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Passive and active technologies have been used to control propellant boil-off, but the
current state of understanding of cryogenic evaporation and condensation in microgravity is
insufficient for designing large cryogenic depots critical to the long-term space exploration
missions. One of the key factors limiting the ability to design such systems is the uncertainty
in the accommodation coefficients (evaporation and condensation), which are inputs for
kinetic modeling of phase change.

A novel, combined experimental and computational approach is being used to determine
the accommodation coefficients for liquid hydrogen. The experimental effort utilizes the
Neutron Imaging Facility located at the National Institute of Standards and Technology
(NIST) in Gaithersburg, Maryland to image evaporation and condensation of propellants
inside of metallic containers. CFD tools are utilized to infer the temperature distribution in
the system and determine the appropriate thermal boundary conditions for the numerical
solution of the evaporating and condensing liquid to be used in a kinetic phase change model.
Using all three methods, there is the possibility of extracting the accommodation coefficients

from the experimental observations.
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Chapter 1
INTRODUCTION

In recent years, space exploration has achieved new feats thanks to advancements in
aerodynamics, propulsion and fuel storage techniques [18, 28]. Long duration storage of
cryogenic fluids is an essential requirement for a variety of applications such as propulsion,
power, and thermal management for deep-space missions. Future missions, including but not
limited to manned missions to Mars, deep space exploratory missions, orbit transfer vehicles
etc. [18, 34] require storage of cryogenic propellants for 5-10 years. Numerous studies, both
analytical and experimental, have been conducted to meet propellant storage requirements
for such missions [26, 27, 1|. One of the main problems with the long term storage of cryo-
genic fluids is the fluid boil-off, which occurs due to a variety of mechanisms such as self
pressurization in storage containers, heat leaks, sloshing, flashing, and thermal stratification.
Passive and active thermal and fluid control systems are routinely used to manipulate cryo-
genic liquids to mitigate boil off [8]. However, the current state of understanding cryogenic
evaporation and condensation is limited, especially in microgravity conditions. This study
facilitates the determination of the accommodation coefficients for cryogenic evaporation
and condensation, which are key inputs to modelling the phase change phenomenon, and
hence enhance the ability to design effective storage systems for cryogenic fluids. This is
accomplished through a combined experimental and computational analysis. Phase-change
experiments were conducted in the BT-2 neutron imaging facility at the National Institute
of Standards and Technology (NIST) by introducing vapor Hs in 10 mm Al6061 test cells
placed inside a 70mm cryostat while the computational thermal model was developed using

ANSYS Fluent.



1.1 Motivation for research

Evaporation and condensation coefficients, often referred to as accommodation coefficients,
are derived from kinetic theory and represent the fraction of molecules striking the liquid
surface that undergo phase change [2]. The accommodation coefficient is considered to be a
thermodynamic property of kinetic models of evaporation and condensation. Accurate pre-
diction of the rate of phase change typically requires a measured value of the accommodation
coefficient. Unfortunately, there is significant discrepancy in the reported values of the ac-
commodation coefficient.The value of the accommodation coefficient depends on the surface
nature such as the presence of impurities, type of material, and the state of the fluid such as
a sudden change in temperature or pressure in the interface. For water alone the values of
the accommodation coefficients have varied by two to three orders of magnitude depending
on the researcher or the method used to determine this coefficient. An indication of why
there is such a large discrepancy in the mass accommodation coefficient can be inferred from
the experiment described by Cammenga et al [6]. and reiterated in Marek and Straub [23] .
An evaporation coefficient of 0.002 was found for water in a glass vessel, but when the glass
vessel was replaced with a copper vessel the evaporation coefficients increased two orders of
magnitude to values between 0.25 and 0.38. With the exception of the vessel wall material,
both experiments were conducted in the same apparatus. Thus, the reported values of the
accommodation coefficient do not necessarily reflect the local conditions nor the non-uniform
evaporation that occurs due to the presence of a contact line. The thermal model developed
in this study feeds liquid and solid temperature profiles near the evaporating region of the
system under observation into a transition film model. This micro-scale then estimates the
accommodation coefficients based on a modified form of the Schrage Equation. A detailed
write-up of the transition film model can be found in Appendix 1 for further reading and
reference. The transition film model is developed from the ground up by Michigan Techno-

logical university.



1.2 Research Objectives

A new type of experiment with complementary computational analysis has been undertaken
to determine the evaporation and condensation coefficients for liquid hydrogen. A combined
modelling and experimental effort is being pursued with the experiments conducted at the
Neutron Imaging Facility (NIF) located at the National Institute of Standards and Technol-
ogy (NIST) located in Gaithersburg, Maryland. The focus of this thesis is the computational
model developed in Fluent and validating the model to reproduce the experimental condi-
tions.

The design of the experiment is such that no temperature measurements can be made on
the inside of the test cell and thus no transient heat transfer data is available for the cryostat.
In order to extract the evaporation and condensation coefficients from the transition film
model, a thermal boundary condition on the interior wall of the test cell is required. The
temperature profile that will be obtained from the numerical simulations will be used as
inputs for this transition film model.

The numerical study for the evaporation of liquid hydrogen is done in three stages:

e Dry test simulations to characterize the thermal response of the test cell.

e Evaporation simulation with a solid block resembling the bulk liquid meniscus’s shape
and thermal properties similar to those of the liquid to determine the thermal boundary

conditions near the meniscus.

e Evaporation simulation with mass transfer based on the Hertz-Knudsen-Schrage equa-

tion to visually comprehend the evaporation behaviour of liquid hydrogen.

In short, the main objective of this study is to characterize the thermal response of the test
cell from the dry test simulations. This enables the extraction of interior wall temperature
profile of the test cell from the line sink simulations with confidence. In addition, the thermal

model also attempts to understand information not easily accessible from experiments such



as the convective behaviour of the coolant gas in the cryostat and temperature distribution

along the length of the cryostat.



Chapter 2
NUMERICAL SIMULATION METHOD AND SET-UP

The numerical study has been conducted using the commercial CFD code ANSYS Fluent,
which has been used for a variety of engineering applications [12, 11, 26]. This commercial
finite volume package along with Design Modeller and ANSYS Meshing is used for geometry
creation and meshing respectively. The methodology adopted to perform the numerical
study can be summarised in Figure 2.1. The ANSYS Fluent model is a 2-D axisymmetric
model of the experimental set-up. Although a 3-D model would more closely reproduce
the experimental conditions, the 2-D axisymmetric model is an appropriate choice given
the computational time and resources needed. The assumption of axisymmetry implies
that there are no circumferential gradients in the flow, but that there may be non-zero
circumferential velocities [9]. Superior,a high performance computing cluster at Michigan

technological university was used in obtaining results presented in this study .
2.1 Governing Equations

The dry test simulation and the line sink simulations are single-phase flows with heat transfer.
The evaporation simulation with mass transfer is a multiphase flow that uses the Volume of
Fluid method to keep track of the evaporating interface. All the three simulations use the
energy and flow equations inbuilt in the solver. A brief overview of the governing equations

that are solved in Fluent to arrive at the solution is described in this chapter.
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Figure 2.1: Flowchart summarising the numerical methodology



2.1.1 The Energy Equation

ANSYS Fluent solves the energy equation in the following form:

D (PE) V- (F(pB +p)) = V- (hegg VT = ], + (7 1) 2.)

where k. is the effective conductivity ( k+Fk;, where k; is the turbulent thermal conductivity,
defined according to the turbulence model being used), and J is the diffusion flux of species
7 . The first three terms on the right-hand side of the equation represent energy transfer due

to conduction, species diffusion, and viscous dissipation, respectively. The term, E is given

by:

P 2
E=h——+— 2.2
he (2.2)
where the sensible enthalpy, h is defined as:
P
h=§:nhf+; (2.3)
J

where Y is the mass fraction of the species j.

2.1.2 The Mass Conservation Equation

For 2-D axisymmetric geometries, the continuity equation is given by:

dp 0 0 pUr
o7 T3 (v) + 5 () + =1 =Sy (2:4)

where x is the axial coordinate, r is the radial coordinate, v, is the axial velocity and V, is
the radial velocity.S,, is the mass added to the continuous phase from the dispersed second
phase (e.g., due to vaporization of liquid droplets) and any other user-defined sources. For

a closed system such as the dry test and the line sink simulations, 5, is zero.

2.1.8 Momentum Conservation FEquations

The axial and radial momentum conservation equations for a 2-D axisymmetric geometry

are given by:



0 10 10 dp 10 dvu, 2 .
a(pvx) + ;%(rpvxvx) + ;E(rpvwx) I P [ u( o §(V v)) +
(2.5)
lg ov, Ov, L F
ror | M\ ar T ox ‘
and
0 10 10 dp 10 v, 2 .
&(P%) + ;%(Tﬂvz%) + ;E(TPUTUT) = 5 Tror | (2 o g(v : U)) +
(2.6)
10 dv,  Ov, 2 . Uy
rar[”‘(ar * ar) T E A5 (Ve0) =2

where [, is the force component in the axial direction and F, is the force component in

the radial direction.
2.2 Geometry and Meshing

The Fluent thermal model for the dry test and line sink model includes the test cell, the lid,
the sample stick upto the first radiation baffle, the cryostat copper block, which serves as
the heat input to the system, and the sample well enclosure. This enclosure is an aluminum
canister secured to the copper block. The line sink model, in addition to the above zones,
has a fluid and a solid zone, with thermal properties similar to that of the cryogenic liquid
modelled inside the test cell. The domain along with the above mentioned components used

in the dry test simulations and line sink simulations can be seen in Figures 2.2 and 2.3.
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Figure 2.3: Domain for the Line Sink Simulation
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2.3 Boundary and Initial Conditions

The boundary and initial conditions for the dry test and the line sink model are similar with
a few extra conditions imposed for the line sink model to simulate the effect of evaporation.

A transient temperature profile consisting of the experimental heater temperature was
assigned as a temperature boundary condition to the walls of the copper block. The rest of
the walls in the model were assumed to be adiabatic. Heat is transferred to and from the test
cell by a combination of: a) conduction through the radiation baffle and sample stick, and
b) convection through the helium space surrounding the test cell and contained within the
sample well enclosure. The walls facing the helium region have a no-slip boundary condition.

The amount of helium in the sample well could not be precisely measured and the amount
of helium changes when the test cell is changed. The pressure in the sample well was
estimated to be between 10 Pa and 200 Pa through analytical calculations. The pressure of
the helium gas was assigned in the numerical model such that best agreement occurs between
the experimental and numerical data. The initial conditions for the model were defined by
the initial temperature and pressure of the gas in the cryostat. The initial temperature and

pressure used in the dry-test simulation is given below:

P = 185 Pa
T=20K

For the line sink simulations, to simulate the effect of the evaporating liquid, a heat flux
was applied for a length of 10um along the solid meniscus. The equation for determining
the value of heat flux,q is given by:

G =1 % hy, (2.7)

where 7 is the mass flow rate and is derived from experimental values of volume flow rate
multiplied by the density of liquid hydrogen, and hyg is the latent heat of evaporation in
kJ/kg.

The initial conditions for this model were influenced by the thermal conditions existing in
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the previous time step. As no information was available on the thermal gradient that exists
across the domain, a steady state simulation was run prior to the transient simulations. The
copper block remained at a constant 23 K during both the transient and steady state simu-
lations. The gaseous hydrogen and the solid block with the liquid hydrogen properties were
assigned an initial temperature of 21 K, which was the saturation temperature at which the
experiment was carried out. The gaseous hydrogen inside the test cell was set to a pressure
of 120,00 Pa or 1.2 bar while the helium surrounding the test cell was at 185 Pa.

The material properties used for the solid and fluid materials in the domain were temperature-
dependent and obtained from the NIST cryogenic materials database [22]. Material proper-
ties were included as piecewise linear data with respect to temperature in the thermal model.
Plots of thermal diffusivity of Copper, Aluminum 6061 and Stainless Steel 316 used in the
simulations are shown in Figures 2.4, 2.5 and 2.6. Inclusion of the temperature dependent

material properties was crucial to the accuracy of the thermal model developed in Fluent.
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Figure 2.4: Thermal Diffusivity of Aluminum 6061
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2.4 Solver Settings

The Energy equation and the k-e¢ equation were incorporated in the above-described models
to perform the thermodynamic and flow analysis and solve for the temperature and velocity
distribution in the domain. The Rayleigh number for the Helium in the sample well was
estimated to be around 2 * 10?, which implies a laminar flow in the helium region. In the
Rayleigh number calculations, the thermal expansion coefficient for helium equals to 1/T,
where T is the absolute temperature. Although the flow regime in the Helium space is
laminar, the enhanced wall treatment option in the k- model yielded better results with a
higher time step value than that of the laminar model. A comparison of results with both
the laminar and the & — € model is attached in the appendix for reference. The SIMPLEC
(Semi-Implicit Method for Pressure Linked Equations-Consistent) was used for the pressure-
velocity coupling. The SIMPLEC algorithm converges 1.2-1.3 times faster than SIMPLE
while the computational cost per iteration remains the same [9]. A least square cell based
gradient interpolation method is used since it is recommended for regular meshes, as it is
accurate and minimizes false diffusion in natural convection problems[36].The Body-force-
weighted scheme was used for pressure interpolations as it works well with buoyancy driven
flows where the body forces in the momentum equations are known a priori [9]. This scheme
computes the face pressure by assuming that the normal gradient of the difference between
pressure and body forces is constant. The Second Order Upwind scheme is used for the
discretization of momentum equations. For density and energy spatial discretization, the
Third Order MUSCL scheme was used, which improves spatial accuracy for all types of
meshes by reducing numerical diffusion [33]. For all other turbulence spatial discretization,
a Second Order Upwind scheme was used.

The time step in the simulations performed was determined by the Courant number
which determines the propagation speed of information on the mesh. The Courant number

is defined as:
B uAt

Co=Ar

(2.8)
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where At is the time step, Az is the smallest mesh element length, and u is the flow velocity
through the small element. In this study, a time step size of 0.1 was considered for both the

models to keep the courant number below 0.25.
2.5 Evaporation Simulations with mass transfer

The evaporation model in Fluent uses the Volume of Fluid (VOF) method to keep track
of the evaporating interface. The VOF method was first developed to solve free boundary
problems by Hirt and Nichols in 1981 [14]. The VOF method is a surface tracking technique
applied to a fixed Eulerian mesh [31]. This method assumes that the fluids in play are
immiscible. In each control volume, the volume fraction of all phases sum to unity. The
fields for all variables and properties are shared by the phases and represent volume-averaged
values,as long as the volume fraction of each of the phases is known at each location.Thus
the variables and properties in any given cell are either purely representative of one of the
phases, or representative of a mixture of phases, depending on the volume fraction values.
For instance, if the ¢'" fluid’s volume fraction is denoted as «,, then the following conditions

are possible:
o o, =0 : The cell is empty
o oy = 1: The cell is full

e 0 < oy < 1: The cell contains the interface between the ¢ fluid and one or more

other fluids.

Since the model comprised of two different phases, there was a jump in properties with a
change in the phase. In numerical simulations, this jump needs to be modelled carefully over
the interface which is spread over a few grid cells. The variation of properties with a two

phase model are described below:

P = Qupy + up; (2.9)
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= Qply + 0 + [y (210)

Cp = Oévva —+ o + Cpl (211)
kvkl

i — 2.12

koo + ko, ( )

The interface location, at any instant, is tracked from the gradient of the volume fraction of
the phases.This was accomplished using an User Defined Function that is loaded onto the
model. Mass transfer happens only at the interface and is zero at all other locations in the
fluid.

The contributions made by Hertz and Knudsen to use the kinetic theory of gases have
been vital to understand the evaporation and condensation phenomena [13]. The rate of
evaporation and condensation can be described through the Kinetic Theory of gases [19].
According to kinetic theory, the rate of evaporation depends on the liquid pressure and
temperature. Similarly the rate of condensation depends on vapor pressure and temperature.
They proposed that the evaporation from the liquid surface of the Knudsen layer takes place

according to a half range Maxwellian distribution. The Hertz-Knudsen equation can be

o M Pv psat(,—Tl)
= () o ()

where v stands for the vapor phase and [ for the liquid phase. The accommodation coefficient

stated as:

(2.13)

for evaporation (C, ) represents the fraction of liquid molecules which get converted to
vapor upon striking the liquid-vapor interface. Similarly, the accommodation coefficient for
condensation (C, ) refers to the fraction of vapor molecules which get condensed upon striking
the liquid-vapor interface. On the other hand, this relation proposed had a shortcoming that
it did not account for the flow velocity which results due to the phase change on either side
of the interface.

In Fluent, the liquid-vapor mass transfer is governed by the following vapor transport
equation and is based on the equation proposed by Lee [21]:

0 - . .
a(avpv) + V- (appu V) = Mgy — iy (2-14)
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where mi;, and m,; denote the rates of mass transfer due to evaporation and condensation

3

respectively in kg/s — m?. Evaporation, by default, is defined as positive mass transfer.

Hence, based on temperature regime existing at the interface,

o If T} > Ty (evaporation): miy, = coeff * Volume fraction of liquid * Density of liquid

* (’Tl 7Tsat)
Tsat

o If T, < Ts4 (condensation): mi,; = coeff * Volume fraction of vapor * Density of vapor

* (Tsat —Tv)
Tsat

The value of coeff was tuned accordingly to match the desired evaporation and condensation
rates. More information on the evaporation-condensation model used in Fluent can be found
in Fluent Theory Guide. The UDF used in the model is attached in the Appendix. Also,
this model has been verified against the 1-D Stefan problem, the results of which can be
found in [35].

2.5.1 Boundary and Initial Conditions

The evaporation model includes the inner walls of the test cell and the evaporating fluid zone.
The wall temperature boundary conditions on the outer walls of the test cell were obtained
from the line sink model. The remaining walls in the domain were assigned an adiabatic
wall boundary condition. Hydrogen vapour was assigned as the primary fluid and hydrogen
liquid was set to be the secondary fluid. This arrangement, as dictated by Fluent, helped
with smoother convergence. The vapour and liquid were assumed to be at equilibrium and
at saturation. Once the solution was initialized, the liquid was patched onto the domain
using the Adapt — Region option in Fluent. The initial conditions for this model depends

on the thermal conditions existing in the previous time step of the experimental data.
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2.5.2  Solver Settings

The Volume of Fluid method with an implicit formulation was chosen as the multiphase
technique for the evaporation simulation. The implicit method was chosen as the preferred
solver type to have the modified High Resolution Interface Capturing (HRIC) scheme for
the spatial discretization of volume fraction equations, which sets the interface description
to sharp [24]. For the VOF multiphase model, upwind schemes are generally unsuitable for
interface tracking because of their numerical diffusive nature [9]. Also the central differencing
schemes, while generally able to maintain the sharpness of the interface, are boundless and
usually give unphysical results. In order to avoid these problems, a modified version of the
High Resolution Interface Capturing (HRIC) scheme was used. The modified HRIC scheme
consists of a non-linear mix of upwind and downwind differencing. The modified HRIC
scheme provides improved accuracy for VOF calculations when compared to QUICK and
second-order schemes and is less computationally costly than the Geo-Reconstruct scheme.
The implicit body force formulation is included to account for the effects of surface tension
forces, which tends to diminish the contributions of convective and viscous terms. Segregated
algorithms converge poorly unless partial equilibrium of pressure gradient and body forces
is taken into account [32].

For pressure velocity coupling, the PISO scheme is used. This scheme is of the same
family as the SIMPLE algorithm. However, PISO improves on the momentum balance
after the pressure correction is applied by utilizing two additional corrections: neighbour
correction and skewness correction. This requires more computational time per iteration
but it reduces the total number of iterations needed to achieve convergence, particularly
with transient properties [3, 17] . The body force weighted scheme was chosen for pressure
interpolations. The THIRD Order MUSCL scheme was utilised for the spatial discretization
of momentum and energy equations while the Second Order Upwind scheme was used for
the density equations. An User Defined Function that is based on the Lee model was added

to the model to specify the interfacial mass transfer conditions.
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Chapter 3
EXPERIMENTAL SET-UP OVERVIEW

Experiments examining the bulk evaporation and condensation of liquid hydrogen were
conducted during January 2015 at the NIST (National Institute for Standards and Tech-
nology) Center for Neutron Research (NCNR) in the Neutron Imaging Facility. Although
the focus of this thesis is the computational part of the research, a brief overview of the
experimental set-up is given below. The design and the successful trials of the evaporation
experiments were largely due to the efforts of the Michigan Tech team.

A schematic of the cryostat is shown in Figure 3.1. The sample well is a 70-mm diameter
Aluminum canister that passes through concentric vacuum and cryogenic annuli and then
extends below these annuli into an evacuated chamber through which the neutron beam
passes. The outer most cryogen annulus is filled with liquid nitrogen that evaporates and
vents to the atmosphere thereby maintaining a temperature of 77 K.An inner liquid helium
jacket also evaporates that helps to maintain the sample well temperature at about 4 K
provided no external heating occurs. The rate of helium evaporation and therefore the rate
of cooling and minimum temperature is controlled through a throttling valve that can be
adjusted. For additional cooling a vacuum can be pulled on the vapor side of the throttling
valve. The helium throttle valve is part of an assembly referred to as the copper block that is
positioned at the separation between the cryostat and the lower chamber through which the
neutron beam passes. An electric heater is also located in this copper block. The stainless
tube with radiation baffles to which the test cell is attached is referred to as the sample stick.
At the bottom of the sample stick is the test cell connected through a stainless steel 316 L
lid and where evaporation or condensation occurs. The test cell is made of aluminum with a

wall thickness of 3 mm and an internal diameter of 5 mm. The lid includes a vapor passage
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that can be seen in Figure 3.1 (e). The temperature of the copper block can be set and
controlled. Thermal energy is transferred to and from the test cell by a combination of (i)
conduction from the copper block through an aluminum radiation baffle and down a stainless
tube to the test cell, and (ii) convection in low pressure helium gas circulating between the
test cell and the sample well housing. Thermal neutrons (energy 25 meV) neutrons from a
fission reactor penetrate the cryostat. The large neutron scattering cross section of hydrogen
as compared to that of aluminum allowed for signal-to-noise levels sufficient for imaging
the location of the liquid hydrogen surface [16].The scintillator used for imaging is a 7.6
mg/cm? Gadoxysulfide screen with a thickness of 20 m. An Andor NEO sCMOS (scientific
Complementary Metal Oxide Semiconductor) camera with a pixel pitch of 6.5 m and variable
exposure time is used to capture the images. An 85 mm Nikon lens with a PK13 extension
tube is used to image the scintilator light. This detector configuration had sufficient spatial (
<50 m) and temporal (<10 s) resolution to measure local curvature and evaporation rates of
liquid hydrogen. Additional details on the Neutron Imaging Facility (NIF) and the hydrogen
infrastructure used for the experiments described herein can be found in Hussey et al [16, 15].
Instrumentation for these experiments consisted of pressure measurements on the test cell
feed line and manifold as well as temperature measurements on the test cell exterior. Three
Lakeshore silicon diode DT-670 temperature sensors were mounted on the outside of the test
cell and secured in place by the use of custom fabricated 306 stainless steel springs that were
wrapped around the test cell exterior. A fourth sensor was suspended in the sample well near
the test cell to measure the temperature of the circulating helium gas. Test cell temperatures
were logged using a Lakeshore model 340. The uncertainty in the test cell measurements
is + 0.25 K. The uncertainty in the sensor placed in the copper block (NTC RTD X45720
sensor) to log the heater temperature is + 0.1 K. The temperature of the copper block sensor
and the sample holder temperature sensor were logged using a Lakeshore Model 331 that
was also used to control the heater temperature. Pressures were logged using two mensor
pressure transducers. One sensor (mensor CPG 2500) was connected to the hydrogen gas

feed connected to the test cell. The second pressure transducer (Mensor DPG 15000) was



connected to the manifold. The uncertainty in the pressure measurements is 0.01 %.
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(e) (@)

Figure 3.1: Overview of experiments conducted at the NIST Neutron Imaging Facility (NIF).
(a) Neutron Imaging Facility with cryostat in beam line. (b) Cryostat with testcell installed.
(c) Location of copper block used for heating and cooling the test cell and helium gas in the
sample well. (d) Sample holder with 10-mm test cellattached. (e) Cutaway view of the 10

mm diameter test cell and lid. (f) sensors located on test cell. Image is a courtesy of [5]
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Chapter 4
RESULTS AND DISCUSSION

4.1 Dry Test Simulations

In this section, the results obtained by simulating the dry tests for the 10 mm Aluminum
test cell are presented. Temperatures were measured at four different points in the domain
and the results were compared against the experimental values to validate the model. The

sensor locations in the the domain is shown in Figure 4.1.
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Figure 4.1: Sensor locations on the test cell

The dry test experiments are experiments conducted with no fluid present inside the test cell
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to establish the overall heat transfer characteristics associated with tests where liquid was
present.The numerical model exhibits good agreement with the experimental measurements.
A plot of transient temperature profile for both the experimental and numerical curves for
the sensors 2 and 3 can be seen in Figures 4.2 and 4.3.A non-dimensionalised plot of the
same can be seen in Figures 4.4 and 4.5. This plot helps to visually compare the numerical

time scale against that of the experiment.

Numerical Vs. Experimental Temperature time trace for S2
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-—--Numerical Values
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Figure 4.2: Experimental and Numerical time response for the dry test cell experiment with

the 10-mm diameter Aluminum test cell for Sensor 2
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Numerical Vs. Experimental Temperature time trace for S3
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Figure 4.3: Experimental and Numerical time response for the dry test cell experiment with

the 10-mm diameter Aluminum test cell for sensor 3
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Figure 4.4: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor 2
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Semi-log plot of Temperature vs Time for S3
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Figure 4.5: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor 3

The precise dimensions of the sample well were not known. For instance, the thickness
of the outer aluminum wall of the sample well could not be accurately measured. The
thermal model was tuned to account for the actual thermal mass present in the system. The
numerical temperature profiles for all the sensors on the test cell were well matched with the
experimental data. The objective of the dry test simulations was to characterise the transient
thermal response of the test cell and serve as a base model on which the evaporation model
can be built. Although the heat input to the test cell is a combination of conduction and
convection, the numerical values of heat flux at the wall boundaries show that the dominant
mode of heat transfer into the test cell is via conduction. Figure 4.6 shows the values of
heat fluxes at the convective and conductive boundaries in the domain. To account for
the transient heat flux at the boundaries, the entire domain needed to be modelled instead
of restricting the focus to the test cell where evaporation occurs. This would significantly

increase computational time and resources.



Heat Flux in W/m*
Name of Boundary Time = 1000 seconds | Time = 2000 seconds
Baffle- Rod wall 83 19.7
Conductive Boundaries

Rod-Lid wall 100 23.75

Lid- Test cell wall -5.7 -1.34

Baffle walls -0.105 -0.03

Convective Boundaries Rod walls 0.75 0.18
Lid walls 0.019 0.0018

Test cell walls 1.55 0.47

Figure 4.6: Heat Flux at convective and conductive boundaries in the domain

4.1.1  Temperature and Velocity Distribution

At the start of the simulation, the entire domain was assumed to be at 20 K and there
was no stratified temperature distribution. However, the initial sensor readings from the
experiment show otherwise. As the solution progressed with time and the test cell gets
heated, thermal stratification occurred throughout the domain which in turn gives rise to
a buoyancy driven flow in the helium space. The solution progressed long enough that the
absence of an initial temperature distribution does not significantly affect the accuracy. The
thermal model provides information on the convective behaviour of the coolant gas that is not
accessible from experimental data. Figures 4.7 and 4.8 show the temperature and velocity
contour plots in the domain at 2000 seconds. The thermal stratification in the domain, as
seen in Figure 4.7, suggests that conduction is the primary mode of heat transfer since most
of the heat is accumulated near the top of the system. The magnitude of velocity in the
helium region is very low, which is in agreement with a laminar flow as demonstrated by the
low Rayleigh number. It should also be noted that the recirculation regions near the sample
well wall and the test cell are opposite in flow direction since the helium is colder than the

solid components.
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Figure 4.7: Contour plot of temperature for the 10-mm Al Dry test simulations
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Contours of Velocity Magnitude (m/s) (Time=2.0000e+03)
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Figure 4.8: Contour plot of velocity for the 10-mm Al Dry test simulations
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4.2 Line Sink Simulations

With the thermal response of the test cell characterised from the dry test simulations and
finding that the major mode of heat transfer in and out of the test cell is by conduction, it
was evident that the entire domain, from the heater to the test cell, needed to be modelled
in order to accurately capture the thermal conditions. In addition to being computationally
intensive, the inlet and exhaust hydrogen ports are not effectively captured, because the
rotational symmetry assumption does not hold as can be seen in Figure 3.1 e. As a method
to estimate the thermal boundary conditions that exists near the gas-liquid interface and on
the walls of the test cell, a solid block with thermal-diffusive properties similar to that of the
liquid hydrogen at the corresponding saturation temperature was modelled inside the test
cell. This model did not account for any mass transfer effects, but the effect of evaporation
was simulated through the line sink. The boundary conditions obtained was used as inputs
in the evaporation simulations based on the Schrage equations (Eq. 2.13) as well as in the
transition film model being developed by Michigan Tech. A segment of the experimental data
where the meniscus remained relatively stable was chosen as the input for this simulation.
The Rayleigh number of the liquid inside the test cell was estimated to be of the order of 1€,
which is less than the critical Rayleigh number for convection cells to appear. The advantage
of this model was that the meniscus shape can be accurately modelled while taking advantage
of the fact there is minimum convection happening in the liquid. A time lapse image of the
liquid in the test cell can be seen in Figure 4.9, which shows a stable meniscus with respect

to shape throughout the condensation and evaporation regimes.



Figure 4.9:

Time Lapse Image of the liquid meniscus, courtesy of Kishan Bellur
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In the above figure, tiles 1 through 4 show the condensation of liquid hydrogen inside
the 10-mm diameter Aluminum test cell while the remaining tiles show the evaporation
of the liquid. Images were obtained at a 10 second interval which helped estimate the
condensation/evaporation rates.

The plots of experimental sensor temperature with time, as seen in Figure 4.10 show

Sensor Temperature Profiles

22_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

2 R e bt i B Ead gt ]
:21.8_— "'gg—_
0216 -=-82
2 X i
(U L -
S21.4F .
E C ]
&21.2:— -
21 _IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

0 5 10 15 20

Time, t (s)

Figure 4.10: Experimental Sensor temperature profiles

that the system can be assumed to be at steady state during this particular period. The line
sink simulation was, hence, run as a steady state simulation.The corresponding temperature
profile on the inner wall of the test cell, obtained from the numerical modelling, is shown in
Figure 4.11. The temperature profiles on the outer walls of the test cell are illustrated in
Figures 4.12 and 4.13. Once the thermal characteristics have been reasonably matched with
the experimental data, the temperature boundary conditions along the walls of the test cell
were exported to the evaporation model. The line sink model primarily assisted with the

transition from the dry test model to the evaporation model.
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Figure 4.11: Interior Wall temperature profile of the test cell with simulated effect of evap-

oration
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Outer Wall temperature profile
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Figure 4.12: Exterior vertical wall temperature profile of the test cell with simulated effect

of evaporation
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Figure 4.13: Exterior horizontal wall temperature profile of the test cell with simulated effect

of evaporation
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The temperature dip in Figure 4.11 was because of the heat flux applied on the meniscus
to simulate the effect of evaporation. The heat flux was applied over a very small length of
10 pm since 60-90 % of the evaporation was expected to occur in the contact line region [29].

However, this temperature jump did not translate to the outer wall of the test cell.
4.3 Evaporation simulations with mass transfer

A numerical model incorporating evaporation was developed to give some insight into the
heat transfer and mass flux that occurs at the fluid-vapor interface. This model is generic
in nature and is not intended to exactly reproduce the actual conditions in the experiment.
One of the main reasons for this being that the Schrage equation can only be used for
flat interfaces. The accommodation coefficients for the evaporation of liquid hydrogen are
calculated using the transition film model, which is a micro-scale model focusing solely on
the events happening in the vicinity of the meniscus. The Fluent evaporation model also did
not account for surface tension or the contact angle. A short description of the transition
film model and how the temperature boundary conditions from Fluent were used can be
found in the appendix. The phase distribution in the test cell at time, ¢ = 0 can be seen
Figure 4.14.

Evaporation occurs only at the interface with maximum evaporation rate near the walls
as seen in Figure 4.15. The average experimental volume flow rate was of the order of le~
mm?/s and it would take around 2000 seconds for the fluid to completely evaporate from
the test cell. The multiphase flow equations demand higher computation resources to be
solved. In addition, the grid resolution needed to capture the evaporation phenomenon that
occurs near the interface was high. The computational time and resources demanded by
Fluent for the evaporation simulation was high enough that the simulation was run for a
total time of only 200 seconds to infer the evolution of the temperature profile as well as the
velocity profile in the domain. The liquid-vapour interface remained relatively stable during
the simulated time. The evolution of the temperature profiles can be seen in Figures 4.16,

4.17 and 4.18 which are the temperature contours of the fluid domain at time 9, 30 and 200
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Figure 4.14: Contour plot of evaporation rate
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Figure 4.15: Contour plot of Volume fraction of Phases
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seconds respectively. Heat was added to the test cell from the sides and the bottom, which
was accounted for in the model by the temperature boundary conditions applied on the outer
walls of the test cell. In addition to heat added to the liquid from the walls of the test cell,
due to the relatively higher thermal diffusivity of the vapour, there was heat transfer from
the vapour to the liquid as well. The velocity contour, as shown in Figure 4.19, shows that
there is no convection happening in the liquid while a weak convection can be seen in the
vapour domain. This observation was in accordance with the calculated Rayleigh number.
In addition, the plot of heat flux, as seen in Figure 4.20 at the inner wall of the test cell
showed a jump in heat flux value at the interface location. This is again attributed to the

difference in thermal diffusivity between the gas and the liquid.

Contours of Static Temperature (mixture) (k) (Time=9.000 Contours of Static Temperature (mixture) (k) (Time=3.0000e+01)

2162401 - 2.16e+01 4
. 2162401 ——-/ . 2.16e+01
2 156401 215e+01
2 156401 215e+01
2 156401 215e+01
2 150401 215e+01
2 14401 2.14e+01
2 14401 2.14e+01
2 148401 214e+01
2132401 213e+01
2 136401 - 213e+01
- e 2132401
2128401 2.13e+01
2198401 2.12e+01
2198401 2.12e+01
2 196401 212e+01
2 116401 2 11e+01
2 116401 211e+01
2 11401 211e+01
2 10404 2.10e+01
2 106401 2.10e+01
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Figure 4.18: Temperature contour at 200 seconds
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Heat flux in W/m? along the inner wall
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Figure 4.20: Heat flux at the inner wall of the test cell
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Chapter 5
CONCLUSIONS AND FUTURE WORK

In this thesis, a computational model was successfully developed to characterize the tran-
sient thermal response of the test cell and components under cryogenic conditions. Com-
parison with experimental data helped validate the accuracy of the Fluent model. In order
to aid in the determination of accommodation coefficients, temperature profiles on the inner
walls of the test cell were successfully extracted using the line sink model. The current solver
in Fluent uses the traditional Hertz-Knudsen-Schrage formulation for mass transfer which is
valid only for a flat interface. The simulation revealed that the maximum rate of evaporation
was at the liquid-vapour interface and near the wall. There was negligible fluid motion in
the liquid while a weak convection was present in the gas, which was in accordance with the
analytical Rayleigh number calculations. Open FOAM’s solver has the capability to model
fluid evaporation based on the modified form of the Schrage equation that can account for
surface tension and curvature effects, which are essential to match the experimental results.
Once the accommodation coefficients have been successfully extracted from the transition
film model, an evaporation simulation using Open FOAM can help better understand the
fluid behaviour during evaporation. Future work will revolve around the evaporation be-
haviour in microgravity conditions and using a different material for the test cell to infer
the dependence of accommodation coefficients on the wall material . It is our hope that the
combined experimental and modelling approach can be used to better understand the phase
change phenomenon in cryogenic liquids and hence improve the effectiveness of cryogenic

storage systems.
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Appendix 1
TRANSITION FILM MODEL

The Transition film model is the work of Kishan Bellur, Michigan technological University
and the following section is an extract from his work. A brief description of the model and
its relevance with the CFD simulation is described below.

Liquid vapour phase change is a complex, multi-scale problem and different phase change
models have been used to quantify and predict mass transfer rates. These broadly fall
under three categories: diffusive, kinetic or quantum mechanical. Diffusive models rely on
partial vapour pressure as a trigger mechanism for evaporation. They predict the same phase
change rates despite the solid wall material or the wetting characteristics and curvature of
the liquid vapor interface. The evaporative mass flux is taken to be only a function of the
interfacial area and the concentration difference between the liquid and the interface (which
is taken to be a saturated vapour for modelling purposes). These models are typically
applied to systems where surface area is huge, such as open reservoirs. When the exposed
surface area is smaller and comparable to the meniscus size, such as in porous structures or
capillary tubes, kinetic models have been shown to be more accurate [10]. Kinetic theory
based models can account for the effect of the wall, the location and size of the meniscus,
curvature, interface temperature and disjoining pressure effects [25]. The classical kinetic
theory has provided the basis for understanding and modelling evaporation for over a century.
Hertz [18] measured evaporation rates of mercury and from a theoretical analysis concluded
that there exists a maximum rate of evaporation that depends on the temperature of the
interface and the properties of the liquid. Knudsen [20] carried out similar experiments on
evaporation of mercury and his results consistently indicated that the measured evaporation

rate is lesser than the maximum rate suggested by kinetic theory. He introduced the concept
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of an evaporation coefficient to account for the deviation from the maximum evaporation
rate. The velocity distribution of the molecules is described by the Boltzmann equation A.1
of of

a +CZaIZ -

where S(f) denotes the collision term that describes the change of the velocity distribution

S(f) (A1)

due to intermolecular collisions and ¢; is the velocity. In equilibrium, the velocity distribution
function does not change with time and S(f) = 0. Hence the solution yields the famous

Maxwellian distribution A.2.

3/2
f m m
m=n| = exp| —
kT P\ “oKT

where k is the Boltzmann constant, n denotes the density number of particles, m is the

(2 + cz + ci)) (A.2)

molecular mass, T is temperature and c¢; is the velocity.

At a distance far away from the interface the velocity distribution is Maxwellian but if
the interface itself is assumed not to be a disturbing influence then the Maxwell distribution
would exist even in close proximity to the interface. In equilibrium, the rate of evaporation
is equal to the rate of condensation. Assuming that the distribution is Maxwellian close to
the interface, the Hertz-Knudsen equation for net phase change is the difference between

rates of evaporation and condensation as shown by A.3:

J= 1 (O’ Psat(TL) _ PV ) (AS)

€ O-C
V2rmk VTL VTV

where o, and o, are the evaporation and condensation coefficients, subscripts V and L denote
the vapor and liquid phases respectively. Schrage [?] assumed that the distribution in the
vapor is better represented by a Maxwellian but with a net drift velocity (Ub) as shown in
equation A.4. He further states that the evaporation and condensation coefficients could be

equal and calls it the AAIJcondensationaAl coefficient.

3/2
s :n(ZlZ’:T) exp(—ﬂngT((cx—Ub)Q—kcz—i-cz)) (A.4)
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Schrage proves that the effect of the drift velocity is negligible if U? << kt. Using
SchrageaAZs modified distribution, equation A.5 was obtained by Barrett and Clement 4]

J= 1 ( Oe¢ Psat(TL) Oc PV ) (A5)

V2rmk\1—=050. /TE  1—0.50./TV

Comparing A.5 with ?? it is seen that when o, = o, SchrageéAZs equation predicts twice
the mass flux as predicted by the Hertz-Knudsen expression. It is to be noted that all these
analytical studies were performed for evaporation from a planar surface. If there exists a
curvature and a contact line, the local pressure in the liquid film varies and significantly
influences evaporation.

The contact line is an apparent intersection of the three phases- solid, liquid and vapor.
The contact angle is the apparent angle between the liquid and solid as measured through the
liquid. The contact line is described as a continuum region that terminates in an adsorbed
layer. The normal stress in the bulk is mostly influenced by capillary pressure or curvature.
The adsorbed film is a non-evaporating film where intermolecular forces dominate. This film
is on the order of nanometers and is not optically accessible. The contact line region or the
transition film region is influenced by both intermolecular forces and capillarity. It has been
shown that for polar/non-wetting liquids, 60-90% of the evaporation occurs at the contact
line region [29] . The amount of mass transfer through the interface depends on the size of

the contact line region as well as local thermodynamic properties

A.0.1 Technique for determining accommodation coefficients

In order to solve for the evaporative mass flux using the kinetic model, the liquid phase
temperature is required. The liquid temperature depends on the temperature of the solid
in contact with the liquid. To obtain both the liquid and wall temperature, a conjugate
heat transfer model that uses representative boundary conditions is used.The temperature
profile on the inner wall of the test cell obtained from the line sink model is used.The non-
uniform evaporative flux in the contact line region is obtained from the kinetic model using

the results of the CFD model as thermal boundary conditions. The total evaporated mass
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can then be computed by integrating the non-uniform mass flux from the adsorbed film to

the bulk meniscus.

A.0.2  Transition region Kinetic model

The modified form of the Schrage equation that accounts for curvature [37] and surface

tension effects [30] is given by A.6:

1/2
g 2x m
 2—a\ 27rRT),

where J is the evaporative heat flux, a is the accommodation coefficient, II is the disjoining

p'uthg
RT, T},

VipP,
RTy,

(11 + o) + L9Ps (A.6)

(Ev - Tv) RTU €

pressure( a pressure reduction due to solid-liquid interaction in a thin film), o is the surface
tension, k is the curvature while all other parameters represent standard thermodynamic
properties.

The numerical model for the phase change in the transition region is built based on the
formulation provided by Wee at al [38] and builds off of the code developed by Fritz. Using
a lubrication approximation, the film evolution/evaporation can be expressed as a nonlinear
third order ODE such that all parameters and thermal properties are expressed in terms of

the film thickness A.7:

2 2 2
3h2,he  hughe  ho(1+h2 (1 +h2 +Hm> ar 1 o (P dH) 0

Mave = T3 " G — 2 (g =) o \ g — h P R R b e

(A.7)
where h is the film thickness ,r;; is the radius of the cylinder, p; is the pressure in the liquid,
v =do/dt, hy, hyg, hege are the first, second and third derivatives respectively.

The model is built using a one sided formulation approach. The liquid properties such
as density, conductivity, etc. are more dominant in the liquid than in the vapour. The
model only updates the liquid properties in each step of the simulation and assumes uniform
properties in the vapour phase. Further, in the thin transition film, the bond number (grav-

itational forces/surface forces) is lesser than 1. Hence the effect of gravity is neglected. To

keep the model in a steady state mode at each step of the simulation, the mass flux across
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the interface as determined by A.6 is assumed to be replenished by liquid flow from the bulk
meniscus. This conservation of mass at each step creates a pressure gradient along the sim-

ulated domain. The flow is modelled using a lubrication approximation of the Navier-Stokes

10 [ Ou) 1dp
"o (a) = e (4.8)

where gy is the viscosity, u is the velocity, r is the local radius,dp; /dx is the pressure gradient.

equation in polar coordinates,

The equation is solved by applying a no slip boundary condition at the wall and a
free surface boundary condition at the interface(balancing viscus terms with surface tension

terms).

at r=ryu=o

do

— .} _Ou _ do
r=Ty h Har = dz

Upon solving A.8 using the given boundary conditions, an expression for uprq is obtained.
The mass flux can then be expressed by A.9
J=1{" pi|u(r)|2mrdr (A.9)
rij—h
Using the result of A.6 and A.9, dp;/dx is evaluated for use in A.7. A simplified energy
balance is expressed by A.10

o ( or

A constant wall temperature boundary condition along with a heat flux boundary condition
is used to solve the equation. The heat flux accounts for the conduction and the energy lost

due to evaporation.

at =1y T = Tyan

dT :
r=ry—h kzlﬂ = Mepapl 4
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Integrating A.10 from wall to the interface (ie r;; to r;; — h(z)), the interfacial temperature

is obtained A.11

rij

T

T‘Z‘j—h

T‘lfu = %(sz — h)ln( ) —|— memp —|— Twall (All)

Curvature gives rise to a pressure jump across the interface as described by the Young Laplace

equation. To effectively model the pressure balance, Wayner [37] proposed A.12.
po—pr=0ck+11 (A.12)

The geometry of interest has two planes of curvature, one due to the meniscus and the other
due to the radius of the cylinder, in the azimuthal direction. Hence an effective 3D curvature

is computed A.13.

1
h=—(l+ h2) "2 4 g (14 h2) 732 (A.13)

For a flat wetting surface, the disjoining pressure is modeled by A.14 considering only
the intermolecular London-van ver Waals forces[7]. More sophisticated models of disjoining
pressure exist such as the logarithmic model by Holm and Goplen [30] or the contact angle
based model by Wu and Wong [39]. For computation simplicity and due to the lack of data

available for cryogens, the polynomial model given by A.14 is used.

A
T

where,A is the dispersion constant and 6I1A is the Hamaker constant.

I (A.14)

The evaporation in the model is accounted for by the Hertz-Knudsen-Schrage equation
that has been expanded to include the effects of surface tension and curvature (equation
A.7). The evaporation/condensation coefficients are inputs to the transition film evaporation
model. The curvature is modeled using the augmented Young-Laplace equation by Wayner

37).
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Assuming no evaporation in the adsorbed film region, the equation A.7 is set to zero and
the film thickness for this condition to be achieved is computed using a root finding algorithm
considering both the 3D curvature and the disjoining pressure. This is then used as one of
the initial conditions of the model. Other initial conditions include the derivatives of film
thickness and the superheat condition (difference between wall and vapor temperature).
Although formulated as an initial value problem, the current approach is to vary the initial
conditions such that the curvature from the simulation can be matched to the curvature
obtained by the Young-Laplace curvefit of the liquid vapor interface acquired from Neutron
Imaging. The ODE is numerically solved using a 2"¢ order Runge-Kutta method using a
simple backward Euler finite difference scheme for local interface temperatures and surface
tension gradients. At each step in the simulation, the evaporated mass flux and interfacial
temperature is computed and the corresponding parameters are updated.

Using the Young-Laplace curve fits from the neutron images as physical boundary con-
ditions, a shooting method is employed for the transition film model. The initial conditions
at the adsorbed film were varied such that the slope and curvature obtained from the model
at its end boundary condition matches the bulk meniscus represented by the Young-Laplace
curve fit within a 1% error. Assuming no evaporation in the adsorbed film region, the
nonuniform evaporative flux obtained in the transition region is then integrated along the
liquid interface to obtain the total evaporation rate. The temperature gradient at the wall
obtained from the CFD model serves as the thermal wall boundary condition.

The code is built using a modular approach comprising of various submodels to account
for curvature, disjoining pressure and other parameters. The model contains a library of fluids
(currently- water, pentane, octane, hydrogen and methane) with the parameters built in and
different geometries can be implemented if necessary. The code is built such that switching
between different fluids or geometries is straightforward. This enables adaptability of the
code to model both hydrogen and methane evaporation in cylinders of different geometries

and cell materials.
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Appendix 2
MASS TRANSFER UDF

This chapter lists the User Defined Function used in Fluent to dictate the mass transfer

conditions.

#include 7udf.h”

DEFINE MASS TRANSFER (evap_udf , cell ,thread ,from_index , from _species_index |,
to_index ,to_species_index)
{

real m_lg, vg;

real TSAT = 21; /% Saturation Temperaturesx/

Thread xgas, xliq;

liq = THREAD SUB THREAD(thread ,to_index );

gas = THREAD SUB THREAD(thread , from_index );

m_lg = 0.0; /+ Initial Mass transfer ratex/
if (Data_Valid_P())
{

/* Identifies interface locationx/

if (C.VOF(cell ,liq) != 0 & CVOF(cell ,liq) != 1)

{

if (CT(cell, liq) > TSAT)

{

m_lg = —0.127xC_VOF(cell ,liq )*C_R(cell ,liq)x*

fabs (C_T(cell ,1liq)—T_SAT)/TSAT; /x Evaporationx/



}
else if (C.T(cell , 6 gas) < T_SAT)

m_lg = 0.01xC_VOF(cell ,gas)*CR(cell ,gas)x
fabs (T_SAT-C_T(cell ,gas))/TSAT; /+ Condensationx/

}
}

return (m_lg);

}

20
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Appendix 3
METHANE DRY TEST SIMULATION DATA

In September 2015, experiments were carried out to obtain necessary data for the deter-
mination of the accommodation coefficients of liquid methane. In this section, the results
of the dry tests that were run to characterise the thermal response of the 10-mm diameter

Aluminum test cell is presented.

C.0.3 Domain and Boundary conditions

The domain for the methane dry tests is very similar to that of the hydrogen dry tests except
for the addition of a stainless steel spacer between the sample-stick rod and the lid. The
boundary and initial conditions remain unchanged as well. The meshed domain can be seen
in Figure C.1. Here, the sensor in the helium space is named as D3, while the sensors S4,53
and S2 in the hydrogen dry tests correspond to C2,D1 and D2 in the methane dry tests

respectively.

C.0.4 Results

As with the hydrogen dry tests, the thermal model exhibits very good agreement with match-
ing the transient thermal data of the sensors.

A plot of transient temperature profile for both the experimental and numerical curves for
the sensors D3, C2,D1,and D2can be seen in Figures 7?7.77,?? and ??.A non-dimensionalised
plot of the above figures can be seen in Figures 77,7777 and ??7. The dry test simulations
for the methane test was facilitated though the use of advanced computational, storage, and
networking infrastructure provided by the Hyak supercomputer system at the University of

Washington.
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Meshed Domain for the Methane Dry test simulations

Spacer

Figure C.1: Domain for the Dry test Simulation
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Figure C.2: Experimental and Numerical time response for the methane dry test cell exper-

iment with the 10-mm diameter Aluminum test cell for Sensor D3
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Figure C.3: Experimental and Numerical time response for the methane dry test cell exper-

iment with the 10-mm diameter Aluminum test cell for Sensor C2
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Figure C.4: Experimental and Numerical time response for the methane dry test cell exper-

iment with the 10-mm diameter Aluminum test cell for Sensor D1
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Figure C.5: Experimental and Numerical time response for the methane dry test cell exper-

iment with the 10-mm diameter Aluminum test cell for Sensor D2
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Figure C.6: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor D3
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Figure C.7: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor C2
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Figure C.8: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor D1
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Figure C.9: Semi log plot of Experimental and Numerical time response for the dry test cell

experiment with the 10-mm diameter Aluminum test cell for Sensor D2
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Appendix 4
GRID ANALYSIS

Grid independence tests are essential in determining the precision of numerical simula-
tions. The general procedures involves refining the grid, aka increasing the number of cells
until the solution becomes grid independent. A comparison of the temperature time trace on
one of the sensors (Sensor 3) is shown in Figure D.1. Based on the results, a grid size of 58k
was chosen as the optimum match between the number of cells and computation resources
required. As explained previously in the thesis, a plot of temperature time trace of the dry
test simulation using a laminar model and the k-¢ model is shown in Figure D.2. The dry
test model with the k-e¢ model’s enhanced wall treatment option was run with a significantly
lower time step value than that of the laminar model, which helped in the reduction of com-
putation time and resources. Also, a comparison of the effective turbulent viscosity with the
plot of molecular viscosity along a line in the helium space showed that using the k£ — e model
did not damp or produce false viscosities. The value of turbulent viscosity turned out to be

zero, which was expected for a laminar case.
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Grld Analysis for the 10mm-Al dry test simulations
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Figure D.1: Plot of grid analysis results for the dry test simulations of the 10-mm diameter

Al test cell
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Comparison of laminar and k- ¢ models
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test simulations
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Plot of effective turbulent viscosity in the helium space
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Figure D.3: Plot of effective turbulent viscosity in the helium space for the dry test simulation
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Plot of molecular viscosity in the helium space
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Figure D.4: Plot of molecular viscosity in the helium space for the dry test simulation
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Plot of turbulent viscosity in the helium space
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Figure D.5: Plot of turbulent viscosity in the helium space for the dry test simulation
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