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ABSTRACT
Computational fluid dynamics (CFD) modeling was conducted on flow inside of three

different sonic probes used for sampling gases from a combustion reactor. The effects of inlet
temperature and pressure were analyzed to quantify thermal quenching rates resulting from
expansion cooling. Gas-phase nitrogen was used to simulate flows occurring in jet-stirred
reactors, which commonly utilize >97% (vol.) N2. The process was modeled as adiabatic (i.e.
wall heat transfer is neglected because of the probe material (quartz) and short residence time)
and boundary conditions were: (1) Piniet = 1, 10, and 25 atm; (2) Poutlet = 0.08 atm; (3) Tiniet = 500,
750, 1000 K; (4) Toutet =300 K. The major outcomes are computed temperature and pressure
gradients in space and time and over the length of the sonic probe (0.85 m), which provided

comprehensive understanding of sonic probe flow.

INDEX WORDS: Computational fluid dynamics, sonic probe, aerodynamic quench



COMPUTATIONAL FLUID DYNAMICS MODELING OF THERMAL QUENCHING IN

SONIC PROBE FLOW

by

JOSIAH BREDA-NIXON

B.S., Tuskegee University, 2019

A Thesis Submitted to the Graduate Faculty of The University of Georgia in Partial Fulfillment

of the Requirements for the Degree

MASTER OF SCIENCE

ATHENS, GEORGIA

2021



© 2021
Josiah Breda-Nixon

All Rights Reserved



COMPUTATIONAL FLUID DYNAMICS MODELING OF THERMAL QUENCHING IN

SONIC PROBE FLOW

by

JOSIAH BREDA-NIXON

Major Professor: Brandon Rotavera
Committee: C. Brock Woodson
Rawad Saleh

Electronic Version Approved:

Ron Walcott
Vice Provost for Graduate Education and Dean of the Graduate School

The University of Georgia
August 2021



DEDICATION
| am dedicating the thesis to both my parents, Daray Breda and Charles Nixon, for
pushing me to endure the struggles along the way because everyday isn’t going to be a breeze.
Some days aren’t as good as others and that’s okay. They have guided me and helped mold me
into the person that [ am today. They’re available when I need them and I know they want the
best for me, so I’'m glad they were able to be with me through this process. | am proud to be their

son.



ACKNOWLEDGEMENTS

| would like to thank Dr. Rotavera for first, giving me the opportunity to be a part of his
research group. Additionally, I’d like to thank him for the boundless knowledge that he has
shared with me over my two yeas here at UGA. He is not only a great teacher, but also a great
mentor that is very logical and precise with the information he gives. | feel exceptionally ready
to transition into my career as an engineer because of my experiences with him.

| would also like to thank my girlfriend, Morgan Brathwaite, for helping me reach this
milestone as well. She has supported and pushed me along through this process and I couldn’t
thank her enough. Having her with me day in and day out has been a relief, especially with the
recent pandemic. She is currently going into her third year of vet school here at UGA and | aim
to support her just as she has me through the rest of her process.

Lastly, I would like to thank the support staff and engineers over at Convergent Science

for really helping me along through this process as well.



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS ...ttt %

LIST OF TABLES ...ttt n e e ne e e nns viii

LIST OF FIGURES ...t nnne s IX
CHAPTER

1 INTRODUCTION AND BACKGROUND ......cccooiiiieiieeiie e 1

Low temperature COMDUSTION .........c.oiiiiiiiieiieicec e 2

JEt-SHIMTEA FRACTOIS ... ..ttt 3

Historical overview of combustion reactors and sonic probe sampling .................. 4

OpPOrtUNIty FOr FESEAICN .......ccveeii e 5

2 BACKGROUND OF CFD ...ooiiiiiiiiieiie ettt 8

Methodologies 0f CFD MOdeliNg .......cccoveiiiiiiieiecc e 8

ConVverge CFD SOFIWAIE ........coiiiiiieiie ettt 12

Impact of SIMUIALIONS..........c.ocviiieiece e 12

3 SIMULATION APPROACH ...t 13

Setup of computational domain/model ............ccccceiiiiiiiiiice e, 14

4 RESULTS OF CFD SIMULATIONS ...t 18

Effect of gas temperature at probe inlet on quenching rates............ccceeveviieennnne 19

Effect of gas pressure at probe inlet on quenching rates ..........cccccvevvveiiieiiecinenne, 21

Temperature/Pressure gradients along length of probe ... 25

Vi



Effect of probe geometry on quenching rates..........coevvviievieiieiiee v 29

SUMMArY aNd GISCUSSION. ......ccuveiiiieiieeiieeiesee e ete s e sre e e e ae e sre e esaesreenneens 30

5 FUTURE WORK AND CONCLUSIONS ... 31

REFERENGCES ... .ottt ettt e e e e e n e e e e e nnis 33
APPENDICES

A Additional Probe data..........c.ccecviieiieiicc e s 37

B Guide on how to setup a simulation in Converge CFD software ............cccccoevvvivvenenn, 46

vii



LIST OF TABLES

Page
Table 1: Overview of time it takes for temperature to be quenched..........c..ccccooevieiiiieiic e, 19
Table 2: Overview of where quenching is completed in probe 1.........cccooevviiiiieiicie e, 25

viii



LIST OF FIGURES

Page
Figure 1: S00t and NOX IaQram ...........coiiieiieiie e e e e s e e e sre e s raesaeeneesreas 3
Figure 2: Picture of Jet-StIrred FACION.........c.ciiee et 4
Figure 3: Diagram of combustion products moving from reactor to diagnostics systems .............. 5
FIQUIE 4: ProDE L gBOMIELIY.....ciiieie ettt ettt ettt et esae e teere e ta e teennenre s 6
FIQUIE 5: PrODE 2 QBOMELIY.....oveeii ettt e ste et re e ae e e nreas 6
FIQUIE 6: PrODE 3 gBOMIELIY.....ciieiiieie ettt sbe et e ra e te e aeaneenre s 7
Figure 7: Diagram of boundaries in CFD SOftWare ..........cccccevveiiiie i, 10
Figure 8: Example of MeShiNG........ccoiiiiii e 11
Figure 9: Screenshot of meshed probes in CONVEIgE.......ccoiveiieiie e 13
Figure 10: Screenshot of inlet parameters in CONVEIGE ........c.civeveiieieeie et 14
Figure 11: Screenshot of outlet parameters in CONVEIQE.........cooveveiieieerieiie e 15
Figure 12: Screenshot of wall parameters in CONVEIgE ..........coveveiieiieriecic e 15
Figure 13: Screenshot of solver parameters in CONVEIQE ........cccccvviieiieriiiie e, 16
Figure 14: Screenshot of simulation time parameters in CONVEIge ........cccvveveereevieieesie e, 16
Figure 15: Screenshot of physical model in CONVEIQE .........c.coveieiie i, 17
Figure 16: Temperature change in probe 1 at 1 atMm ........ccccoveiiiiiiiciie e 20
Figure 17: Temperature change in probe 1 at 10 atm .........ccceeiieiiiciie i 20
Figure 18: Temperature change in probe 1 at 25 atM .........ccceeviiiiiciie i 21
Figure 19: Pressure change in probe 1 at 1 atM ........ccoveiieiiie e 21



Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41.:

Figure 42:

Pressure change in probe 1 at 10 atM ........cccooveiieiiiie i 22
Pressure change in probe 1 at 25 atM .......ccccooeiieiiiie i 22
Pressure change in probe 1 at 500 K ........ccoiiiiieiiic e 23
Pressure change in probe 1 at 750 K ........coviiiiieii e 23
Pressure change in probe 1 at 1000 K .........ccooiieiiiie i 24
Diagram of specific points along length of probe ..., 25
Temperature/pressure change in probe 1 along length of probe 1 at 1 atm ................. 26
Region where temperature/pressure has been quenched in probe 1 at 1 atm............... 26
Temperature/pressure change in probe 1 along length of probe 1 at 10 atm ............... 27
Region where temperature/pressure has been quenched in probe 1 at 10 atm............. 27
Temperature/pressure change in probe 1 along length of probe 1 at 25 atm ............... 28
Region where temperature/pressure has been quenched in probe 1 at 25 atm............. 28
Pressure/Temperature change in probes at 1 atm and 500 K ...........ccooeivieiieiciiennn, 29
Pressure/Temperature change in probes at 10 atm and 750 K ...........cccccoeveiieieiiennn, 29
Pressure/Temperature change in probes at 25 atm and 1000 K ............ccccoeiieieeienen, 30
Diagram depicting how chemical composition may change within the probe............. 32
Temperature change in probe 2 at 1 atMm .......cccccoeiieiiiiccccce e 37
Temperature change in probe 2 at 10 atmM ..........ccccoveviiiieiicce e 37
Temperature change in probe 2 at 25 atmM ..........ccccoveiiiieiiccecc e 38
Temperature change in probe 3 at 1 atM .......ccccooiiiiiiiiciie e 38
Temperature change in probe 3 at 10 atM ........cooveiiiiiic i 39
Temperature change in probe 3 at 25 atM ........ccoveiiiiiiccic e 39
Pressure change in probes 2 and 3 at 1 atM.........cccoocveiiiiiic i 40



Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:

Figure 53:

Pressure change in probes 2 and 3 at 10 atM..........ccccovveriiiinieene e 40
Pressure change in probes 2 and 3 at 25 atM...........cccovveviiieieeie e 41
Pressure change in probes 2 and 3 at 500 K........cccoooeiieiiiiieiiecece e 41
Pressure change in probes 2 and 3 at 750 K........cccoooeiieii i 42
Pressure change in probes 2 and 3 at 1000 K..........cccovvveiiiieiieeie e 42
Temperature/pressure change in probe 2 along length of probe 1 at 1 atm ................. 43
Temperature/pressure change in probe 2 along length of probe 1 at 10 atm ............... 43
Temperature/pressure change in probe 2 along length of probe 1 at 25 atm ............... 44
Temperature/pressure change in probe 3 along length of probe 1 at 1 atm ................. 44
Temperature/pressure change in probe 3 along length of probe 1 at 10 atm ............... 45
Temperature/pressure change in probe 3 along length of probe 1 at 25 atm ............... 45

Xi



CHAPTER 1
INTRODUCTION AND BACKGROUND

Combustion drives the global economy and today, transportation is almost entirely
(>99%) powered by internal combustion engines (ICE) [1]. This is important because society
continues to rely heavily on ICE for transportation, commerce, and power generation [2]. A
study from 2012 by Reitz showed that there were about 750 million passenger cars worldwide
with 250 million in the U.S. alone [2]. This number only includes the passenger cars that are
considered internal combustion engine vehicles (ICEV) and the number has only increased since
then. Even with the rise in interest for battery electric vehicles (BEV) and plug-in hybrid electric
vehicles (PHEV), it is unlikely that they will surpass ICE any time soon. Current sales of electric
vehicles in the United States are <1%. While this electrification route may come across as
appealing because the world is moving towards a future in transportation with cleaner emissions
and lower fuel consumption while still achieving the same reliability of vehicles today, many
barriers, technological and otherwise, exist. However, certain barriers prevent such alternatives
from coming to fruition in the next 10-20 years; these barriers include an overwhelming cost and
a current power infrastructure which is unlikely to be able to support such a large demand of
energy to support a full transition from ICEV to BEV and PHEV. By focusing more research
towards improving ICE efficiency, the same goals can be met in a similar way and, importantly,

on a shorter time scale [3].



Low-temperature combustion

One major research area for ICE is low-temperature combustion (LTC). Our group
performs experiments and quantum chemical calculations in this LTC range to produce chemical
insight used in experimental models that support the development of computer models used to
design high combustion efficiencies and lower fuel consumption and emissions. The operating
temperatures for LTC range between 500 K and 1200 K which is significantly lower than a
diesel engine or a spark-ignition engine which operates around 2000 K. Operating with LTC
directly affects fuel emissions and the emissions from these combustion processes have a large
influence on air quality, environment, climate, and health [4]. By performing combustion
research in the LTC range there will be a significant reduction in toxic emissions such as NOx
and particulate matter; this is depicted in Figure 1. Additionally, by using LTC conditions in
laboratory experiments, combustion conditions can mimic that of a homogenous charge
compression ignition (HCCI) engine which is an ideal combustion process for internal
combustion engines, since it can deliver high fuel and thermal efficiencies [5]. Another benefit of
using LTC is that a variety of fuel mixtures can be used and resources are not limited to gasoline
or diesel fuel. However, some challenges that come with operating with these different fuel
mixtures in the LTC range are knowing how these fuels will react under LTC conditions and
what parameters would be considered optimal for these fuels. This is important because the fuels
will breakdown into different components under lower temperatures compared to higher
temperatures [6]. Another challenge is that these processes rely on autoignition of the fuel so, not
every fuel will combust in the same amount of time. With these challenges, data must be
collected and recorded under these low temperatures to develop profiles for how different fuel

mixtures act.
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Figure 1: Temperature vs. equivalence ratio graph showing the soot and NOx islands. The equivalence ratio is a
metric for quantifying the amount of fuel relative to the ideal amount of air required for complete combustion.

Jet-stirred reactors

In order to help achieve high thermal and combustion efficiencies, a jet-stirred reactor
(JSR) is employed by the Rotavera Group for LTC experiments; an image of the JSR is shown in
Figure 2. This JSR is a spherical flow reactor that is 30 cm® in volume, with jets that extend
towards the center and support continuous, homogenous flow used to study chemical kinetics
[7]. The JSR produces homogenous conditions, which is essential for the proper air and fuel
mixing experimentally. It was designed and constructed to produce control dilute reactive flows
with precise control over variables that are important to combustion experiments, such as
temperature and pressure [7]. Another benefit of the JSR is that it can be paired well with
analytical techniques, including gas chromatography, mass spectrometry, and VUV

spectroscopy, for the identification and quantification of species in the gas phase [7].



Figure 2: Jet-stirred reactor used in experimentation with four turbulent jets used for secondary mixing.
Sonic probes sample from the reactor by translating from left to right in the image above.

Historical overview of combustion reactors and sonic probe sampling

Sampling the fuel post-combustion is essential to properly show the benefits of what
implementing LTC can achieve. Gas sampling is a reliable method to evaluate combustion
performance, such as combustion temperature and efficiency [8]. For this purpose, sonic probes
are used to extract samples from these reacting environments. This is made possible by creating
conditions inside of the probe to halt all reactions that were taking place because of the
combustion. Creating such conditions is achieved by introducing an aerodynamic quench which
is defined as a rapid reduction in temperature and pressure by accelerating the flow to supersonic
speeds [9]. To accelerate the flow into the probe, the pressure inside the probe is made
significantly lower than the pressure inside of the reacting environment; for instance, a pressure
of 100,000 Pa (= 760 Torr = 1 atm) would be the pressure in the combustion chamber while the
pressure inside of the probe is 8,000 Pa (= 60 Torr = 0.08 atm). A visual of this can be seen

below in Figure 3.
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Figure 3: Diagram of combustion products moving through the inlet of a probe where the initial pressure would be
significantly higher than the pressure inside of the probe. This allows for the aerodynamic quench to occur and the
sample can then be analyzed by the diagnostics systems.

A aerodynamic quench is the most desirable method for quenching temperature and pressure-
dependent chemical reactions due to the exceptionally high quenching rates [9]. This is important
because it ensures that the sample that is being extracted from the reactor is being delivered to
the diagnostics systems without changing composition.

Opportunity for research

While previous research on sonic probe sampling has provided ample evidence for sonic
probes being capable of quenching gases in reactive flows [10], it has not yet been identified
using CFD how long it takes for the aerodynamic quench to happen and where the changes are
happening in the probe. To improve upon previous findings, the focus of this research was
primarily on what happens inside of the probe as samples are extracted from the combustion
chamber. The primary objective is to quantify how the temperature and pressure change over
time. This would reveal the quenching rate, defined herein as the time required to reach 1% of
equilibrium temperature, of a specific gas flow because | would see where the temperature and
pressure stop changing. Next, | wanted to see where in the probe these changes were happening
by showing how the temperature and pressure change along the length of the probe. Finally, |
wanted to show whether or not the probe dimensions had an effect on that quenching rate or

where the changes happened in the probe. Three different probes with varying geometry were



used to determine the effect of the probe geometry on quenching rates; probes 1-3 are shown in

Figures 4-6.

Material: quartz

Probe 1

A:
OD = 1.59 mm (1/16-1n.)
ID = 0.50 mm

B:
OD =4.76 mm (3/16-1n.)
ID = 3.18 mm (1/8-in.)

OD =6.35 mm (1/4-in.)
ID =3.97 mm (5/32-in.)

Overall length: 33.5 inches
6.35 mm
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Figure 4: Geometry measurements for the design of probe 1 used in the research; not drawn to scale

Material: quartz

Probe 2
A

OD = 1.59 mm (1/16-1n.)

ID =0.50 mm

ID=3.18 mm (1/8-in.)

OD = 6.35 mm (1/4-in.)

ID =3.97 mm (5/32-in.)

Overall length: 33.5 inches
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0D =4.76 mm (3/16-in.) .

Figure 5: Geometry measurements for the design of probe 2 used in the research; not drawn to scale



Material: quartz Overall length: 33.5 inches

Probe 3
A:

OD = 3.18 mm (1/8-in.) 30°

ID = 0.50 mm

OD = 6.35 mm (1/4-in.)

ID =3.97 mm (5/32-in.)

Figure 6: Geometry measurements for the design of probe 3 used in the research; not drawn to scale

Experimentally testing this would require taking an intrusive approach. This is because
sensors would be needed to track how the temperature and pressure were changing and placed
along multiple points in each of the probes. This presents challenges that would introduce
significant errors in the data that is collected, and this would be due to the probes’ small size.
The sensors placed inside of the probe would create disturbances in the flow of the fluid and
cause discrepancies in the data. A non-intrusive approach was decided upon to address this issue,

involving the use of computational fluid dynamics (CFD) software.



CHAPTER 2
BACKGROUND OF CFD

CFD is a computational methodology used to study science that, with the help of digital
computers, produces quantitative predictions of fluid-flow phenomena based on an equation of
state and the conservation laws; The conservation of mass, momentum, and energy [11]. These
predictions describe physical properties which can be used to find mass flow rates, heat transfer
rates, pressure drops, etc. This allows for the performance of designs to be optimized with the
data collected, which saves time and ultimately lowers the costs that come with testing designs
experimentally. The most important benefit of using CFD is that real conditions can be simulated
and then verified experimentally.

Methodologies of CFD modeling

CFD can describe the changes of all physical properties for both the fluid flow and heat
transfer, such as velocity, pressure, temperature, density, and viscosity [12]. Below is the
conservation of mass equation for steady-state flow:

ou  Ov  Ow _

xtoyta 0 1
This equation essentially accounts for the movement of a fluid in all directions within a control
volume. Understanding how the fluid moves is a key component in making sure the other
physical properties can be calculated correctly as well. Next, the conservation of momentum

equation is listed below:

poe=-Vp+puviu+pF 2



This equation is derived from Newton’s second law, where force = mass * acceleration. On the
left side, the mass term is directly related to the density term because fluids are the focus here;
density = mass/volume. The acceleration term is where the velocity term is held with respect to
time. On the right side of the equation, all the forces acting on the fluid are accounted for,
including the pressure, viscosity, and external forces. Finally, the conservation of energy

equation is listed below:

L lp (et 5001+ Vipv (e +509)] = Va+V(0V) + pvF 3

This equation accounts for the rate of increase of energy per unit volume, the convection of
energy into a point by flow, the net heat flux, and the work of surface and body forces of a fluid

in a given control volume. Finally, CFD software utilizes the Navier-Stokes equations, which are

listed below:
P<%+U%+V%+W%\> POy %f,"‘ll@ 2%2/"’ %2/> 5
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These equations are broken into three parts to describe the fluid in the x, y, and z directions.
Fundamentally, these equations are the same and describe how the inertial forces are equal to the
external forces acting on the fluid. On the left side of the equation, the fluid motion is accounted
for, the density of the fluid, and the time as well. On the right side of the equation, the first term
describes gravity, the second term describes the pressure, and the last term describes the

viscosity or friction.



Some challenges with CFD stem from these equations because of how dependent the
equations are on the input parameters. Certain assumptions are made within a problem to account
for this, but the setup of initial parameters must be input correctly; to do this, boundary
conditions have to be applied properly. First, these boundaries must be identified in order to

specify the parameters at that boundary.

J A T R

1
1 Inlet
] T Computational Domain Outlet
05 S
N
1] mrmrT|tTtrrrrre_e s>
15} Walls

-1 1] 1 2 3 4 5 6 7 8 9 10 11

Figure 7: Diagram of boundaries in CFD software where the inlet, outlet, and walls are specified

With the boundaries identified, the CFD software can then establish a computational domain so
that the problem can be solved. However, before the software can solve the equations for
geometry, a mesh must be created on the geometry so that smaller control volumes are made

within your geometry.
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Figure 8: Example of meshing in a CFD software

Inside of these control volumes is where the equations are applied in your geometry. In
Figure 8, there is an example of this meshing, and one thing that is shown is the differences in
some control volumes. This meshing process affects the speed and accuracy of all simulations
that are running. These control volumes will vary based on specifications and are normally
smaller for more complex areas in a geometry. This can be a downside with CFD because in
really complex geometries, smaller meshing will be needed, and this will dramatically increase
the simulation run time in a problem. In some cases, simulations need to be run in parallel on
multiple processors to get the best results.

With the boundaries identified and the mesh applied to the geometry, the next steps are to
set the boundary conditions. The inlet and outlet boundary conditions will specify the inlet and
outlet conditions, respectively, such as the pressure, temperature, and the species of the fluid.
The walls can be modeled based on what material is being used and can be specified as moving
or stationary. Next, the simulation parameters must be set where the simulation time and solver
parameters are specified. In this section, the time steps, simulation run time, and how the
software will solve the problem are specified. Once the setup of the problem is completed, the

simulation can be executed, and the output data can be collected and interpreted.
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Converge CFED software

In this research, Converge CFD software was used to run the CFD simulations for the
probes. Converge is a commercially used software for some big companies such as Honeywell
and Caterpillar. It is one of the leading CFD software for simulating three-dimensional flow. The
reason it was chosen over other software, however, is because of the autonomous meshing
feature. Since the meshing process is crucial, having the automatic meshing feature saves ample
time because usually, a secondary software or script is needed to apply the mesh which is less
convenient. The Converge software has an integrated chemistry feature where chemical models
can be applied to simulations as well. With this feature, Converge has an option where
thermodynamic data can be imported into the software so that chemical models match the
models that are specific to certain research. The software is user-friendly and allows for
automatic meshing on geometries created in the software as well as imported geometries that
were previously made using CAD software.

Impact of simulations

Converge CFD software is 3D but, the focus of this research is 1D. With the results from
Converge, the goal was to determine what the effect of inlet temperature and pressure in the
reactor had on dT/dt, dP/dt, and dT/dx, respectively. This is important because it will show how
the pressure and temperature change with respect to time and along the length of the probe. By
knowing how the temperature and pressure are changing in the probe, the effectiveness of sonic
probes under different conditions can be analyzed. Additionally, the most important part will be
confirming that the chemicals extracted into the probe don't undergo further chemical reactions.
By using different probes, the effectiveness of each probe design can be looked at individually,

and this can potentially reveal what probe is better suited for specific conditions.
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CHAPTER 3
SIMULATION APPROACH
The simulation software used to run the simulations was Converge CFD software. Firstly,
the different probes were created in Converge using the specifications provided in Figures 4-6.
Then, once the geometry was finished, the case setup began where boundaries and conditions

were set.

Figure 9: Meshed version of probes after being
created in Converge CFD software. Top: Probe 1;
Middle: Probe 2; Bottom: Probe 3



Setup of computational domain/model

The first step is to assign the boundaries, i.e., inlet, wall, and outlet. With the boundaries
assigned to a section of the geometry, the initial boundary conditions were input along with the
simulation time and solver parameters. Pure nitrogen was chosen for the gas composition at the
inlet to represent a ‘non-reacting flow.” The process is modeled as adiabatic (i.e., neglect wall
heat transfer because of material (quartz) and short residence time) and will have fixed boundary
conditions of (1) Pinet = 1, 10, and 25 atm; (2) Poutlet = .08 atm; (3) Tineet = 500, 750, 1000 K; (4)
Toutlet= 300 K. The velocity at the inlet was 448 m/s which is equal to a volumetric flow rate of
5.2 L/min. The experiments are conducted using flow rates between 0.5 — 50 L/min; the 5.2
L/min value was chosen as a middle value. This parameter was constant in all the simulations
because the inlet diameter was consistent in all probes. Diagrams of where the inlet, outlet, and

wall boundary conditions were set in the Converge software are shown below in Figures 10-12.

Boundary 7
[] Has rotational axis Boundary Type: | INFLOW -
Axis: |l 0.0 10 0.0
[1 Fluctuating
Change all boundaries to WALL Intensity: Use file Direction: |Normal
1D Color Name Region Name Length scale (m): Method: | Off
1
| e et JRegiono il . Supersene
2 WALF Wall Region 0 Pressure Boundary Condition
3 Outlet Region 1 [] Reference center
o 0 0
[] ubF | specified Value (DIT) - Total Pressure
[101325.0 |Pa [ usefite

Velocity Boundary Condition
[] uoF | spedified Value (DI) v | Depends on pressure and supersonic

B ‘449.217 ‘ |n.n ‘ ‘n_n | mss [ Use file

Temperature Boundary Condition
[] ubF | specified Value (DT) -

‘SUU.U ‘ k[ use file

Species Boundary Condition
[] ubF | specified Value (DIT) - +AIr Pull from its region

Mass Fraction i | [ usefile

Species Name Sum = 1.00000

N2 1

Normalize

Figure 10: Inlet boundary conditions tab in Converge CFD software; inlet pressure/temperature
conditions changed here for different cases: (1) Pinet = 1, 10, and 25 atm; (2) Tiner = 500, 750, 1000 K
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Boundary
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Backflow

@) Specified Value (DI)
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specified Value (1) v +AIr pull from its region
Species Name Mass Fraction o
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A .

Copy | | .’ EditRegions

Figure 11: Outlet boundary conditions tab in Converge CFD software; outlet pressure/temperature
stayed constant in simulations: (1) Poutlet = .08 atm; (2) Touter = 300 K
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Variable: undef_egion | || Turbulent Kinetic Energy (tke) Boundary Condition
boundary.in Zero normal gradient (NE) ~

Turbulent Dissipation (eps) Boundary Condition

Wall model -

Near wall treatment:  Global

[] Torque center 1", 0.0 0.0 0.0

Copy . Edit Regions

[] sort boundaries by region for export

Figure 12: Boundary conditions of the wall for the simulations.
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/' Solver parameters [Steady-state] ? K

Navier-Stokes solver Convective flux scheme Misc. Equations Steady-state solver control

Navier—Stokes solver scheme: Navier-Stokes solver type: | Density-based -

PISO convergence criterion multiplier: I:‘ Use file
Minimum number of PISO iterations: [ use file
Maximum number of PISO iterations: [ use file
FISO tolerance: [] use file

BIRIEID - oo || @ vlame

Figure 13: Solver parameters tab in Converge CFD software.

+/ Simulation time parameters ? X
General Misc.
Start time: ‘[I.l] ‘ oyc
End time: D from GT-SUITE ‘1000.0 ‘ cyc
Time-step selection: Use variable time-step algorithm ~
Fixed time-step: 1e-08 s
Initial time-step: ‘le—oﬁ ‘ 5

Minimum time-step: s [] use file
Maximum time-step: 5 I:‘ Use file
Maximum convection CFL limit: [ use file
Maximum diffusion CFL limit: I:‘ Use file
Maximum Mach CFL limit: [ use file

Droplet motion time-step control multiple: ‘1.5

Drop evaporation time-step control multiple: ‘9999.0

Chemical time-step control multiple: ‘0.5

Collision grid time-step multiple: ‘1.[] |

Moving boundary time-step multiple: I:‘ Use file
Set recommended values

BIRlEID T oo awee

Figure 14: Simulation time parameters tab in Converge CFD software.
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+/ Turbulence modeling [RANS_K_EPS_RNG] ? X

(@ Reynolds-Averaged Navier-Stokes (RANS) (O) Detached Eddy Simulation (DES) () Large Eddy Simulation (LES)

Turbulence model: RNG ke -
‘Wall Modeling
Von Karman's constant: ‘0.42 ‘ Law of the wall parameter: |5.5
Wall heat transfer model: | O'Rourke and Amsden = | [] Base distance to wall on full cell size
Near wall treatment: Standard wall function -

RANS Constants

c Ca
Recproce e rand Recfproca < Prancs
b
[ Buoyancy effects
Vaf/Tf model constants
G |04 G o3 G |036 ¢ 850
G 022 Reciprocal { Prandil | 0.8333 ' 065
e S e
[[] Enable turbulence statistics  Use temporal average 45 options...

Set recommended model values

NIRIEIG B B o | Qe

Figure 15: Physical model tab in Converge CFD software where a
turbulence model was chosen.

After the boundary conditions were set, setting the simulation parameters was the next phase.
The solver was specified to solve the problem using a density-based method, and the assumption
was made that the flow would be at steady state. With the simulation time parameters, an initial
guess was made to begin the simulations and was adjusted accordingly as the simulations
progressed. The physical model of the flow was modeled as turbulent, so the solver used the
Reynolds-averaged Navier-Stokes model. Finally, after the case setup was completed and the

simulations were running properly, the post-processing was the next step.
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CHAPTER 4
RESULTS OF CFD SIMULATIONS

In these results, ‘quenching’ is defined by the point at which the temperature stops
changing and reaches ‘equilibrium.” Because temperature and pressure have a direct correlation,
the timeframe will be the same. So, the temperature was used to describe this quenching since
the chemical reactions in the combustion chamber are temperature-dependent. Based on this
equilibrium temperature, an equation was developed to identify when the temperature becomes
sufficiently quenched; this equation is shown below:

.01 * Tequiibrium = X 7
.001 * Tequiibrium =Y 8
In solving for x and y, X is the point where the temperature is changing within 1% of Tequiibrium,
while y is the point where the temperature is changing within .01% of Tequiibrium. CONsequently,
the time it takes for the temperature to be quenched can be shown with these error margins.

The expectations with these results were to see the time it takes to quench the
temperature take longer as the inlet temperature and pressure were increased. Another
expectation was to see the final changes for the temperature and pressure happen after the
geometry changes. This was important because if the aerodynamic quench happened before that,
the different probe data wouldn’t show a change. The last expectation was that quenching would
be fastest in probe 1 because of the sudden expansion region, which could help with the
guenching speed. This assumption was made because the shockwaves inside the probe would

help increase the flow of the fluid through the probe with the most abrupt geometry change.
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Effect of gas temperature at probe inlet on quenching rates

In Figures 16-18, the temperature vs. time plots clearly show that the aerodynamic quench
is being achieved by the sudden drop in temperature in a short amount of time (dT/dt). In these
plots, Tequilibrium gets higher as the inlet temperature is increased at the same inlet pressure. Also,
as the inlet pressure is increased, the variance between the Tequilibium at the different inlet
temperatures increases as well. This is shown better in data Table 1 because of how close the data
is. Another trend that is easier to see with the data Table 1 is that as the inlet pressure and
temperature increase, the quenching time gets faster. This is true for every case except for when
the .01% tolerance is used for the 1 atm data where instead, the quenching time doesn’t change.
One thing that is interesting to see as well is that the quenching time took the longest in probe 1
with an inlet pressure of 10 atm when compared to the other inlet pressures. The same trends are
shown, but the quenching time is slightly higher. Finally, the dT/dt vs. time graphs show that the
quenching rate is extremely high in the first 10 ps. This also reveals that the quenching rate is
higher as the inlet temperature increases, which explains why at higher inlet temperatures, the time
it takes to reach Tequilibrium IS lOwer.

Table 1: Overview of time it takes for temperature to be quenched

Pinlet Tinet | Time 1% of Tequilibrium Time .01% of Tequilibrium
(atm) | (K) (s) (K) (s) (K)
500 .016 316 .021 319
1 750 014 333 .021 336
1000 .01 333 .021 336
500 .018 336 .022 339
10 750 .015 384 .018 387
1000 .013 418 .016 422
500 017 339 .02 342
25 750 014 397 .016 401
1000 012 444 .013 448
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Probe 1 @ 1 atm Probe 1 @ 1 atm
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Figure 16: Temperature change in probe 1 at 1 atm with different inlet temperatures. Left: AT over
time; Right: quenching rate over time

Probe 1 @ 10 atm Probe 1 @ 10 atm
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1200 2 1000
& 1000 2 800
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2 = 600
& 600 5
‘éi 400 |\ 5 400
S 200 200
0 ° 0 5 10
0 0.01 0.02
Time (s) Time (us)
——500K ——750K ——1000 K ——500K ——750K ——1000 K

Figure 17: Temperature change in probe 1 at 10 atm with different inlet temperatures. Left: AT over
time; Right: quenching rate over time
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Probe 1 @ 25 atm Probe 1 @ 25 atm
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o
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Figure 18: Temperature change in probe 1 at 25 atm with different inlet temperatures. Left: AT over
time; Right: quenching rate over time

Effect of gas pressure at probe inlet on quenching rates

Probe 1 @ 1 atm
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Figure 19: Pressure change over time in probe 1 at 1 atm with
different inlet temperatures.
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Probe 1 @ 10 atm
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Figure 20: Pressure change over time in probe 1 at 10 atm with
different inlet temperatures.
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Figure 21: Pressure change over time in probe 1 at 25 atm with
different inlet temperatures.
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Figure 22: Pressure change over time in probe 1 at 500 K with
different inlet pressures.

Probe 1 @ 750 K
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Figure 23: Pressure change over time in probe 1 at 750 K with
different inlet pressures.
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Probe 1 @ 1000 K
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Figure 24: Pressure change over time in probe 1 at 1000 K with
different inlet pressures.

The first thing to notice from Figures 19-21 is that the aerodynamic quench is able to be
seen in the same timeframe as the dT/dt data because of the direct correlation of temperature and
pressure so, this data confirms what was gathered by the effect of inlet temperature data on the
quenching rate (dP/dt). In Figures 16-18, a trend that can be shown with the dT/dt vs. time plots
is depicted in Figures 19-21 where, at higher temperatures with the same inlet pressure, the
quenching rate is higher. Finally, by analyzing Figures 22-24, as pressure increases, the time
needed for quenching increases as well. However, based on the data from Table 1, that is not the
case; the data clearly shows that the 10 atm simulations had the longest quenching time, which is
almost impossible to see graphically. The only trend that is shown in Figures 16-18 that isn’t
shown in Figures 19-21 is the dip in temperature before the simulations reach Tequilibrium. This
may be due to the pressure acclimating to the equilibrium conditions more gradually than the

temperature does in such a short time span.
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Temperature/Pressure gradients along length of probe

Table 2: Overview of where quenching is completed in probe 1

Pinlet Tinet | Length 1% of Tegquilibrium Length .01% of Tegquilibrium
(atm) | (K) (m) (K) (m) (K)
500 ! 316 13 319
1 750 .09 333 13 336
1000 .07 333 13 336
500 22 336 24 339
10 750 21 384 .23 387
1000 2 418 21 422
500 4 339 42 342
25 750 .34 397 .35 401
1000 .34 444 .35 448

—_—

Figure 25: Diagram of specific points in probe 1. Top: Full length of
probe; Bottom: Shortest length in probe 1 where Tequilibrium is reached
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Probe 1 @ 1 atm Probe 1 @ 1 atm
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Figure 26: Temperature/pressure change in probe 1 at 1 atm with different inlet temperatures. Left: AT
along length of probe 1; Right: AP along length of probe 1

Figure 27: Region where temperature and pressure have been
quenched in probe 1 at 1 atm; .07 m-.13m/.85m
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Figure 28: Temperature/pressure change in probe 1 at 10 atm with different inlet temperatures. Left:
AT along length of probe 1; Right: AP along length of probe 1

Figure 29: Region where temperature and pressure have been
quenched in probe 1 at 10 atm; .2 m-.24 m/.85m
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Figure 30: Temperature/pressure change in probe 1 at 25 atm with different inlet temperatures. Left:
AT along length of probe 1; Right: AP along length of probe 1

.

Figure 31: Region where temperature and pressure have been
quenched in probe 1 at 25 atm; .34 m-.42m/.85m

In Figures 26-31, the change in temperature and pressure with respect to the length of the
probe can clearly be shown (dT/dx, dP/dx). The diagrams in Figures 27, 29, and 31 help to give a
visual of what is being described in Table 2. One trend that can be seen with the data in Table 2
is that as the temperature increases for a given inlet pressure, the quenching is happening at an

earlier point in the probe. Conversely, as the pressure increases, the overall quenching range in
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the probe increases as well. This means that as the pressure increases, dT/dx and dP/dx become

smaller because the distance the fluid needs to travel before it reaches Tegquitibrium IS increased.

Effect of probe geometry on quenching rates
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Figure 32: Quenching rate in each probe at 1 atm and 500 K. Left: AT over time; Right: AP over time
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Figure 33: Quenching rate in each probe at 10 atm and 500 K. Left: AT over time; Right: AP over time
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Figure 34: Quenching rate in each probe at 25 atm and 500 K. Left: AT over time; Right: AP over time

The results from Figures 32-34 were fairly straightforward and showed that the data for
each of the probes aligned seamlessly. Although it has been shown that the quenching process is
happening after the geometry changes, the different probe geometries had no effect on the
quenching rate inside the probes. This means that changes made downstream of the inlet can be

neglected.

Summary and discussion

In summary, computed temperature and pressure gradients in space-time (e.g., dT/dx and
dP/dx) as a function of the conditions over the length of the sonic probe (.085 m) are provided,
which give a comprehensive understanding of sonic probe flow using CFD modeling. Probe data
modeled under the specified conditions (i.e. (1) Pineet = 1, 10, and 25 atm; (2) Poutiet = .08 atm; (3)
Tinlet = 500, 750, 1000 K; (4) Toutiet = 300 K) was able to reveal trends among the different sets of

data at a given inlet temperature/pressure.
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CHAPTER 5
FUTURE WORK AND CONCLUSIONS

With this work, a comprehensive understanding of the effect of quenching rates
for temperature and pressure inside of the probes was able to be determined. I was successfully
able to find how the temperature and pressure change with time and along the length of the probe
(dT/dt, dP/dt, dT/dx, dP/dx). Additionally, I was able to identify key trends with each set of data
that was confirmed by subtle differences that could be shown with the graphical and quantitative
data. Finally, | was also able to conclude that the probe geometry downstream of the inlet can be
neglected. The major takeaways from this research were:

* Increasing the inlet pressure will cause dT/dx and dP/dx to be smaller

Increasing the inlet temperature will cause the Tequilibrium t0 be slightly higher
* Probe geometry can be neglected downstream of the inlet

» The quenching rate is higher as inlet temperature is increased at a set inlet pressure

Overall, quench is achieved in less than .021 s and in .42 m

In the future, simulations can be run for similar probe designs that have different orifice
diameters at the inlet of the probes to see if this will have an effect on the quenching rates that
were shown. Geometry changes were only made downstream of the inlet, but consistent
diameters were used. Changing some of these parameters may increase or decrease the speed of
the flow, which can have some effect on the quenching rates. Additionally, this can also be

achieved by taking a closer look at the effect of volumetric flow rate at the inlet on quenching
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rates. With the experiments being run between 0.5 — 50 L/min, this allows for a wide testing
range for simulations.

Another study that can be done in the future requires the use of the chemistry feature in
Converge CFD software. We want to see the effect of gas composition on dT/dx by analyzing if
there is any effect on the predicted dT/dx if we used pure nitrogen in the simulations as
compared to a more reactive mixture. This is a way we can compare these simulation results to
experimental results. In Figure 35 below, we want to make sure that the chemical composition of
our combustion products doesn’t change as it travels through the probe. This will be done using

these simulation models and adding on chemical models of fuels that have been produced in the

lab.
D
J <
» ‘ b "JJ g
P o ST — .
“ Initial T & P e O

Figure 35: Diagram of gas sampled from a combustion experiment moving through a sonic sampling
probe. The orange line depicts the temperature decrease in space and time through the probe. Future
work will examine the potential for changing chemical composition inside of the probe along the
thermal and pressure gradients computed herein.

32



1)

2)

3)

4)

5)

6)

7)

REFERENCES
Kalghatgi, Gautam. “Is It Really the End of Internal Combustion Engines and Petroleum
in Transport?”” Applied Energy, vol. 225, 2018, pp. 965-974.,
doi:10.1016/j.apenergy.2018.05.076.
Reitz, Rolf D. “Directions in Internal Combustion Engine Research.” Combustion and
Flame, vol. 160, no. 1, 2013, pp. 1-8., doi:10.1016/j.combustflame.2012.11.002.
Senecal, Kelly, and Felix Leach. Racing Toward Zero: The Untold Story of Driving
Green. SAE International, 2021.
Kohse-Hoinghaus, Katharina. “Clean Combustion: Chemistry and Diagnostics for a
Systems Approach in Transportation and Energy Conversion.” Progress in Energy and
Combustion Science, vol. 65, 2018, pp. 1-5., doi:10.1016/j.pecs.2017.10.001.
Dec, John E. “Advanced Compression-Ignition Engines—Understanding the in-Cylinder
Processes.” Proceedings of the Combustion Institute, vol. 32, no. 2, 2009, pp. 2727—
2742., doi:10.1016/j.proci.2008.08.008.
Rotavera, Brandon, and Craig A. Taatjes. “Influence of Functional Groups on Low-
Temperature Combustion Chemistry of Biofuels.” Progress in Energy and Combustion
Science, 2021, p. 100925., doi:10.1016/j.pecs.2021.100925.
Davis, Jacob C. (2019) “Design of a High-Pressure Jet-Stirred Reactor Facility for gas-

phase chemical kinetics.” University of Georgia

33



8) Mitani, Tohru. “Quenching of Reaction in Gas-Sampling Probes to Measure Scramjet
Engine Performance.” Symposium (International) on Combustion, vol. 26, no. 2, 1996,
pp. 2917-2924., doi:10.1016/s0082-0784(96)80133-0.

9) Chiappetta, L., and M. B. Colket. “Design Considerations for Aerodynamically
Quenching Gas Sampling Probes.” Journal of Heat Transfer, vol. 106, no. 2, Jan. 1984,
pp. 460-466., doi:10.1115/1.3246694.

10) Davani, Abbasali, et al. “CFD Deign of Jet-Stirred Reactors.” AIAA Scitech 2019 Forum,
June 2019, doi:10.2514/6.2019-2146.

11) “Computational Fluid Dynamics.” Computational Fluid Dynamics - an Overview |
ScienceDirect Topics, www.sciencedirect.com/topics/materials-science/computational-
fluid-dynamics.

12) “What Is Computational Fluid Dynamics (CFD)?: SimScale.” SimScale, 28 May 2021,
www.simscale.com/docs/simwiki/cfd-computational-fluid-dynamics/what-is-cfd-
computational-fluid-dynamics/.

13) Biswas, Gautam, and Somenath Mukherjee. Computational Fluid Dynamics. Alpha
Science International Ltd., 2014. Biswas, Gautam, and Somenath
Mukherjee. Computational Fluid Dynamics. Alpha Science International Ltd., 2014.

14) Colket, M.b., et al. “Internal Aerodynamics of Gas Sampling Probes.” Combustion and
Flame, vol. 44, no. 1-3, 1982, pp. 3-14., doi:10.1016/0010-2180(82)90058-x.

15) Davani, Abbasali A., and Paul D. Ronney. “A Jet-Stirred Chamber for Turbulent
Combustion Experiments.” Combustion and Flame, vol. 185, 2017, pp. 117-128.,

doi:10.1016/j.combustflame.2017.07.009.

34



16) The Editors of Encyclopaedia Britannica. “Chain Reaction.” Encyclopadia Britannica,
Encyclopedia Britannica, Inc., 2 May 2017, www.britannica.com/science/chain-
reaction#ref173571..1016/j.jgsrt.2019.106603.

17) Gross, Jurgen H. Mass Spectrometry: a Textbook. Springer International PU, 2018.

18) R D Reitz, H Ogawa. “IJER Editorial: The Future of the Internal Combustion Engine - R
D Reitz, H Ogawa, R Payri, T Fansler, S Kokjohn, Y Moriyoshi, AK Agarwal, D
Arcoumanis, D Assanis, C Bae, K Boulouchos, M Canakci, S Curran, | Denbratt, M
Gavaises, M Guenthner, C Hasse, Z Huang, T Ishiyama, B Johansson, TV Johnson, G
Kalghatgi, M Koike, SC Kong, A Leipertz, P Miles, R Novella, A Onorati, M Richter, S
Shuai, D Siebers, W Su, M Trujillo, N Uchida, B M Vaglieco, RM Wagner, H Zhao,
2020.” SAGE Journals, journals.sagepub.com/doi/full/10.1177/1468087419877990.

19) Jianchen, Wang, and Lin Yuzhen. “Design Analysis of the Sampling Probe for
Supersonic Combustion.” 50th AIAA/ASME/SAE/ASEE Joint Propulsion Conference,
2014, doi:10.2514/6.2014-3948.

20) Kajishima, Takeo, and Kunihiko Taira. Computational Fluid Dynamics Incompressible
Turbulent Flows. Springer International Publishing, 2018.

21) Kohse-Hoinghaus, Katharina. “Combustion Chemistry Diagnostics for Cleaner
Processes.” Chemistry - A European Journal, vol. 22, no. 38, 2016, pp. 13390-13401.,
d0i:10.1002/chem.201602676.

22) Koritzke, Alanna L., et al. “QOOH-Mediated Reactions in Cyclohexene
Oxidation.” Proceedings of the Combustion Institute, vol. 37, no. 1, 2019, pp. 323-335.,

doi:10.1016/j.proci.2018.05.029.

35



23) Lelevic, Aleksandra, et al. “Gas Chromatography Vacuum Ultraviolet Spectroscopy: A
Review.” Journal of Separation Science, vol. 43, no. 1, Oct. 2019, pp. 150-173.,
d0i:10.1002/jssc.201900770.

24) Manley, Dawn K., et al. “Research Needs for Future Internal Combustion
Engines.” Physics Today, vol. 61, no. 11, 2008, pp. 47-52., doi:10.1063/1.3027991.

25) Mass Spectrometry :: Introduction, Principle of Mass Spectrometry, Components of Mass
Spectrometer, Applications, http://premierbiosoft.com/tech_notes/mass-
spectrometry.html

26) “Multiphysics Cyclopedia.” COMSOL, www.comsol.com/multiphysics/heat-transfer-
conservation-of-energy?parent=fluid-flow-heat-transfer-and-mass-transport-0402-442.

27) Munson, Bruce R., et al. Fundamentals of Fluid Mechanics. Wiley, 1998.

28) Poole, Colin F. “Packed Columns for Gas—Liquid and Gas—Solid Chromatography.” Gas
Chromatography, 2012, pp. 97-121., doi:10.1016/b978-0-12-385540-4.00004-3.

29) Radionica - Chem.bg.ac.rs.
https://www.chem.bg.ac.rs/zf/lect/ZF2018 Ljesevic_ GCxGC_Theory.pdf.

30) Wang, Zhi, et al. “Knocking Combustion in Spark-Ignition Engines.” Progress in Energy
and Combustion Science, vol. 61, 2017, pp. 78-112., doi:10.1016/j.pecs.2017.03.004.
31) Wendt, John F., and John D. Anderson. Computational Fluid Dynamics: an Introduction.

Springer, 2010.

32) Westbrook, Charles K, and W.j. Pitz. “Computer Modeling of Engine Knock

Chemistry.” Proceedings Supercomputing Vol.ll: Science and Applications,

doi:10.1109/superc.1988.74137.

36


http://premierbiosoft.com/tech_notes/mass-spectrometry.html
http://premierbiosoft.com/tech_notes/mass-spectrometry.html

1200

< 1000

Temperature (K)

Tempearture (K

800
600
400
200

——500K —=——750K ——1000K

APPENDICES

Additional probe data

Probe 2 @ 1 atm Probe 2 @ 1 atm

£ 1200

2 1000

g 800

= 600
o

AN = 400
o

200

0

0 0.005 0.01 0 5 10
Time () Time (ps)

——500K —=——750K ——1000K

Figure 36: Temperature change in probe 2 at 1 atm with different inlet temperatures. Left: AT over
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Figure 37: Temperature change in probe 2 at 10 atm with different inlet temperatures. Left: AT over

time; Right: quenching rate over time
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Figure 38: Temperature change in probe 2 at 25 atm with different inlet temperatures. Left: AT over
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Figure 39: Temperature change in probe 3 at 1 atm with different inlet temperatures. Left: AT over

time; Right: quenching rate over time
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Figure 40: Temperature change in probe 3 at 10 atm with different inlet temperatures. Left: AT over
time; Right: quenching rate over time
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Figure 41: Temperature change in probe 3 at 25 atm with different inlet temperatures. Left: AT over
time; Right: quenching rate over time
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Figure 42: Pressure change over time in probes 2 and 3 at 1 atm with different inlet temperatures.
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Figure 43: Pressure change over time in probes 2 and 3 at 10 atm with different inlet temperatures.
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Figure 44: Pressure change over time in probes 2 and 3 at 25 atm with different inlet temperatures.
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Figure 45: Pressure change over time in probes 2 and 3 at 500 K with different inlet pressures.
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Figure 46: Pressure change over time in probes 2 and 3 at 750 K with different inlet pressures.
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Figure 47: Pressure change over time in probes 2 and 3 at 1000 K with different inlet pressures.
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Figure 48: Temperature/pressure change in probe 2 at 1 atm with different inlet temperatures. Left: AT
along length of probe 2; Right: AP along length of probe 2
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Figure 49: Temperature/pressure change in probe 2 at 10 atm with different inlet temperatures. Left:
AT along length of probe 2; Right: AP along length of probe 2
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Figure 50: Temperature/pressure change in probe 2 at 25 atm with different inlet temperatures. Left:
AT along length of probe 2; Right: AP along length of probe 2

Probe 3 @ 1 atm Probe 3 @ 1 atm
1200 0.12
& 1000 < 01
~ o
L 800 S 0.08
) ~
E 600 @ 0.06
>
S 400 2 0.04
S o
S 200 a 0.02
0 0
0 0.05 0.1 0 0.05 01
Length (m) Length (m)
——500K =—750K ——1000K ——500K ——750K ——1000K

Figure 51: Temperature/pressure change in probe 3 at 1 atm with different inlet temperatures. Left: AT
along length of probe 3; Right: AP along length of probe 3
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Figure 52: Temperature/pressure change in probe 3 at 10 atm with different inlet temperatures. Left:
AT along length of probe 3; Right: AP along length of probe 3
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Figure 53: Temperature/pressure change in probe 3 at 25 atm with different inlet temperatures. Left:
AT along length of probe 3; Right: AP along length of probe 3
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Guide on how to setup a simulation in Converge CFD software

By using screenshots and detailed steps, a walkthrough on how to properly use Converge
CFD software to setup a simulation is shown below. By following this step-to-step guide, a fully
functional simulation can be setup for modeling fluid flow in a sonic probe.
1. Once in the Converge_studio application, select ‘New project’ on the pop-up menu.
*please note that if you have a CAD model of your geometry, you can import the

geometry from this menu as well*
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2. If this pop-up menu doesn’t come up, then find the ‘File’ button in the upper left hand of

the screen and select ‘new project’ from there.
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If you choose to create your geometry in Converge, then select the ‘Create’ tab on the left
and click on the ‘Shape’ tab below that. (if you chose to import a geometry instead, skip

to step 7)
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Once under the ‘Shape’ tab, choose the shape needed for your geometry (here | will show
an arbitrary design for a probe). In this case, select ‘Cylinder’ and specify your 1% and 2"
diameter/radius size. *NOTE: the units are in meters so make sure to adjust accordingly*
Next, identify how long the cylinder is and make sure to specify the direction (here, the
probe will be designed along the x-axis so, ensure that the y and z-axis values are set to 0.
Once, your specifications are complete, click ‘Create’ at the bottom left and the 1%
portion of the geometry should come up. To move the geometry, hold the ctrl button on
the keyboard along with left or right mouse clicks to adjust the view accordingly. To
view specific sides of the geometry, different view points can be chosen by clicking the
corresponding cube face on the far left panel in the software. Additionally, to undo some

changes made, ctrl + z can be used.
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Using the ‘Cylinder’ option also allows for different angles to be created based on the
length and diameter of your geometry. Specify, the 1%t and 2" diameter here and make
sure to start this portion of your geometry where the last portion ended. Then, specify
how long this portion of the geometry is and click ‘Create’ in the bottom left. This should

add the second piece of the geometry.
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Repeat step 5 until the geometry is finished and the design properly shown in the
software. This is probably a good step to save the file so choose ‘File’ in the upper left
and choose ‘Save as’ to save your file. Save your file under the name you like and I find

it best to create a folder so that all the input and output data can be sorted through easily.

@ filel cvg - CONVERGE Studia 3.0 - o x
I cot view Geomeny Pick Window Tools Help
B New CrrieN any -kl o oH STl A dn = @ % Coordnate Sysem: [Global - {&}mwmm
) Open project. cirls0
60e woa
B Close current project
e seal

Open recent B

Load example case F T2

2 " snape  projei{ip

Import case setup L]
4 Export ™

| Save Cirlss ) workel
1) Save As..

# OpenScriptEditor  CtrlsShiftsE
® it s 1 &
- — ]
@ () Radius 1 @) Diameter 1
W 0.125
9 ooz
E Bk o e | @
Ld () Radius 2 @) Diamater 2
i 0.125

Vartices par drcle:
¥
el |
zx
[ nanguiate to center
Layers:
] | L fiet.og™
Case Setup Issues 6o
 Validote al @, rofiles manager... Reswre | | flgnore
crate
@, Final valdabon
Geomery  Sagtor Case Seuplsses  Messagelog  CommendHisty  ImpertLog Casesetp | Digrosis  View Optirs

’?G FAIENE]

50



Click the ‘Repair’ option and scroll to the ‘Polygonica’ tab. Once here, click ‘Coarsen the
whole surface’ option to fix most, if not all major issues in the geometry. To check and
see if the geometry is correct, select ‘diagnosis’ in the bottom right. Then select the box
for ‘Check that all normals are pointing to the interior’. Without checking this box, the
simulation will not run if there are proplems with the normal orientation. Finally press the

‘Find’ option in the bottom right.
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After that, a diagnosis box will show what problems there are in the geometry. Normal

orientation should be the only issue here. If, more errors in the geometry exist, checkout

the Converge training materials (located on the group drive under common files and

Converge CFD software.*The manual is located here as well*) for a more detailed

explanation for how to fix geometry issues. If the only issue shown is with Normal

orientation, then select ‘Transform’ on the upper left and select the ‘Normal’ tab. Once

there, select the ‘Attempt to fix all normals’ option. Finally, select the ‘Apply’ button in

the bottom left.
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Now, press the ‘Find’ button again in the bottom right corner under the ‘Diagnosis’ tab.
This should fix all the issues with the geometry and complete the 1% phase. At this point,

it might be a good time to save the file again (can be done with ctrl + s).
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10. To begin the next phase, select ‘Boundary’ on the upper left and click the green plus
slightly below that. This is where the boundaries of your geometry are identified (in this
case, 3 boundaries will be used i.e. inlet, walls, outlet). Once the Boundary definition tab
comes up, specify the name of the boundary and the color. Once completed, press ‘ok’
and the first boundary will show on the left. Repeat steps beginning with pressing the

green button for the remainder of the boundaries.
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11. The next steps are to tell the software where each of the boundaries that were created lie

on the geometry. First, rotate the geometry so that the boundary that is going to be

specified can be seen clearly. Then, choose ‘By angle’ in the upper left of the screen.

This will allow us to select the face of the side that is chosen. After the portion of your

mesh is highlighted with red, select the boundary that is to be associated with this area,

and click ‘Apply’ in the bottom left. Finally, repeat this process after specifying ‘By

angle’ to identify all portions of the geometry. (Multiple portions of the geometry can be

selected at once and if something was selected accidentally, press esc on the keyboard to

deselect everything and start over.)
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12. If the previous step was done correctly, the boundaries should be clearly identified and
the ‘Not Assigned’ boundary should have a sum of 0. This indicates that all boundaries in
the geometry have been specified and make sure that each boundary is identified

properly. This completes the 2" phase of the process and is probably a good place to

Save.
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13. To begin the 3" phase, select ‘Case Setup’ in the bottom right. Then select, ‘Begin Case

Setup’. A pop-up box should show and the ‘Application Type’ tab will be up. Ensure that

the ‘Time based’ option is selected.
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Apply Done

14. Now, select the ‘Materials’ tab and uncheck the ‘Reaction mechanism’ box. Next, check

the box for ‘Species’.
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15. Next, select the ‘Initial Conditions and Events’ tab and check the ‘Events’ box. Finally,

press ’Done’ at the bottom of the pop-up.

@ Begin Case Setup ? X
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Surface
Checking

< Back Next > ) Apply Done

16. Then, select the ‘Gas simulation’ under the ‘Materials’ tab on the right. In this section,
thermodynamic data can be imported here to match the data in the lab. (in this case, no

data is being imported.) Next, press ‘OK’ on the pop-up.

@ata/Example Probe.cvg - CONVERGE _Studio v3.0 —. o X

i
@

T Elk S OHE = #0A .in %2 Coordite System: Giobal = {3) run comvence
Case Setup w90
[V] Application Type
® v @ Materials
= Gas simulation
~* Global transport parameters
* Species
v @ Simulation Parameters

(] use tabular fluid properties (fuid_properties.dat) &

Equation of stete: Redich-kwong
 Run parameters

Critical tempersture:  |133.0

—— * Simulation time parameters
Sl e bl * Soiver parameters [Transient]

Acentric factor: s v @ Boundary Conditions

A -

[ speces-dependent Boundary

~ @ Initial Conditions and Events

Real gas properdes “* Regions and initialization
@ Function of tempersture = Events
0 Functions of temperaturs and pressure v @ Physical Models
Maxmom reduced pressure: ** Turbulence modeling [RANS_K_EPS_RNG)

v @ Grid Control
Gas thermodynamic dats (therm.det)... = Base grid
~ (3 Output/Post-Processing
* Post variable selection
= Output files
[V] Advanced Parameters

Case Setup Issues oo
 vabdate all e Restore % Jgnore
Gas thermodynamic

& No issues found

@ Final validation

CoseSetuplsses  Messagelog  CommendHstory Importlog CaseSetsp  Diognosss  View Options

58



17. On the next tab, ‘Global transport parameters’, select ‘OK’ on the pop-up.
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18. Select the ‘Species’ tab and when the pop-up shows, select the green button. This is
where the fluid is specified based on the thermodynamic data. In the search bar, find the

species that will be used in the simulation (in this case, N2 will be used). Finally, press

‘OK’.
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19. In the ‘Run parameters’ tab, if steady-state is one of the assumptions in the problem, then

specify it here.
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20. Then, on the ‘Misc’ tab of the same pop-up, turn on the ‘Steady-state monitor” and press

‘OK”.
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21. Click ‘Confirm’ on the new pop-up.
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22. In the ‘Steady-state monitor’ pop-up that should have opened (it’s also now under the
‘Simulation parameters’ tab), select the green plus to add configuration. Then, press the
green plus at the bottom of the pop-up and select a variable to monitor such as the mean

temperature.
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23. Then, under ‘Target type’ select region, and under ‘Target’ select ‘All regions’. Finally,
press ‘OK’.
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24. Now, under the ‘Simulation time parameters’ a guess must be made for how long the
simulation will run and for the time steps in the problem. The values here will potentially
work fine but, can be adjusted later for optimal run time. Here, 1000 (not 5000 as shown
in image) is used for the ‘End time’ while 1e-06 is used for the ‘Initial time-step’, 1e-07

for the ‘Minimum time-step’, and .001 for the ‘Maximum time-step. Once the values are

specified, select ‘OK”.

R
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25. Under the ‘Solver parameters’ pop-up, select ‘OK’.
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26. Next, instead of going to boundary, go to ‘Regions and initializations’ first. Then, add 2
regions with the green plus and these regions do not have to be renamed. Under the
‘Region 0’ tab these conditions must be made consistent with the inlet boundary
conditions. Here, an inlet velocity of 500 m/s in the x-direction is used along with an inlet
pressure and temperature of 100,325 Pa and 700 K respectively. Then, go under ‘Species
Name’ and add item with the green button. Finally, specify the species that was selected

earlier with the mass fraction of that species as well.
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27. Here, do the same thing for the species. It should be consistent throughout the problem
and this section will match the outlet boundary conditions. In this case, 8,000 Pa is used

as the outlet pressure and the outlet temperature is 300 K. After this is specified, press

‘OK’ at the bottom of the pop-up.
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28. Now, go to the ‘Boundary’ tab and define the region for each boundary. Ensure that the
wall boundary is consistent with the inlet. Next, select the ‘Inlet’ (or whatever name was

used here) to specify the inlet boundary. Select ‘Inflow’ in the drop down menu.

7. P salasten

Comsens  Dagoss  View Optoss
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29. After ‘Inflow’ was specified, set the temperature and pressure values to be consistent

with what was set in the corresponding region. Also, specify the species and check the

‘Supersonic’ box. Once this was selected, under the ‘Velocity Boundary Condition’ tab,

select ‘Specified Value’ in the drop down menu which will allow for the velocity to be

set as well *another reminder to set values to what was set in the corresponding region*.
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30. Next, specify ‘Wall’ with the drop down ‘Boundary Type’ menu. Once specified, ensure

that the velocity and temperature boundary condition is specified by ‘Law of wall’.

Finally, in the tke boundary condition, specify ‘Zero normal gradient’.
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31. In the last step, specify the ‘Outflow’ with the boundary type drop down menu. Make
sure the velocity boundary condition is specified as ‘Zero normal gradient’ and the
pressure boundary condition has ‘Specified Value’ so that outlet pressure and temperture

can be consistent to the corresponding region. Finally, press ‘OK’. This may be a good

spot to press save as well.
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32. Next, in the ‘Events’ tab, select the ‘Permanent’ tab and check the box next to it. Then,
add an item with the green button and specify each section accordingly; ‘Event by’ with
Regions, ‘Region A’ with the region corresponding to the inlet, and ‘Region B’ with the

region corresponding to the outlet. Finally, press ‘OK’.
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33. Next, under ‘Turbulence modeling’ make sure the RANS is selected in the top right of

the pop-up. Then press ‘Set recommended model values’ and press ‘OK”.
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34. Select ‘Base grid’ and select ‘OK’.
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35. Select ‘Post variable selection’ and select ‘OK’.

36. Finally, press the ‘Output files’ tab and select ‘OK”.
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37. Now, press the ‘Final validation’ button in the bottom right and select yes on the pop-up.
This will tell us if there are any warnings or errors in the case setup. Converge will run
with errors which are identified by an orange exclamation point while errors are
identified with a red coloring. If there, is some issue, then a parameter in your case setup
is wrong so double-check everything. In this case, a warning will be shown because of
the really low pressure value but, that is ok. This is a good point to save and it is the end

of phase 3.
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38. Now, in the 4™ and final phase, the simulation can be ran and post-processing can start.

At the top right, press ‘Run CONVERGE’ to commence the simulation.
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G A Lin = @ % coortmme symem: [Gobal < B nco

@ Run CONVERGE
© Checkinput files with CONVERGE
@ Clean project directory

v Gas simalation
+ Global ansport parsmeters
v Species
v [) Simulation Parsmeters
arameter

® Boundary
/] Initis Conditions and Events

+ Regions and initislzatian

¥ Turbulence modeling [RANS_K_EPS_RNG!
 [/] Grid Contral
¥ Base grid
(/] Output/PostPracessing
x + post variabie selection
~ Output files

Advanced Parameters
e - B Pt Cog” &

5, Profes menager. Roers | lgnone

{8). 1 - Waming(s) found === |

ovi. Make sure you're using 1

Cose Senp lzmes  Messogelog  Command Moy | dmport Log CoseSenmy  Diaguasis  View Options

39. Next, on the pop-up, make sure the data is going to the correct output folder and select ok

so the simulation can start.

Bl Ji=Keke R0 i @ % Coondmae System: Gobal = ) rmcome

@ Export data

Output folder:

C:/Users/jab47246/Documents/ UGA Thesis_2021/Tutorial Frobe Datal

Files 10 expor_
[ boundaryin
[ eventsin
[ gasdat
[ initialize.in
[ inputsin
[ monitor_steady statein
[ postin
[ sotvecin
[ speciesin
[ surface dat
[ therm.dat
A wrbulencein

e ) 7 Overie g hes 7] e s fler bore eporcng

] | seea Unselect all X cancel

== - Error(s). 1 - Warning(s) found ===

sSetuplosues  Messagelog  Command History  Import Log
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40. Now, the simulation should start. In some cases it may stop early because of some error
and it will usually address this by referring to the issue in the case setup. If it doesn’t start
but, everything is correct, try to run it again and it should run properly. This pop-up will
show the status and progression of the simulation. Run times vary for different

simulations.

ience modeli

@
Case Setup Issy

“ vaidate al @ Profies manager... estore » ignore

[===0-Error(s). 1- Wamning(s) found === ]

41. Once, the simulation is complete, this pop-up will show finished. If, this pop-up isn’t
shown, go to the ‘Tools’ tab in the upper left and click ‘CONVERGE status’. One thing
to note is that this status can show finished even if the process didn’t reach 100%. Also,
the time shown here is how long it took the simulation to run and has nothing to do with

the output data.

GA Thesis_2021/Tutorial Probe Data/Example Probe.cvg - CONVERGE_Studio v3.

§ & Show last import results
® CONVERGE status

E®C A lin = @ % Coordnate Sysem: |Giobel = {3 mum comvence

Case Setup
/] Application Type
v (V] Materials

wesswe = Timing map Ctri+AlteM

& Units manager (current project

Tk 2021/ e [y | | e

€ 7] Advanced Parameters
> Example Probe cvg* @ probe 1_C.ovg*™
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42. Once the simulation data is completed, the ‘Line plotting’ tab can be selected in the
bottom left to begin post-processing. Next select ‘Open’ and select the folder that the
output data for this case is in. Finally, a pressure plot should show up on the graph with

cycles on the x-axis. This will be listed under the thermo.out files.

@ C/Program Files/Convergent Science/CONVERGE_Studio/v3.0/bin\newFilepsp - 8 X
File Edit View Tools Windows Help
D . 4 & PR A =
@& 8-« A B HD e
Flotting woe 0114
— Pressure (MPa
Dir: | C:\Users\j2b47246\Documents\UGA Thesis_2021\ (MPa)
Fiter; [ ot fa) 0.1
X [cydes - 0.09-
¥ Farameters:
1 Cycles ~ s
2 Pressure (MPa) g 0.08
3 Max Pres MPa) s
4 Min_Pres (MPa) ;’0 o7
5 Mean_Temp (K) - Dawas
6 MaxTemp (K) §
7 Min_Temp () -
P . 0.06
8 Volume (m"3) v
Hew plot Add 1o plet Add de to plots
0.05+
6 Show Edit |~
PloyDataset(
0.04+
0.03- r T T T T T T 12 T 1
0 100 200 300 400 500 600 700 800 900 1,000
Cycles
Trock: [ vae [] Nome g (Ix 1y | Renge..
a Preview
Log 6o
Done wrking file: ‘C:Usersj2b47246]ComvergentScencelnd peviFle_aitosaved_2o4300e5690.950' ~
Done wriing file: 'C:/Users/jsb47246/ComvergentSoencelncinewFile_sutasaved_206360e5690.95p'
Done wrting file
Done wrting file
Done wrting file
Done wring file:
Done wriing file:
Done wriing file: 'C:/Users/j8b47246/ComvergentScencelnc!pewFile_autosaved_22630e5690.959'
Done weing file: 'C:/Users/§ab47246/ ComwergertScencelncewFile_autosaved_2a630¢5690.95
Done weking file: 'C:/Users/jab47246/ConvergentScenceincpewFile_autosaved_225300e5090.95p'
Done wriing fle: 'C:/Users/jaba7246/ConvergentSciencelncnewFile_autosaved_2263d025090.95p'
Done writing file: 'C:/Users/jab47246/ConvergentSenceincinewFile_autosaved_22630e5b90.psp' ¥

@ |8/ |V |w L Base Directory: CAUsers\jab47246\Documents\UGA Thesis 2021\Tutorial Probe Data
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43. Next, I would suggest creating an excel file to help compile all of the data. Then click on
the ‘preview plot data’ option to bring up the data for what is shown on the graph. Then

highlight all of the data and select ‘copy to clipboard’.

) ent_Science
: % | § N
ReEe- 4G e ndi)e 2 o
Platting es 011
— Pressure (MPa)
Dir: | C:\lisers|jab47246\DocumentsiUGA Thesis_2021) = Open
Fier: [ out @ 01
Flle: | thermo.aut R E-RE]
X |Cydes hd 0.09
i B Piot data table Pox
1 Cyces —~o00d
2 Pressure (MPa) ke Cyctes I Presstrs (NPl ~
3 Max_Pres (MPa) = 2 0
4 MinPres (MPa) :”0 o
5 Mean Temp (K) FhadiNElN
6 MaxTemp K] § 4 3
7 Minfemp () Soog /s *
8 Voume(m*3) v c I
Hew plot Add to plot Add dir to plots P
0.05
& Show Cem ] s B ﬁ
9 &
Plot/Dataset( =
004 |10 8 =
1110
003 12 M
T T T 1
13 2 . 700 800 900 1,000
e Copy to chpboard Export to fle... | [ Sciertific format atimld
a8 Pravn

44. With the data copied to the clipboard, paste it directly into an excel sheet. Then make

sure to label the data and pay attention to units.

BEUEM insert Pagelayout Formulas Data Review View Help Q) Telim|
% Cut Calibei AR == - BwaepTe
Bl Copy - I
# rormatpsinter | B T U~ |EH- 104 =3 € 55 [ Merge & Center -
Cipboard & Font 4 Alignment
ES f
A B C D E F
1
2
3
4 Pressure (Mpa)
5 0.101325
6 0.101319
7 0.101295
8 0.101258
9 0.101197
10 0.101105
1 0.101007
12 0.100919
13 0.100833
14 0.100749
15 0.100667
16 0.100587
17 0.100476
18 0.100319
19 0.100159
20 0.100003
21 0.099857
Probe 1 | Probe2 | Probe3 | SheetS | Sheet6 | Length | Tutorial [ @

Ready
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45. Next, repeat steps 43-44 for the mean temperature data which is also listed under the

L)
EEIEN

Piotting e
Dir:  C:\Users\jabd7246\Documents\UGA Thesis 20211 = Open
Fier: [~.out
File: | thermo.out v |@ 3
X:  Cydes -
¥ Parameters:
1 Cycles ~
2 Pressure (MPa)
3 MaxPres (MPa)
4 Min PresiMPa)
s
61 MaTemp ()
7 MinTemp ()
8 vVolume(m*3) v

[ wewe plt i to plat Add dir to plats
i show e[ O &6

Ploy/Dataset

Log

7004

650

Mean_Temp (K)
2
2

550

500~

4

BRaNE R H2 0

B2 Prot data table

Cycles |

Mean Temp (K)

B

Copy to clipboard

Insert
X Cut
Bl Copy -

¥ Format Painter

Chpboard it

O NV R WN =

L e e Yy oy g N T
- 0O VW OoO~NOUV A WN= O

Probe 1

Ready

Page Layout

Calibri

S)Eportto fie.. [ Scienthic format

B IuU-

Probe 2

Formulas

Data

Review

Q Teli my

View  Help

- 2 Wrap Text

3 [ Merge & Center -

Alignment

Mean_Temp (K)

Pressure (I Temperature (K)

0.101325
0.101319
0.101295
0.101258
0.101197
0.101105
0.101007
0.100919
0.100833
0.100749
0.100667
0.100587
0.100476
0.100319
0.100159
0.100003
0.099857
Probe 3

77

Sheets

700
699.9602
699.9095
699.8292
699.7126
699.5502

699.396
699.2434
699.0894
698.9362
698.7844
698.6344
698.4077
698.1001

697.786
697.4791
697.1889
Sheet6

Length

S—

Tutorial G



47. Next, change the file from ‘thermo.out’ to ‘time.out’ or ‘steady_state.out’ to extract the

‘Pseudo_Time’ data.

Bada-«d 0@ Rt+E B HD 0
Fioting eus 0,006

——Pseudo_Time (seconds)
Dir: | C:\Users\jab47246\Documents\UGA Thesis_2021} = apen

Fiter: .00t @
X Cpdes -
¥ Faramaters:

- & Piot data table 70X
Cydes ) 0.00 ~

Pseudo_Time (seconds)
currert_value MEAN_TEMPEREGION_ALL

fi
2
3
4 mean MEAN TEMP@REGION ALL
5
6
7
8

Pseudo_Time &

Cyctes |

std MEAN_TEMP@REGION_ALL

dif mean MEAN_TEMP@REGION_ALL

std_dev MEAN_TEMP@REGION_ALL

grid_scale v

Pseudo_Time (seconds)
o
I’ E=3
s

0.00
|| New plat Add to plat [ Add dirto plots
& Show i 7 1 8
0.00
Plot/Dataset(

700 500 900 1,000

Copy to cipboard 4 Export ta file... | [ ] Soentéic format.

wg:Ox v | range.

& X cut - -

Calibri M AR == - BWaplext G
Paste "'\DCDW . B 7 U~ |5 0-A- =58 EiMerge&Center - §
- Format Painter
Chpboard N Font . Alignment
4 £
A B C D E F
1
2
3
4 Pressure (ITemperatt Time (s) !
5 0.101325 700 1.00E-06
6 0.101319 699.9602 2.50E-06
7 0.101295 699.9095 4.75E-06
8 0.101258 699.8292 8.13E-06
9 0.101197 699.7126 1.29E-05
10 0.101105 699.5502 1.76E-05
1 0.101007 699.396 2.20E-05
12 0.100919 699.2434 2.62E-05
13 0.100833 699.0894 3.03E-05
14 0.100749 698.9362 3.43E-05
15 0.100667 698.7844 3.83E-05
16 0.100587 698.6344 4.42E-05
17 0.100476 698.4077 5.21E-05
18 0.100319 698.1001 6.00E-05
19 0.100159 697.786 6.77E-05
20 0.100003 697.4791 7.51E-05
21 0.099857 697.1889 8.24E-05

Probe 1 | Probe 2 | Probe 3 | SheetS | Sheet6 | Length | Tutorial ®

Ready
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49. Finally, change the file from ‘time.out’ or ‘steady_state.out’ to ‘turbulance.out’ then,

extract the ‘lengthscale’ data.

Bada-dC 2B @R R2e

Flatting L] 0.003
— Lengthscale (m)

Dir: | C:\lisers\jab47246\Ducuments|UGA Thesis 2021} = || Open

Filter: | out @

X |Cydes hd 0.0025

i —— [Perv b @ 7 Plot data tabie T X
5 £PS_StdDev (m"2/s™3) Al -

6 OMEGA (1/9) E : D
7 OMEGA StdDev (1/9) r Coeles (m)

8| Turb Kin Visc (m"2/5) g

9 KinViee StdDey (m*2/e) £

10 Clengtiscale (m) )

1 Lengi SwaDev (m) §

12 Uprime inys) v

New plot Add to plot [ Add dir to plots

6 Show . e T ¥

Plot/Dataset(

o Copy to chpboard 4" Export to file... [ Saentific format wellx v R

50. Once the ‘Lengthscale’ data is in excel, this data is essentially the AX data. So, an

equation must be input to get the actual X data.

Help Q) Tell
% cut Calibri ‘1 - KK == 8- Bwaplex General
Eiy Copy ~
o Format Painter | B £ W - |- | 8- A- = 3= EiMergefuCenter - $ - % *
Ciphoard [ Font 3 Alignment Number
A1 fi
A B S D E F G
1
2
3
4 Pressure (ITemperatiTime (s) AX (m)
5 0.101325 700 1.00E-06 0.001486
6 0.101319 699.9602 2.50E-06 0.001524
7 0.101295 699.9095 4.75E-06 0.001511
8 0.101258 699.8292 8.13E-06 0.001502
9 0.101197 699.7126 1.29E-05 0.001479
10 0.101105 699.5502 1.76E-05 0.001442
1" 0.101007 699.396 2.20E-05 0.001406
12 0.100919 699.2434 2.62E-05 0.00138
13 0.100833 699.0894 3.03E-05 0.001362
14 0.100749 698.9362 3.43E-05 0.001347
15 0.100667 698.7844 3.83E-05 0.001336
16 0.100587 698.6344 4.42E-05 0.001327
17 0.100476 698.4077 5.21E-05 0.001318
18 0.100319 698.1001 6.00E-05 0.001306
19 0.100159 697.786 6.77E-05 0.001292
20 0.100003 697.4791 7.51E-05 0.001278
21 0.099857 697.1889 8.24E-05 0.001266

Probe 1 Probe 2 | Probe 3 | Sheet5 | Sheet6 | Length | Tutorial ®

Ready
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51. By inputting the formula below in excel, extend this formula down to the following

sections.

X% cut
B3 Copy ~
B I U A

Clpbaard 3 Font Aigomat Number

F6 - x v f G54F6
A B C D B F G H
1
2
5
4 Pressure (I TemperatiTime (s) AX(m) X({m)
5 0.101325 700 1.00E-06 0,0014BET 0.001486/
6 0.101319 699.9602 2.50E-06) O |
7 0.101295 699.9095 4.75E-06 O.
8 0.101258 699.8292 8.13E-06 0.001502
9 0.101197 699.7126 1.29E-05 0.001479
10 0.101105 699.5502 1.76E-05 0.001442
11 0.101007 699.396 2.20E-05 0.001406
12 0.100919 699.2434 2.62E-05 0.00138
13 0.100833 £99.0894 3.03E-05 0.001362
14 0.100749 €98.9362 3.43E-05 0.001347
15 0.100667 €98.7844 3.83E-05 0.001336
16 0.100587 698.6344 4.42E-05 0.001327
17 0.100476 698.4077 5.21E-05 0.001318
18 0.100319 698.1001 6.00E-05 0.001306
19 0.100159 697.786 6.77E-05 0.001292
20 0.100003 €97.4791 7.51E-05 0.001278
21 0.099857 £97.1889 8.24E-05 0.001266
Probe 1 | Probe 2 | Probe3 | Sheet5 = Sheeté | Length | Tutorial +

Paint

52. Next, the formula below can be input to find dT/dt. Next, this equation can be extended

to the following iterations.

Home

X aut
Eh Copy -

Cipbaard 3 font aigrment Numiser
E X fi | -D5ES
A B = D E} F G H I
1
2
3
4 Pressure (ITemperatiTime (s) AX(m) X (m) dT/dt (K/s)
5 0.101325] 700} 1.00E-06] 0.001486 0.001486[=D5/E5
6 0.101319 699.9602 2.50E-06 0.001524 0.00301
7 0.101295 699.9095 4.75E-06 0.001511 0.004521
8 0.101258 £99.8292 8.13E-06 0.001502 0.006023
9 0.101197 699.7126 1.29E-05 0.001479 0.007502
10 0.101105 699.5502 1.76E-05 0.001442 0.008944
11 0.101007 699.396 2.20E-05 0.001406 0.010349
12 0.100919 699.2434 2.62E-05 0.00138 0.011729
= 0.100833 £99.0894 3.03E-05 0.001362 0.013091
14 0.100749 £98.9362 3.43E-05 0.001347 0.014438
15 0.100667 ©698.7844 3.83E-05 0.001336 0.015775
16 0.100587 698.6344 4.42E-05 0.001327 0.017102
17 0.100476 698.4077 5.21E-05 0.001318 0.01842
18 0.100319 £98.1001 6.00E-05 0.001306 0.019726
19 0.100159 €97.786 6.77E-05 0.001292 0.021018
20 0.100003 697.4791 7.51E-05 0.001278 0.022296
21 0.099857 697.1889 B8.24E-05 0.001266 0.023563

Probe 1 | Probe2 | Probe3 | Sheet5 | Sheeté | Length Tutorial @

Paint
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53. The final product of the excel data should look similar to what is shown below. By using
this data, the dT/dx, dP/dx, dT/dt, dP/dt, and (dT/dt)/dt plots can be created. This

concludes the post-processing section.

Probe Data - Excel

e Grsns res Bn D v G S
i, _’ e Calibri Ju KA == ®-  ®“wapTe General - E % [Nom
paste DO BIuU- - H-A- 5 EiMegencemer - § < % o | % 3 Condional formatss ey
~ ¥ Format Painter = Zhil ’ " *" Fommatting - Table -
Clipboard = Fort 3 Alignment : humber
15 fi
A B c D E F G H |
a
2
3
4 Pressure (ITemperattTime (s) AX(m) X (m) dT/dt (K/s)
5 0.101325 700 1.00E-06 0.001486 0.001486 7.00E+08 |
6 0.101319 699.9602 2.50E-06 0.001524 0.00301 2.80E+08
7 0.101295 699.9095 4.75E-06 0.001511 0.004521 1.47E+08
8 0.101258 699.8292 8.13E-06 0.001502 0.006023 B.61E+07
9 0.101197 699.7126 1.29E-05 0.001479 0.007502 5.41E+07
10 0.101105 699.5502 1.76E-05 0.001242 0.008944 3.98E+07
11 0101007 699.396 2.20E-05 0.001406 0.010349 3.18E+07
12 0.100919 699.2434 2.62E-05 0.00138 0.011728 2.67E+07
13 0.100833 699.0894 3.03E-05 0.001362 0.013091 2.31E+07
14 0.100749 698.9362 3.43E-05 0.001347 0.014438 2.04E+07
15 0.100667 698.7844 3.83E-05 0.001336 0.015775 1.82E+07
16 0.100587 698.6344 4.42E-05 0.001327 0.017102 1.58E+07
17 0.100476 698.4077 5.21E-05 0.001318 0.01842 134E+07
18 0.100319 698.1001 6.00E-05 0.001306 0.018726 1.16E+07
19 0.100150 697.786 6.77E-05 0.001292 0.021018 1.03E+07
20 0.100003 697.4791 7.51E-05 0.001278 0.022296 9.28E+06
21

0.099857 697.1889 8.24E-05 0.001266 0.023563 8.46E+06 °-
Probe 1 | Probe2 | Probe3 | Sheets | Sheet6 | Length | Tutorial ()

Ready
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