduced extra complexity for stress guides design. Complexity streams
from the fact that some of the tracks are shorter, which require their adjustment for uniform
breakage of the cover. Analysis provided a collection of great deal of results using both
realistic and full-scale FE model analyses and outlined basic guidelines for the design process
of controlled rupture frangible covers. Article from Polymers journal by Yuan Qian [4], delves
into designing and manufacturing of a new multi-part composite frangible cover. As the cover
needs to be quite large Yuan uses a new set of requirements for the cover to base design on.
Main driver of the design becomes weight to reduce the weight of thrown part of the cover,

ensuring better safety for operations and for saving mass budget. Second driver is the uneven
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separation time, as it can cause leakages and damage to the rocket inside the launch tube.
Design proposed uses 6 part cover in the form of hemisphere adjoined by the adhesive with
a double-lap weak zones, with this defining weak zones. To ensure the even breaking of the
cover, equal-strength design principle was applied. Separate experiments were conducted to
adjust the balance between the lap length and the thickness of the lap. As the separation
of the cover is clearly a transient process, the explicit kinematic analysis was conducted in
ABAQUS/Explicit. Vectorized User-Manual (VUMAT) subroutine was used to use Von Mises
criterion to indicate whether failure occurred or not and to delete the elements that failed. By
using the Isight software the mass optimization was conducted saving enormous 28.1% mass
without compromising on performance. An interesting observation can be seen in the article,
measured experimental failure pressure discrepancy with the numerical results is within 8%.
When compared to the before mentioned studies and their error span between 10-15%, this
study clearly showed correlation with the model. On the other hand it is worth noting that the
failure pressure is around 7 times higher than in most of the studies covered, with most of the

studies focusing on 1-1.5 Bar compared to 7.8 Bar in this study.

In study by Ran Cao [38], parametric design method was introduced. It is used to optimize the
weak area structure of circular frangible end cover design, with controlled rupture under internal
pressure loading. The approach is reminding us of similar approaches from before [34] as its
focused on studying the effect of lapped fiber length and thickness on the structural strength
of the bonded weak zones. By using assumptions from the classical lamination theory and by
employing finite element analysis initial study was done to calculate the stress distribution in
the weak region under selected range of bending-stretching coupling load ratios. Results clearly
showed that tensile strength is more sensitive to the thickness of the lapped fiber layers, while
shear strength is mostly influenced by their length. This study offers a template of sorts for
further designs as it streamlines the design process with the chart-based method for selecting
the weak zone parameters depending on the required failure pressure. Experimental study was
conducted to verify numerical results, a number of specimen were manufactured and tested
under the internal pressure load. The tests proved that the covers break at the predicted pressure
with a slight error, as they break at the pressure lower than expected. This is already a well
known fact that manufacturing defects can affect the performance of the cover. The error like
in most of the studies before is from 8-15%. This work provides a baseline tool for efficient

design of frangible composite end covers.
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This section presents a modeling and solution approach for FEA, together with theory allowing
for solution. This section includes multiple references to Solidworks, Ansys and Altair user
manuals along with dedicated books on that topic. As this thesis is multidisciplinary, this topic
too will be covered with just enough depth for the reader to understand the reasoning behind

the work.
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Finite Element Analysis or FEA is numerical method that is used to approximately solve
complex stress and displacement analysis problems, primarily in mechanical structures. FEA
establishes a domain for a solid object, consisting of many discrete sub-domains, finite elements
[39]. Finite elements are interconnected between each other using points called nodes. These
discretizations allows to transform the problem into large set of algebraic equations that after
solution give the displacements and stress in the structure. This approach is used in the industry
as most of the structure nowadays are almost impossible to physically analyze in closed form

solution. Typical workflow of the structure stress analysis consists of three main stages:
1. Pre-processing. Involves modelling and meshing.
2. Solution. Computation of displacement fields by solving set of algebraic equations.
3. Post-processing. Deriving needed properties from the solution.

Pre-Processing starts with user preparing the model in any possible 3D or 2D modeling
software. Then this continuous geometry is discretized by dedicated tools into elements
mentioned earlier. This process in the industry is called meshing. Elements take different forms
depending on the application and need. There exist simple shapes like line, triangle shaped
elements and also complex like hexahedron elements [40]. Examples of meshing are presented
in Fig. 3.1.1. Cost of the solution is directly related to the element size. While the finer mesh

with smaller elements brings more accuracy for the stress results, it brings a computational cost

19
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higher. Most of the meshing involves a trade-off and mesh size independency study to find the

optimal balance between solution accuracy and computational cost.

Hexahedral Tetrahedral Pyramid

Figure 3.1.1: Mesh types examples[41]

Elements can be categorized as line elements (1D), surface elements (2D), and solid elements
(3D). Among these 3 types most common element shapes are triangular (TRI), quadrilateral
(QUAD) and tetrahedral (TET) and finally hexahedral (HEX). Type of the element is directly
related to the degrees of freedom, as the more dimensions are considered and the more nodes
are available, the more nodal DOF are available for the element. Big part of pre-processing
is choosing an appropriate element type to sufficiently and efficiently describe the models’

physics.

After each element is selected and mesh is produced, stiffness matrix for each element is
computed. These stiffness’s are then used to assemble them into global system of equations,
which consist of global stiffness matrix, displacement and load vectors. The principle of
construction of before mentioned equations is that by building them equilibrium condition is

ensured.

Global force vector is another piece of equation that requires assembly. It is assembled using
all external loads acting on to the structure, with each entry being placed in the correct vector
row, corresponding to a particular global DOF. If there are multiple loads applied to a single
DOF, these loads are then summed up in the entry. Types of loads that are most commonly used
for mechanical stress analysis are pressures, body forces and thermal loads. Final assembly of

force vector and global stiffness matrix is written as:

00=0 3.1
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Figure 3.1.2: Boundary conditions example [42]

Where U is the global stiffness matrix, U is a nodal displacement vector and [ is global force

vector.

Before solving the problem one last step is to apply boundary conditions for a well-posed

problem.

Applying boundary conditions are essential to specify how the structure in question is loaded
and fixed in space. Without boundary conditions stiffness matrix stays singular, as body stays
“free” and can translate or rotate without any problem. There are two types of BCs in stress
FEA:

* Displacement boundary conditions
* Force boundary conditions

Displacement boundary conditions are prescribing displacement or fix certain DOFs. Most
common fixing BCs is a fixed support, which fixes all DOFs at the support node. This BC will
be used in the FEA performed in this thesis. Several other examples include prescribed non-
zero displacements or spherical support. Prescribing these conditions are essentially to either
eliminate rows and columns of the global stiffness matrix or to increase the stiffness in certain
DOFs.

Force boundary conditions are usually more common type of boundary conditions.

Force BCs are entered in in equations through global force vector. For example, if the pressure
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were to be applied on the surface, it is converted to equivalent nodal forces and is placed in the
corresponding nodal entries in global force vector. Unlike the displacement boundary condition,

force boundary condition does not change the stiffness matrix.

After the application of boundary conditions, finally a solution to the problem can be

found.

Solution is found using the FEA solver of choice. This solver is used to solve the linear system
3.1, for the unknown displacement vector. As most of the modern problems are big, different
solvers need be employed based on the characteristics and size of the problem. Most common

classes of solvers are:
¢ Direct solvers
¢ Jterative solvers

Direct solvers [43] are used to factorize the stiffness matrix using for example Gaussian
elimination[44] or Cholesky factorization[45] to solve the problem exactly. These solvers
are considered robust and will handle even the ill-conditioned problems. Some of the steps
involved in solution include reordering matrix to reduce fill-in of nonzeros during factorization.
Direct solvers are requiring a substantial amount of memory for very complex problems but its

robustness ensures it performes reliably in a vide range of sturctural problems.

Iterative solvers is a second class of solvers. Iterative methods find the solution for UJ through
iteration, by using the initial guess and solving iteratively until the residual jLJOJ  [j is below
specified tolerance. Great example of an iterative method is the conjugate gradient method
family [46], which are well-suited for large systems from FEA. ANSYS and other FEA software
provide preconditioned conjugate solvers, which are requiring less memory and perform faster
than direct solvers with large systems. Ill-conditioned systems are not handled very well by these
types of solvers, and in this case direct solvers perform better. What is important, especially in
case of need to use cloud computing, is that in linear static stress analysis, iterative solvers are

scalable, especially if parallel computations are used.

Once the solver is chosen, and solution for [ is obtained analysis is entering its final stage, where

one need to post-process the result and obtain the quantities of engineering interest.
=Bu (3.2)

=C" (3.3)

When performing stress analysis most sought for results are the stresses and strains, as well as
the shapes of the deformed structure for visualization. By using the nodal displacement result
vector [, software obtains strains and stresses. First the displacement is used to calculate strain

by using strain-displacement relation 3.2. Then using constitutive law 3.3 nodal stresses can be
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Figure 3.1.3: Stress contour example [47]

computed. Stresses are usually obtained at nodal points and FEA software then extrapolates or
averages them for smoother output contour plots. An example of contour plot is presented on
Fig. 3.1.3. Common color scheme that is used to indicate stress magnitude is the following:

blue = low, red = high. Every other color is an intermediate value.

Stress fields computed from the before mentioned relations allow for evaluation whether the
material will yield or fail. That in conjunction with listed mechanical properties of the material
used for computation, allows for plotting of the safety factor which helps with assessing failure
in an easier way. Other quantities of interest can include strain energy or contact pressures (in

case contacts between two or more bodies).

0l OO boiboboood

This section presents a modeling and solution approach of Computational Fluid Dynamics
(CFD)[48] simulations. CFD software organizes the workflow in the three main

components:
1. Pre-Processing
2. Solution
3. Post-Processing

Pre-processing step involves a definition of the physical problem that is to be solved. This
definition includes the flow scenario, and final objectives of the analysis. Definition of the

problem includes the definition of:
* Domain geometry: Geometry of the region of interest, including its size

* Fluid and Physics: Preliminary definition of the characteristics of the fluid, model used
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for the fluid, definition of the flow conditions (e.g. laminar or turbulent), definition of the

heat transfer model.

* Boundary conditions: conditions that bound domain, such as pressure or velocity inlet,

wall boundary conditions or any kind of symmetry present in the model.

* Initial conditions: initialization of the domain to either give an educated guess for steady

solution or to give a an initial state for the transient solution.

Most of the work done in CFD modeling, is done in the pre-processing as it involves the
translation of the real-world scenario into hopefully a well-defined computational model. All
of the major and minor assumptions are done at that stage, with each assumption requiring a
reasonable justification for simplification. Ambiguity of the model can lead to the scenario
usually called “garbage-in, garbage-out” or GIGO, where the poorly defined problem produces

unreliable results.

Geometry modeling in modern CFD process is done in the CAD software or within integrated
CFD software modeler. Geometry modeling also involves cleaning up and simplifying some of

the features in order to suit analysis needs.

Figure 3.2.1: Domain mesh example for flow around the car [49]

Concept of mesh (grid) generation is similar to the one, used in the FEA, hence it won’t be
covered as extensively. What is more important to note is that size of a mesh in CFD plays
an important role, as in lots of cases proper description of the boundary layer. Concepts like
yplus [50] and skewness are essential for an accurate representation of boundary layer. Mesh
quality is critical in CFD analysis, with finer mesh capturing flow gradients better, but it comes
at a cost of computational power. Modern CFD packages include adaptive mesh generators and
refinement features, but even with them being available, users skill in pre-processing is vital in
this process. As was mentioned before fluid properties and boundary conditions are set up in

the pre-processing stage.
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Figure 3.2.2: Velocity Contour Example [51]

Once the geometry has been prepared, next step is to define solver settings, in a sense
defining problem “’physics”, with simplest example being decision between steady and transient

solver.

In terms of physics major decisions involve inviscid, laminar or turbulent flow, describing heat
transfer, multiphase flow, chemical species etc. or deciding that most of it is not needed for
your assumptions. Adding extra physical or chemical models adds equations that are going to
be solved in parallel to the main flow equations, thus increasing the computation power needed

for solution.

Boundary conditions involve definition of the inflow and outflow of the domain, interaction of

the fluid with solid or porous bodies and possible interaction between two different fluids.

Next major step is selection of numerical method settings suited for the problem in question.
ANSYS offers different solver algorithms like pressure-based or density-based solvers for
compressible flow. Steady or unsteady solver must be chosen, with timestep size (for unsteady
flow). Convergence criteria and discretization schemes are things that need to be specified.
All these choices affect how the PDEs will be solved numerically. The method used to solve
those PDEs in modern industrial CFD codes is the Finite Volume Method (FVM) [52], which
involves subdivision of the domain into control volumes that ensure fluxes in and out satisfy the

conservation laws exactly.

Right before solving initialization of the problem needs to performed, with many CFD packages
offering initialization features that initialize fields to have more optimal solution guess for steady

models, and easier to converge with initial condition for non-steady model.
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Solving stage of the CFD computes the flow field by solving range of equations that are selected
based on the physics definition. This thesis’ specific equation and physics settings are defined
later in the definition of the problem section, and won’t be discussed in the detail in methodology

section.

Throughout the solution process, user can monitor convergence: to verify if residuals are
dropping or rising, and if the imbalances in e.g. conservation equations are acceptable. The
end result of the simulation is the set of the numerical values for all flow variables defined
initially in domain. All of these quanities can be post-processed in the dedicated post-processing

tools.

Post-processing and data visualization stage follows the same principle as the mechanical FEA

and is not discussed in the detail.

One of the most important stages of CFD analysis is the validation and verification. This
stage needs to answer questions on whether we are solving the right equations (validation) and
whether we are solving them correctly (verification). To perform the verification, one needs to
perform the check of the numerical accuracy of the solution with respect to the mathematical
model. One of the ways how that can be done is mesh refinement study[53]. Mesh refinement
study ensures that solution converges to answer that is grid-independent. Ferziger emphasizes
the need for estimation of the numerical errors, as the CFD result may look plausible but

quantitatively be wrong.
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Figure 3.2.3: Verification and Validation cycle

Validation on the other hand involves comparing CFD results with physical reality by setting up
a real life experiment to establish a physical reference for the model in question. This implies
that a reliable correlation and physical data should be present whenever possible to ensure the
validity of the model solution. Validation is used primarily to build confidence and establish
a continued reference for models to come. Discrepancies between model and real experiment

results may indicate multitudes of things, from the need for mesh refinement, to a better tuned
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turbulence model. Validation also allows for establishing trends that can be looked out for in
the results of the numerical model. This can help to eliminate some of the suspects in the
faulty results. When trends match between the model and the experiment but numerical values
differ, this allows for narrowing down potential problem to quantitative accuracy rather than

fundamental physics definition.

Verification and Validation are healthy practices that are used to give the final CFD result its

credibility and also confidence for the person performing the study.
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To investigate the internal flow inside the canister and to evaluate transient pressure loading on

the front and back cap CFD analysis was used.

Jioio O0b0ondt 0dd Doooool 0oL

The geometry models a simplified version of a missile launch canister’s internal volume,
allowing space for free flow when the back cap is opened. A 2D planar symmetric model
along the canister’s horizontal axis was chosen to reduce computational costs while maintaining

essential flow characteristics, such as shock propagation and jet impingement.

The setup features a horizontally oriented canister of length 1.65 L and inner width 0.225 L,
with the rocket body’s optimized contour placed at the ignition position. A minimal annular
gap is modeled between the missile and canister, excluding the missile’s fins. The aft of a
canister, featuring a variable boundary aft cap, allows free flow and will be detailed in the
boundary conditions section. The front closure is part of the canister wall. No failure or coupled
analysis was performed. Geometry and mesh optimizations were completed in the ANSYS

DesignModeler using imported CAD data.

0ioim oo

Mesh was generated using the geometry from DesignModeler, in ANSYS Meshing module.
Mesh employed is unstructured tetrahedral mesh in the whole domain, to describe the complex
geometrical features accurately. Method offers a flexibility when meshing complex curved
surfaces while maintaining reasonable quality. To accurately describe flow in the nozzle,
inflation layer was was applied to the nozzle interior. These layers are consisting of multiple
prism layers growing from the edge, ensuring a smooth transition into tetrahedral bulk mesh.
Y+ [50] value is chosen so that standard wall functions from k- model are applicable to the

model.

28
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Final mesh statistics showed 17579 of elements and 18086 nodes. Quality metrics such as
skewness and aspect ratio were kept at 0.088 and 1.609 average respectively. With max
skewness reaching 0.66. Orthogonal quality was kept at 0.89078 average. Figure 4.1.1 presents
a quality metrics for the skewness and orthogonal quality, which only supports a claim that

mesh is of the satisfactory quality.

Skewness mesh metrics spectrum

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.80-0.94 0.95-0.97 0.98-1.00
Orthogonal Quality mesh metrics spectrum
Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

© 2015 ANSYS, Inc. February 12, 2015

Figure 4.1.1: Mesh quality chart [54]

The mesh was refined near the nozzle initially only, but due to the need to have a reasonable

y-plus in other regions as well, was refined to almost similar level as of the nozzle.
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Flow in the canister is assumed to be compressible unsteady flow. Navier-Stokes equations are
used to describe the flow in the canister which are perfect for Finite Volume Method employed.

Equations in question are the following:

Continuum equation:

@ @ _
m + @Xi( u) =0 4.1)
Momentum equation:
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Energy equation:
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)
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Time dependent terms are not dropped as the flow is assumed to be unsteady. For the turbulence
model realizable k- model [55] was chosen. According to the ANSYS guide for modeling of
the turbulence [56], this model is rather a new development that differs in a few ways from
standard model but the principle it is still two-equation turbulence model. Transport equations

for the realizable model are shown below:
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Turbulent kinetic energy equation K:

%(kw@ﬂ(kuj)=£ st B sire Yutse @4

Xj @x; Kk 0X;

Turbulent dissipation rate equation :

@ @ 0 t 0 2

~ 4+ Y= _-_ + - — 4+ C4S C — +C; —C3; G, +S
@t( ) @Xj( uj) 0%; 0%; 1 z—p—k+ 1 -3 G

4.5)
Where K p
C,; = max 0:43; % =S—; S= 25iSj
And turbulent viscosity defined as:
k2

with the biggest difference between standard and RNG models C not being constant but

expressed as:
1

= 4.7
Ao + Ak @

Where Ap and Ag are model constants, equal to 4.04 and pécos .

Among the differences between the standard and realizable models is already mentioned C

which is not constant in realizable model, physically consistent formulation for transport
equation, better predictability of Reynolds stresses and finally better performance of flows with
curvature, jet-spreading and boundary layer separation. Problem that may arise with the model
but that is not expected in the current study, is a non-physical turbulent viscosity results due to

use of mixture of rotating and stationary zones (different reference frames).

In conclusion k- is a better alternative for solution of flow inside the canister due to the possible

vorticity, separation and the general complexity of the flow.

00000000 bhoCiooo

Inlet was set to be the pressure inlet with it being located at the edge of the combustion chamber.
Inlet scaled pressure is 103.35 Pgcaeq and the scaled temperature is 3510 K. Environmental
ambient pressure is set to be 101325 Pa and temperature to be 300K. Free flow outlet is set to
be the a pressure outlet type of boundary with 300K temperature and ambient pressure. Every
other edge is set to the wall with no-slip condition and 300K temperature. Symmetry edges
are selected to be behave like symmetry boundary condition. Aft wall as was mentioned is

considered a variable boundary condition. Assumption is made that after 0.0015 tscaieq Of the
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operation of the engine, aft cover breaks and missile plume has the free access to domain outside

the canister. The whole run is done until 0.006 tscajeqd.
Gas properties are defined using both basic assumptions and data from NASA CEA [57].

Analysis was performed on the generic APCP propellant composition. Gas properties are

assumed to be the following:

Table 4.1.1: Thermophysical properties of gas used for boundary conditions

Quooood 0ooooo Qoooo
Density Ideal-gas
Dynamic viscosity Sutherland model
Specific heat at constant pressure Cp Air nasa-9 polynomial
Thermal conductivity k 0:407 W/mK

Density for the gas was assumed to have the ideal gas behavior as the most prevalent species
in the combustion gases are H2 and CO with around 43% and 33% average fraction in the
combustion gases. All of the species present were derived from the NASA CEA Output
file. Dynamic viscosity is modeled using the Sutherland model, a common choice for the
compressible flows simulations that is used widely in industry, by NASA in particular [58].
Specific heat is assumed to be behaving like a specific heat of the air described by the Nasa-
9 polynomial, as complicating of CFD model further would be out of scope for this thesis.
Thermal conductivity is left constant as no heat conduction study is studied here and constant

value is sufficient for the purpose.

000 000000 00o0odoo

For the solution of the transient modeling, implicit density based solver was chosen with Second
Order Transient formulation. Initialization was done using Hybrid initialization function
paired with patch initialization. Hybrid initialization[59] ensures a better convergence rate and
provides a solution that is rather close to the final one. For the time stepping, adaptive time
stepping is used with initial 0.0015 tscgeq being run with Courant number equal to 1, and for
the rest 0.0045 tscgeq With courant number 5. Solving is mostly done on the cloud HPC platform

Rescale.
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To confirm the simulation results, pressure measurement inside the canister during the actual
launch needs to be performed. The measurement is performed only in the front section of the
canister. Before pressure sensors were picked and pressure sensor adapter for recess mount
could be designed simulation data was used in FFT analysis to determine the fundamental
frequencies of the disturbances in the canister. Results as visible on the Fig. 4.1.2 and 4.1.3,

which show dynamic and static pressure oscillation frequency respectively.

FFT was preformed using Python and using UUOUI[60]. Non-uniform Fourier Transform was
used as the time steps were not constant and span approximately from 1e-8s to 1-e6s. Results of
these transformations confirm that oscillations that are expected lay region below 10kHz. This

number was used later as a guideline when designing adapter for recess mount.
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Figure 4.1.2: Frequency content of dynamic pressure disturbance
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Figure 4.1.3: Frequency content of static pressure disturbance
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Based on the frequency of interest, pressure sensor was picked. Appendix contains the datasheet
page of the mentioned sensor. Sensor that was picked does not work well at temperatures that

are expected in the canister, therefore a recess mounting was considered.

Recess mounting is used in the current case to avoid high exit plume temperature affecting
sensor measurements, even if for a few moments. For that purpose the recess mount was
designed which can be seen on the Fig. 4.1.4. Hole in the middle is used to thread in the
sensor and to have a channel opening with access to the canister. 4 radially patterned holes are

used as mounting points to the canister.

To define the internal dimensions, guidelines defined in the conference paper [61] by J.P. Elson
and W. Soedel were followed in order to define the natural frequency of the adapter channel.
Fig. 4.1.5 shows the common adapter scheme and defines the variables used in the natural
frequency formula. If we assume that V; is negligible compared to V,, so that V3V, then

we can apply the following refined formula suggested by the authors:

a 1

f = 5
2 L, ' R+0:3905

(4.8)

where a is the expected local velocity of sound, L, is the length of the section 2 and R is defined

as:
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