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ABSTRACT

In this thesis, a one-dimensional, two-fluid model is developed in MATLAB-Simulink. The model features
a mass, momentum, and energy balance for each fluid—an ideal gas and an incompressible liquid. The
simulation may model a straight pipe section, or a pipe section that involves a cross-sectional area
change. Rough models of interphase heat transfer and interphase friction are included. Currently,
phase change is not modeled in the simulation

Also, a single-fluid model was developed before the two-fluid model, as an intermediate step in
developing the two-fluid model. The single-phase simulation applies a mass, momentum, and energy
balance for the single fluid, and ideal gas.

The single-fluid model was validated by incompressible flow, Fanno flow, and isentropic flow models.
The incompressible model demonstrated the simulations ability to properly balance pressure and
frictional forces. The Fanno flow model showed that the simulation could capture compressibility
effects. The isentropic flow model validation verified that the simulation could model area change

properly.

The two-fluid model was validated using the Homogeneous Equilibrium Model (HEM). An analytical
model of HEM flow with frictional pressure drop was developed to compare against the simulation
results. To achieve the HEM, interphase effects were tuned so that the liquid and gas phases had similar
temperatures and velocities. Under these conditions, the simulation matched the analytical model.

The thesis goal is to create a solid foundation for an open-source, one-dimensional, two-fluid model that
is easier to use and modify than current nuclear system analysis software.
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Introduction

One-Dimensional, Two-Fluid Models

One-dimensional, two-fluid modelling packages, such as RELAP (Idaho National Laboratory, 2005), TRAC
(Liles, 1988), and TRACE (United States Nuclear Regulatory Commission, 2012), model fluid flow for the
purposes of nuclear reactor analysis. The simulations discretize the simulated flow path into control
volumes, which balance the mass, momentum, and energy flowing across their boundaries. Time is also
discretized, where each time step brings a new state for each control volume in the system. For each
time step, each control volume uses information from adjacent control volumes to determine how much
mass, momentum, and energy transfers across each boundary. One-dimensional models simplify fluid
flow by limiting the mass, momentum, and energy balance equations to one axis. While a three-
dimensional model would capture the intricacies of three-dimensional movement, like travelling
through a pipe bend, or contracting through a nozzle, one-dimensional models represent these effects
by incorporating empirical correlations into their balance equations.

Two-fluid models employ a mass, momentum, and energy balance for both fluids, effectively dividing
each control volume in two—one for each fluid. Two-fluid simulations transfer information, mass,
momentum, and energy, not only between adjacent control volumes, but between the fluids within the
same control volume. The resulting simulation: two fluids flow through the same medium, affected by
the constraints placed on the system as well as the interactions between the fluids. Homogenous
equilibrium models (HEM) represent two fluids flowing through the same medium, but are not true two-
fluid models; HEMs only model one fluid with the properties of the two-fluid mixture.

Motivation

Though several one-dimensional, two-fluid models exist, these models involve some deficiencies. For
one, the source code behind the simulations is often unavailable due to proprietary restrictions. This
presents the user from knowing the exact mechanisms of the program. For instance, if a piece of
simulation software allows the user to adjust a friction factor, without the source code, the user may
poorly define the parameter and incorrectly model their system.

Furthermore, while some factors can be modified by users, several correlations are locked into the
original state. This reduces flexibility, preventing the user from creating more customized models.

Finally, many current one-dimensional models lack an intuitive front-end that allows the user to interact
with their system. Rather than change values within a text file to adjust the model, a user should be
able to interact with a graphical user interface to easily find (and change) any desired parameters. An
improved user interface would lessen the burden on the user manual to provide usage instructions.

Addressing Concerns

The new simulation developed in this thesis will address these three concerns. The user’s simulation will
be done through MATLAB-Simulink. Simulink allows the user to graphically arrange and connect pieces
of code to build a model. Once the model is created, Simulink provides several ordinary differential
equation solvers to simulate the system, time-step by time-step. This provides a perfect environment in
which to simulate a one-dimensional fluid model.

The Simulink interface remedies the three concerns | presented in the Motivation section. With the
fluid model components developed, the user can easily arrange the components to create a series of
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connected control volumes. System constraints can be changed directly on the front-end; the
simulation does not require a large text file with lists of settings for each component. If the user wishes
to examine and modify the source code of a certain part of the simulation, simply double-clicking the
component reveals the desired information.



Model Overview

This section contains a brief overview of how the simulation functions. For a complete explanation,
including the governing equations, please see “Single-Phase Simulation” on page 7 and “Two-Phase
Model” on page 22.

The new software employs alternating “junction” and “volume” blocks to simulate the flow of fluid
along a pipe—dividing the work of the control volumes explained in the “One-Dimensional, Two-Fluid
Models” section. Each volume block calculates the state of the fluids contained in its boundaries,
solving the time derivative of the flow across its boundaries. Each junction performs the space-
derivatives of the simulation, taking the state of adjacent volume blocks to determine the flow rates
between them. Figure 1 shows the transfer of information between the volumes and junctions.
Junction blocks require the state of the fluids in the adjacent blocks at the previous time step to
determine flow rates. Volume blocks use those flow rates—along with the initial conditions—to
determine the total mass, momentum, and energy contained within the volume. The volume blocks
then determine density, velocity, and temperature from the mass, momentum and energy totals,
passing this information to the neighboring junction blocks for the next time step’s calculations. The
cycle of volume and junction blocks exchanging information perpetuates until the simulation reaches
the preset stopping time

Junction
Block

Volume
Block

Volume Junction

EPED
S = -

e bosas
Figure 1. The transfer of information between simulation components. The horizontal arrows represent volume data, including
geometry, fluid state, and velocity, which pass to adjacent junction blocks at each iteration. The triangles contain junction data,
including friction and various flow rates, which pass to adjacent volume blocks. The vertical arrow represents the initial
conditions of a volume block. The vertical arrow contains the same type of information as the horizontal arrows, except that
the information is only used once at the beginning of the simulation.

At the start of the simulation, each volume block receives information describing the geometry of that
section of the pipe: the cross-sectional area; the length; and the angle above horizontal. Adjusting the
geometric settings of each volume block allows the user to model expansion, contraction, upward flow,
downward flow, or a combination of any of those four. Figure 2 shows several volumes connected that
use different areas, lengths, and angles. Along with the geometry, the volume blocks receive the initial
condition of the fluids within their boundaries. This information allows the volume blocks to calculate
the starting point for the total mass, momentum, and energy they each contain.



Figure 2. Representation of a possible simulation setup. The nine shapes represent the discretization of a pipe section that
contracts, expands, falls, and climbs. To accomplish this, the pipe is divided into sections that have varying angle, cross-
sectional area, and length. Sections 2 and 3 have negative angles relative to the horizontal, while sections 7, 8, and 9 have
positive angles. Contraction occurs between sections 4 through 6, as each successive section has a smaller cross-sectional area.
Sections 7 through 9 expand, increasing the cross-sectional area. Finally, sections 1 and 9 have shorter lengths than the other
sections.

Initially, a single-phase model was developed, using only an ideal gas as the simulation fluid. This simple
model was used as an intermediate point during development of the two-phase model. In the single-
phase model, the junction blocks calculate the mass, momentum, and energy flow rates of the ideal gas
(space derivatives), while the volume blocks determine the state of the ideal gas, using the mass,
momentum, and energy stored within the volume, along with the ideal gas law (time derivatives). To
appropriately constrain the system, the simulation requires an inlet temperature and density, as well as
an outlet pressure. This is equivalent to a pressure drop across the pipe plus the state of the source
fluid. To facilitate change of direction, the temperature and density are defined on both boundaries;
however, only the pressure (calculated from temperature and density using the equation of state) is
used on the exit boundary.

The two-phase model adds an incompressible liquid phase to the ideal gas-phase. Developed after the
single-phase model, the two-phase model employs the same structure as the original, with a few
exceptions. The junction blocks transmit two sets of flow data; one mass, momentum, and energy flow
rate for each phase. Likewise, the volume blocks perform an extra set of balances to manage the
additional fluid.

At each time step, the volume each fluid occupies fluctuates, so the ideal gas relationship cannot initially
be used. Because the liquid phase has a constant density, the volume it occupies can be found from the
total liquid mass within the volume block. The remaining volume belongs to the gas phase, and is used
for the ideal gas equation of state calculations. Liquid pressure equals the gas pressure derived from the
ideal gas relationship.

Furthermore, the two fluids interact with one another within the volume block. Momentum transfers
from one phase to the other due to friction driven by a velocity difference. Energy transfers due to heat
transfer driven by a temperature difference.



With the second set of balance equations added for the liquid, three additional constraints must be
added to the system—in addition to the inlet gas density, inlet gas temperature, and outlet pressure.
First, as the liquid is incompressible, the fluid density is predefined at the start of the simulation. Then
the addition of inlet void fraction and inlet liquid temperature completely define the state of the two
fluids entering the system.



Literature Review

This literature review briefly covers the history of one-dimensional, two-fluid modelling. It also
highlights the origins of several concepts employed by this thesis. This section also introduces
previously developed models; however, the section “Comparison to Previous Work” contains more
details on how these models compare to the model described by this thesis.

One of the earliest two-fluid modelling schemes was developed by (Martinelli & Nelson, 1948). This oft-
cited work represents two-fluid flow by applying an empirically derived correction factor to a single-fluid
model. As explained by (Todreas & Kazimi, 2012), the application of two-fluid models to nuclear
systems began later in the 1960s. This led to the accepted convention of models applying balances
across control volumes, as in (Collier & Thome, 1994). Further evolution led to the more recent method
of local instant formulation, by (Ishii & Takashi, 2011), which solves for properties at centers of volumes
with unknown boundaries.

Within the past 25 years, several one-dimensional models have been developed. This thesis compares
these models with the new simulation developed in this thesis in the Comparison to Previous Work
section. (Scheuerer & Scheuerer, 1992) developed a one-dimensional, two fluid model utilizing mass
and momentum balance equations. (Herrdn-Gonzalez, De La Cruz, De Andrés-Toro, & Risco-Martin,
2009) developed one dimensional models for Simulink to simulate natural gas distribution pipelines,
accounting for elevation change, but also neglected the energy equation. (Davis & Campbell, 2007)
created a one-dimensional fluid flow model utilizing mass, momentum and energy balance equations,
utilizing the REFPROP database to determine fluid states. Davis’s simulation models two fluids by
assuming homogenous equilibrium, treating the two fluids as a single substance. Other, more unique
methods of simulating fluid flow include (Alamian, Behbahani-Nejad, & Ghanbarzadeh, 2012), who
solved the governing equations as state-space equations.

The standard of comparison for the simulation created in this thesis, RELAP (Idaho National Laboratory,
2005), models one- and two-dimensional flow using volumes and the junctions that connect them. The
section “RELAP Comparison” contains more information on the underlying equations balance equation
that govern RELAP. Other commercial software, such as TRAC (Liles, 1988), also model the thermal-
hydraulics of nuclear systems. Later, TRACE combined the functionality of RELAP and TRAC (United
States Nuclear Regulatory Commission, 2012).

Several resources proved to be vital in the development of the simulation. As the simulation was
created in the MATLAB-Simulink environment, the associated documentation, (The MathWorks, Inc,
2012), helped immensely. The integral form of the balance equations found in (Potter & Foss, 1982)
provided a check to ensure that the simulation followed the governing equations properly. The
extrapolation methods explained in (Hirsch, 1990) were employed at the boundaries of the system. A
modification of the smooth-pipe correlation presented in (Incropera, DeWitt, Bergman, & Lavine, 2007)
was used to programmatically determine friction factor from Reynolds number. To validate the
simulation, the Fanno and Isentropic gas tables from (Keenan & Kaye, 1948), provided a starting point,
though not used in the final validation calculations; the validation equations were provided by (Munson,
Young, & Okiishi, 1998).



Single-Phase Simulation

The one-dimensional, single-phase simulation models the flow of an ideal gas within a pipe section.
The independent variables of the simulation include the total mass, momentum, and energy contained
within control volumes. The volume blocks, which perform calculations on their respective control
volumes, use the ideal gas law to determine the state (velocity, temperature, density) of the fluid from
the independent variables. Connecting the volume blocks, junction blocks receive the state information
to determine the mass, momentum, and energy flow rates between volume blocks. In the next time
step, the volume blocks use the flow rates to determine the new quantities of mass, momentum, and
energy stored in their control volumes. This section details the calculations of the junction and volume
blocks.

Junction Calculations

As seen in Figure 1, the function of junction blocks is to provide mass, momentum, and energy flow
rates to adjacent volume blocks. This information describes how much of a quantity (mass, momentum,
or energy) passes from one volume to another. The junction blocks accomplish this by averaging the
properties of adjacent volumes, then calculating mass, momentum, and energy flow rates according to
the averaged properties.

Property Averaging
To calculate a junction property, the simulation finds the length-weighted average,

X+1L_1+X_1L 1

+
X = zL 2 2 2 (1)
1+L 1
2 2

where X is the property being averaged, L is the length, and the subscripts + % and — % refer to the right

and left adjacent volumes, respectively. Figure 3 below illustrates the subscript nomenclature for when
a junction is the focus. Moving to the next junction either increases (right) or decreases (left) the
subscript by one. When moving to an adjacent volume the increase or decrease is one-half.

Left Junction, -1 Current Junction Right Junction, +1

Left Volume, -1/2 Right Volume, +1/2

Figure 3. Diagram explaining junction subscript nomenclature. When making calculations of the properties of a junction,
subscripts refer to the relative position of volumes or other junctions. Half-steps refer to the left (negative) or right (positive)
adjacent volumes. Whole steps refer to the nearest junctions to the left (negative) or right (positive).



The simulation uses Equation (1) to find the temperature, density and velocity of the junction. With
these values known, the simulation calculates pressure,

P = pTR (2)
where p is density, T is temperature and R is the specific gas constant for the fluid.

Mass and Momentum Flow Rate

The junction block then calculates the mass, momentum and energy flows between its adjacent
volumes. These three flow rates come from the flow properties within the junction—the length-
weighted properties of the adjacent volumes. Mass flow,

m=VAp (3)

representing the mass that crosses the junction block to leave one control volume and enter another.
Similarly, momentum flow,

M =mV (4)
represents the momentum that the mass from Equation (3) carries from one control volume to another.

Energy Flow Rate

The mass flowing from one control volume to the next also carries energy, including enthalpy, kinetic
energy, and potential energy. The total energy contained in a unit mass passing between the two
volumes,

e=h+ke+pe (5)
where kinetic energy,
VZ
ke = ? (6)
and potential energy,
pe = pgH 7

where H is the junction height, and enthalpy,

h=u +§ (8)
where internal thermal energy,

u=cyT (9)
where Cy is the constant-volume specific heat of the fluid and assumed constant, and the reference

point for temperature is arbitrarily set at absolute zero. Thus, the total energy passing from one volume
to another per unit mass,

vz P
e=7+cVT+;+ng (10)



The total energy flow,
: . . V2 P
E =me =m(7+cVT+;+ng) (11)

which is the total energy that the mass flow, from Equation (3), carries with it from one control volume
to another. The energy flow equations simplifies further to

E =m(T[cy + R] + V; + pgH) (12)

when the fluid is an ideal gas. The flows determined by equations (3), (4), and (12) are used by the
adjacent volumes to determine how much mass, momentum and energy enters and leaves during the
following time step.

Friction

The junction calculates frictional force as well. Three scenarios exist for friction calculations—no
friction, constant friction factor, and smooth pipe friction. With a constant friction factor, including zero
for the no friction case, calculations for frictional force begin at Equation (17).

For the smooth pipe friction calculation, friction factor is determined by Reynolds number,

Rep = "V#Dh (13)

where V is the velocity of the fluid within the pipe, Dy, is the hydraulic diameter, and u is the dynamic
viscosity. The simulation estimates dynamic viscosity as,

p= Mo\/TEO (14)

where the subscript 0 refers to a reference point. In the simulation, this point,
(To, o) = (300 [K],1.983 ¢ 107> [Pa — s]) (15)

With Reynolds number known, the simulation calculates friction factor,

64

— , Rep, < 1189.4
e
T
f =10.316Re,* 1189.4 < Rej, < 49,8189 (16)
1
l0.184ReD5, Re, > 49,8189

where the three equations come from (Incropera, DeWitt, Bergman, & Lavine, 2007). Typically, the
transition points for the three equations occur at 2,300 and 20,000, but these points did not create a
function that was continuous over the desired range of Reynolds numbers. The cut-off points in
Equation (16) allow for a smoother transition between friction factor formulas.

Whether the friction factor was calculated or a constant, the simulation calculates the wall shear stress,



_ V3pf
s=—2 (17)
and then frictional force,

(L 1+L 1)mDpts
F t2 3
f —

18
n (18)
The sign of Fr depends on the sign of V, such that the frictional force is always applied opposite fluid
motion. Specifically, the code applies the opposite sign of V to Fr. The simulation divides the friction
factor by four because of averaging explained in the volume block section.

The junction block sends the mass flow rate, Equation (3), momentum flow rate, Equation (4), energy
flow rate, Equation (12), and friction force, Equation (18), to the adjacent volume blocks so that the total
mass, momentum, and energy in that volume block may be calculated for the next time step. Please
note that wall heat transfer is not yet included in the model. When included, it will operate in a similar
manner to friction; the temperature difference between the fluid and the wall will drive heat transfer,
much like the velocity difference between the fluid and the wall drives friction.

10



Volume Calculations

At the start of each time step, the volume blocks receive flow rates from the adjacent junction blocks.
The flow data includes mass flow, momentum flow, and energy flow, as well as frictional force. The
volume block uses the flow rates and forces to determine the new mass, momentum and energy of the
fluid within the block for the current time step. Combined with the geometry of the block, the mass,
momentum, and energy held within the control volume determine the state of the fluid: the
temperature, density, pressure, and velocity. The state of the fluid, is passed to the neighboring
junction blocks in order to calculate the flow rates (and friction) for the next step.

When calculating volume properties, the subscripts show the relative position of other blocks. The
nomenclature for these subscripts parallels the nomenclature for junction calculations—shown in Figure
3. Junctions lay directly next to volumes, so the subscript decreases (left) or increases (right) by one-half
when referring to an adjacent junction. Another step further—to the nearest volume—results in a
subscript change of one. Figure 4 below shows this relationship between the volume in question and its
nearby blocks.

Left Junction, -1/2 Right Junction, -1/2

Left Volume, -1 Current Volume Right Volume, -1

Figure 4. Diagram explaining volume subscript nomenclature. When making calculations of the properties of a volume,
subscripts refer to the relative position of junctions or other volumes. Half-steps refer to the left (negative) or right (positive)
adjacent junctions. Whole steps refer to the nearest volumes to the left (negative) or right (positive).

Mass and Energy
The volume first finds the rate of change of mass, momentum, and energy of the fluid within the volume
block. The net rates of change of mass and energy are simply

Mper = M_1 — m.,_l (19)
2 2

and

Enet = E_l - E.,.l (20)
2 2

. . . . 1 1 .
where the subscripts refer to the flows of the adjacent junctions; + 3 and — 3 refer to the left and right

adjacent junctions, respectively. Using Equation (25) below, the volume block integrates the rates of
change to determine the total mass and energy held in the control volume at that time step.
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Momentum

Because the change in momentum not only includes the fluid flow, but frictional and pressure forces as
well, the net rate of change equation for momentum contains more terms than the corresponding mass
and energy equations. The frictional force is already calculated by the adjacent junctions and passed to
the volume block.

Pressure

Driving the flow of fluid through the pipe is the pressure differential from one end to the other.
Likewise, each volume block has a pressure differential—the pressure calculated in its adjacent junction
blocks. With a pressure differential, the net force applied on the block due to pressure,

Fp=(P_1—P,1)A (21)
2 2

However, the simulation allows for varying area so the right and left boundaries of the volume block
may not have the same area. Figure 5 shows the force balance (for pressure forces) acting on a volume
block whose neighbors do not have equal cross-sectional areas; the double lines create the borders of
the volume blocks. The upstream pressure is applied over the upstream volume’s area, while the
downstream pressure is applied over the downstream volume’s area, depicted by arrows in the figure.

If the upstream and downstream cross-sectional areas differ, the (hypothetical) walls of the volume
block will slant, as seen in the light dotted lines in Figure 5. The slanted walls apply a pressure force
normal to their surface; considering the component of pressure force in the flow dimension, the
resulting force is shown by triangles in Figure 5. The pressure force applied is the product of the
volume’s pressure and the difference between the upstream and downstream area.

I ‘ ff
| Area Difference

” I< Volume Pressure
Left Junctlon Area Right Junction Area
X
Left Junctlon Pressur Right Junction Pressure
< Area D|fference
| - Volume Pressure
I~

Figure 5. lllustration of the pressure forces acting on a volume block. The pressure differential between the left and right
junctions provides the driving force behind fluid motion. The circumferential pipe wall does not contribute to fluid motion, as
the uniform pressure along the circumference of the pipe cancels itself. The remaining surface area of the volume, the
difference between the upstream and downstream area, applies force to the fluid equal and opposite to the pressure force the
fluid applies on that same area, shown with arrows.
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Therefore, the net force due to pressure acting on the volume,
Fo =Py =P +3(Pat P ) (e =40 (22)
2 2 2 2

The final term in Equation (22) is the average pressure within the volume applied over the area
difference. If the flow is expanding from left to right, the area difference will be positive, which
correctly results in an additional pressure force acting in the positive (right) direction.

Weight

Weight is the final force acting on the fluid. If the pipe is completely horizontal, then the momentum
balance contains no weight term, as no component of the weight lies in the axis of flow. If, however,
the pipe has any other angle, then weight,

W = p¥g «sin(0) (23)
where 6 is the angle above horizontal and ¥ is the volume of the cell.

Integration
With terms for pressure force, friction, and weight developed, the net change in momentum over time
of the volume,

Mnet = (M + Ff)_l + (—M + Ff)+l + Fp + —W (24)
2 2

. 1 . . 1 o .
with the - components from the left junction, and the +E components from the right junction. Next,

the volume block finds how much mass, momentum and energy is within its boundaries. The current
amount of a property,

X(to + At) = ft';““

(X)dt + X (o) (25)

where t, is the time of the last simulation step, At is the time between the current and last simulation
step, and X (t,) is the value of the property at time t,. Equation (25) applies to mass, momentum and
energy within the volume block.

Initial Conditions

Initial conditions are needed for the first time step; else equation (25) would be undefined. Because the
user cannot directly measure initial quantities of mass, momentum, and energy, the user defines the
state using temperature, density and velocity. The simulation then converts these values to mass,
momentum, and energy so that equation (25) can be used. The initial mass,

my = ¥p, (26)
where the volume of the cell,

¥ =AL (27)
the initial momentum,

My = myV, (28)
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and the initial energy,
2
EO =my (CVTO + V?O + gH) (29)
where the subscript 0 refers to the initial condition at the first time step.

MATLAB-Simulink Integration
Simulink provides several ordinary differential equation (ODE) solvers; when used with the one-

dimensional, one- and two-phase models, Simulink treats the entire system as a system of ODEs.
According to the documentation (The MathWorks, Inc, 2012), Simulink computes the states—variable
values—at each time step using the user-selected solver. Time steps vary based on the rate of changes
of the states; rapidly changing states require smaller time steps to improve accuracy.

The ODE solvers split into two categories, stiff and non-stiff. A stiff ODE involves variation on a short
time scale relative to the overall simulation time. The one-dimensional, one- and two-phase models are
stiff ODEs, as small fluctuations in a variable such as mass lead to fluctuations in other variables,
perpetuating the problem. Stiff ODE models require stiff ODE solvers, like the “ode23tb” solver used for
the validation cases starting on page 33, to overcome the instability associated with stiff ODEs.

The stiff ODE solver, ode23tb, is the solver used primarily during the development of this thesis. The
documentation describes this solver as “An implementation of TR-BDF2, an implicit Runge-Kutta formula
with a first stage that is a trapezoidal rule step and a second stage that is a backward differentiation
formula of order 2.” (The MathWorks, Inc, 2012).” Ode23tb was selected through trial-and-error,
selecting the most efficient solver that reliably finished simulations to steady state without encountering
an error.

Ideal Gas State

Once the volume block has a defined mass, momentum, and energy within its boundaries, it calculates
the fluid properties for use by the adjacent junction blocks. Because the fluid is an ideal gas, the
definition of density,

P=3 (30)

is used to find the density, as it is assumed the fluid consumes all available space within the cell. Also,
the definition of momentum,

is solved for velocity,
M
V= — (32)

Velocity and density, along with the energy equation—equation (10) above—are used to find
temperature,

T==(Z-Z-Hg) (33)
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P - . e
where the flow work term, p has been removed, as the fluid is not performing net work within the

block; flow work is only considered during mass transfer. Although the fluid has been completely
defined, pressure is also calculated, using equation (2) above, so that the volume’s pressure is available
when finding the pressure force balance, using equation (22) above.

With the time derivative complete, and the state of the fluid found, the simulation sends the state of the

fluid to the adjacent junction blocks to calculate the flow rates (space derivatives) and friction for the
volume block’s next time step.
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Boundary Conditions

Solving a fluid flow problem requires boundary conditions. With three governing equations—mass
continuity, momentum conservation, and energy conservation—the simulation needs three boundary
conditions. More boundary conditions leads to an over-constrained model, while fewer boundary
conditions leave the model undefined. The one-fluid simulation requires an inlet density, inlet
temperature, and outlet pressure. This provides an overall pressure drop that drives fluid flow, as well
as the state of the fluid entering the model. For the sake of symmetry—allowing reverse flow—the user
provides a density and temperature for both ends of the simulation. For the boundary with exiting flow,
the code only uses the defined density and pressure to calculate the boundary pressure. Figure 6
illustrates the dynamic boundary conditions used by the simulation for forward and reverse flow.

Forward Flow

Define:
Tin y Pin

Tout » Pout

A A

Pin = TinpinR Pout = ToutPour R

Define: Reverse Flow

<€ <€
A A

Define:
Tin ) pin

Tout » Pout

Pout = ToutPoutR Pin = TinpinR

Figure 6. Boundary condition usage. For both forward and reverse flow conditions, density and temperature is defined for
both boundaries. This definition of state leads to a pressure defined on both ends of the simulation. For forward flow, the left
boundary supplies the state of the fluid entering the simulation—same for reverse flow and the right boundary. The
temperature and density of the other boundary remain unused after pressure is defined. For both cases, this yields a complete
state—temperature and density—inlet condition and a pressure exit condition; the simulation’s three boundary conditions
match the three governing mass, momentum, and energy equations.

The junction and volume blocks described in the previous sections do not account for boundary
conditions. Each volume block functions as if it is adjacent to two junction blocks. Each junction block
finds the length-weighted average of the adjacent volume blocks, using Equation (1), before calculating
mass, momentum, and energy flow rates. A junction at the boundary of the simulation—with only one
adjacent volume block—cannot calculate junction fluid properties in the same manner. If junctions
represent the boundaries to the model, then a different method must be employed to find the fluid
properties.

To find fluid properties for the junction blocks at the boundaries, extrapolation can be used. (Hirsch,
1990) provides several methods for extrapolation across time and space. A first-order space
extrapolation involves three co-linear, equidistant points—A, B, C, shown in Figure 7. If a property is

16



known at A and B, first-order space extrapolation estimates that property at C. The change in property
between B and Cis assumed to match the change in property between A and B.

Predicted

M | |

< >
W l |
A B C

Figure 7. Visualization of first-order space extrapolation. The increasing (or decreasing) trend of some property from A to B
continues on to predict C, such that C—B =B —A.

In the illustration of Figure 7, C would be the boundary junction—that needs extrapolation to determine
some of its properties, B is the adjacent volume block and A is the nearest junction block. With the
subscript system explained in Figure 3, the value of a property at the boundary,

Xp=2X,1—X4y (34)
2

where the subscripts are either positive or negative depending on if the boundary is a left or right
boundary.

One caveat exists, preventing the simulation from solely using Equation (34) to estimate properties at
the boundary. A unit time delay occurs in the output of every junction block, so that volume blocks use
flow rate information from the previous time step. Without this delay, the simulation cannot work.
Therefore, when estimating the properties at the boundary junction, the current property of the nearest
junction, X4, is unknown, and Equation (34)—in its current form—cannot be used.

A first-order time extrapolation allows estimation of X, using information from previous time steps.
Similar to the first-order space extrapolation, the time extrapolation (Hirsch, 1990) takes the previous
two values of X,; to estimate its current value, assuming that the property continues on the same
trend. Therefore, the estimated current property of the nearest junction,

X1 =2X410-1 — X412 (35)

where the subscript ¢ — n indicates that the property occurred n times steps in the past. Combining
Equation (34) and Equation (35) yields the final estimation for a boundary property,

Xp=2X 1—2Xy1e-1+ Xy1t2 (36)
2

17



Figure 8 shows the two extrapolations combined to estimate the unknown value. The outlet, the right
boundary for forward flow, utilizes Equation (36) to estimate the junction density, temperature, and
velocity. With the inlet fluid state already defined, the inlet junction block only estimates velocity using
Equation (36). The use of extrapolation prevents over constraining the model by allowing the undefined
properties to be defined by the system, rather than a fixed constant.

t2 —4— 8

First (Time)
e 8 Extrapolation

Second (Space)
Extrapolation

X

t 4— O & » O
MU I I
] | -

A B [

Figure 8. Visualization of two-step extrapolation. In this diagram, crosses represent properties with a known value, while
circles represent properties with a value that must be estimated via extrapolation. The first extrapolation uses the previous
two values at point A to estimate the current value at point A. The second extrapolation uses the estimated value at point A—
along with the known value at point B—to estimate the value at point C.

Especially in transient situations, this extrapolation method can lead to instability; an extreme
extrapolation result will affect the system, possible causing an even more extreme extrapolation result
in the next time step. To place a limit on how far the extrapolated value can deviate from calculated
values the adjacent volume, the simulation checks the extrapolation result against a “stability fraction,”
z. This forces the extrapolation result to fall within,

X10

[X1,02, 7] (37)

where 0 < z < 1. For the results shown in this thesis, z = 0.8.
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Relation to Balance Equations

To ensure that the classical mass, momentum, and energy balance equations are obeyed, this section
compares the simulation calculations to the integral forms of the mass, momentum, and energy
equations found in (Potter & Foss, 1982).

Mass Continuity

The integral from of the conservation of mass from (Potter & Foss, 1982),

d ~

Efcvpd¥+fcspv'nd‘4=0 (38)
where the integral subscripts CV and CS refer to integrals over a control volume and a control surface,
respectively, and 7i is the vector normal to the cross-sectional area. The first term in Equation (38)

refers to the mass rate of change of the control volume, while the second term refers to the flow of
mass across the boundary of the control volume. The first term can be simplified to

d :
Efcv pd¥ = mcy (39)

Restricting the flow to one-dimension—perpendicular to the cross-sectional area—and treating flow
from left to right as positive,

fCS'DV e IdA = _(pVA)left + (pVA)right (40)

where left and right refer to the side of the volume those values are taken from. The reduced
continuity equation,

Mey = (pVA)left - (pVA)right (41)

matches the combination of Equations (3) and (19) used in the simulation,
Mper = (PVA) 1 — (pVA)_,_l (42)
2 2

verifying that the simulation satisfies mass continuity.

Momentum Balance

Furthermore, (Potter & Foss, 1982) gives the one-dimension integral form of the momentum equation
as

d 5 2PN
XF = — [, pVa¥ + [ pV(V « 71)dA (43)

where XF is the total force acting on the fluid within the control volume. The first term on the left side
of the equation simplifies to

d .
Efcv pVa¥ = M¢y (44)

The second term also reduces,
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Jos PV(V) o )dA = —(PAVIV Diesr + (PAVIV D righe (45)

with the same conventions as Equation (41) above. The absolute value velocity replaces the scalar
velocity, while the velocity that retains its sign replaces the dot product between the unit vector and the
velocity vector. With the substitutions, the momentum equation becomes,

Mcy = 2F + (pAVIV Diese = (PAVIV D rigne (46)
which matches Equation (24),

MnetzM_%_ M+%+Fp+Ff’_%+Ff’+% -W

as

XF =Fp+Fp 1+ Fp 2 =W (47)

Therefore, as long as the external forces are applied correctly, the simulation holds true to momentum
equilibrium.

Energy Balance

The final balance equation, (Potter & Foss, 1982) provides the integral form of the energy balance
equation,

o-w=2=j (V—2+ H+ 1) pdk + [ (% + gH +u) p7 « fidA (48)
Tadov\7T 7Y P es\z 79 P

where Q is the amount of heat transferred into the control volume from conduction, radiation, and
other source terms. Assuming constant property values—velocity, height, internal energy, and

density—over the entire control volume,

d

I’& .
Efcv (? + gH + u) pd¥ = E., (49)

Also, the energy flowing across the control surface, using the same conventions as above,

Jos (5 + gt +u) pV + 24 H[(Crgr+u)n] (50

N [(V?z + 'gH + u) m] right

left

making the substitution for mass flow rate from Equation (39). The work done by the fluid, the flow
work,

= (PV) = mia(h — ) (51)
where the fluid flowing into the control volume does work to the control volume, while the work flowing
out of the control volume is work done by the control volume. Therefore, the net work done by the
system,

W = [m(h - u)]right - [m(h - u)]left (52)
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The current state of the simulation neglects heat transfer, so Equation (48) becomes,

Egy = [(V;+gH+h)m]l - [(V?z+gH+h)m]

eft right

which matches Equation (20),

Enet = E_l - E_l.l

2 2

showing that the simulation matches the energy conservation equation as well.

(53)

The simulation obeying all three continuity equations supports the idea that it accurately models real
fluid cases. Further support exists in the validation section found later in this thesis, where results of the

simulation are compared to expected results from various flow models.
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Two-Phase Model

Like the single phase model, the two phase simulation employs alternating junction and volume blocks
which base their calculations on the mass, momentum, and energy held in the volume blocks, the
independent variables of the system. Both blocks perform the same basic functions as their single phase
counterparts; the junction block calculates the flow rates of mass, momentum, and energy, while the
volume block integrates the flow rates over time to find the state of the fluids.

Because of the liquid and gas phases, each junction block is divided into two parts, one to calculate the
flow rates for each phase. The gas section executes first, following a process similar to the single-phase
junction block. The pressure is determined by the gas alone, so the liquid section must run after, using
the average gas pressure in the momentum flow calculation. Instead of sending one set of flow rates to
adjacent volume blocks, the junction block sends the mass, momentum, and energy flow rates
separately for each phase.

The volume block also differs from the single phase model, incorporating the interactions between the
two phases. Before the volume block integrates the energy flows, the energy rate of change adjusts for
each flow based on the temperature difference between the phases. Likewise, because of interphase
drag, the momentum flow for each phase changes based on the velocity difference. The energy and
momentum transfers include adjustable coefficients: the interphase heat transfer coefficient and the
interphase friction factor. Though the fluids exchange momentum and energy, they do not exchange
mass; phase change is not yet incorporated into the simulation.

Also, because the gas phase does not occupy all of the space within the volume block, the state
calculations following the flow integrations differ in the two phase model. First, the state of the liquid is
found. The density of the liquid remains constant; in addition to the state of the liquid, the volume
block calculates the space occupied by the liquid, using the constant density and the current mass of
liquid. The remaining volume the gas phase occupies. The state of the gas is now able to be found,
given the adjusted volume.

Junction Calculations

The previous section gave a brief overview on the differences between the single phase and two phase
models. This junction calculations section, and the following volume calculations section, will explain
the operation of the two phase simulation in detail.

As with the single phase simulation, the two phase junction block uses Equation (1) to find the average
temperature, density, and velocity for both the liquid and gas phases. Junctions with only adjacent
volume block use the extrapolating Equation (36) to find the same properties. The junction block also
length averages (or extrapolates) void fraction, defined as

®|F

o (54)

where the subscripts G and L refer to the gas and liquid phases, is the volume occupied by the gas

phase. With the state of the gas phase known, Equation (2), the equation of state for an ideal gas, is
used to find gas pressure. Assuming that the gas phase drives the pressure, the junction pressure,
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P = PG = PL (55)
so that the same pressure is used for both phases, and the overall junction pressure.

Because the perimeter of pipe is assumed to be wetted, wall friction affects the liquid phase only.
Various models have been proposed that derive a smooth pipe friction factor, but none are used in this
simulation. Equations (17) and (18) are used with the liquid phase properties to determine the force of
friction on the liquid phase.

To calculate the mass, momentum and energy flows for each phase, Equations (3), (4), and (11) are used
with one small adjustment; the cross-sectional area for each phase is not full cross-sectional area of the
pipe and must be calculated using void fraction. The junction finds the length-weighted average of void
fraction using Equation (1), as with the other state variables. Therefore, the mass flow of gas,

mg = peaAVg (56)
and liquid,
my, = p(1—a)AV, (57)

Using the new values for mass flow, the simulation finds the momentum flow rates for gas,

Mg = mgV; (58)
and liquid,
M, =m,V, (59)
as well as energy flow rates for gas,
: . Ve P
Eg =mg (7G +eveTe +—) (60)
PG
and liquid,
: . V2 P
E, =m (G +cev T +--) (61)
PL

For two-phase flow, Equations (56) through (61) provide the flow rates needed by the adjacent volume
blocks, explained in the following section.
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Volume Calculations

The volume block contains the interactions between the liquid and gas phases, the primary difference
between the single phase and two phase model. The two phase volume block takes the flow rate (and
friction) information from the adjacent junction blocks as inputs. The momentum and energy flow rates
are adjusted based on the friction and heat transfer between the two phases. Pressure and wall friction
alter the momentum flow rates as well. The adjusted flow rates are integrated to find the current
values of mass, momentum and energy within the cell. Finally the amount of mass, momentum and
energy (of each phase) determine the state of the fluids, including void fraction.

Weight
Like Equation (23), a weight is applied to the fluids in the pipe; however, the two phase simulation uses
a separate equation for each phase. In each volume, the gas phase weighs,

W = pga¥g » sin(6) (62)
and the liquid phase weighs,
Wy, = p (1 — a)¥g « sin(6) (63)

The weights are applied in the momentum balance equations, where the gas momentum balance
includes ¥4;, and the liquid balance equation includes ¥4 .

Pressure Balance

In the single phase model, pressure applies a force on the inlet and outlet of each volume block. Also, if
the area changes from one end to the other, the pressure force normal to the wall of the pipe has a
component in the flow dimension. The simulation calculates this pressure balance using Equation (22).
Similarly, the two phase model balances inlet, outlet, and wall pressures; however, this balance occurs
for each phase. The inlet and outlet areas change based on the void fractions in the neighboring
junctions. The gas boundary area,

Ag = aA (64)
and the liquid boundary area,
A, =(1-a)A (65)

where the properties are taken from adjacent volumes. Applying Equation (22) to the two phases yields
the pressure forces,

Frg = (46P)_s = (A6P) s +3 (P + P 1) (46,1 — A0 ) (66)
2 2 2 2 2

2

for the gas phase, and
Fpp = (ALP)_1— (ALP) 1 +%(P_l + P+l) (AL+1 - AL_l) (67)
2 2 2 2 2 2

for the liquid phase. Equations (66) and (67) are included in the momentum balances to follow.
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Interphase Drag Momentum Transfer

The interphase momentum transfer is driven by the velocity difference between the two phases. If the
two fluids move at different velocities, a drag force appears, acting against the greater velocity fluid and
with the lower velocity fluid. The interphase velocity difference,

AV = Vs =V, (68)

where the subscript ip refers to “interphase”. The simulation uses the velocity difference to calculate
the drag force included in the momentum balance equations,

74
Dip = D_hfipa(l - a)pLA‘/i% (69)

Please note that the sign of D;), is the same as the sign of AV}, so that force is always applied to the
lower velocity fluid in the positive direction. Equation (69) crudely represents interphase drag; more
sophisticated models exist, but there is no consensus on the exact mechanisms of interphase drag. This
model of interphase drag prevents one phase—namely the gas, wall friction does not affect the gas
phase—from travelling at a velocity much higher than the other. The product (1 — a) reduces drag for
high and low void fractions, when there is less interphase area, increasing stability for those cases.

Interphase Drag Energy Dissipation
Interphase drag not only transfers momentum between phases, but involves the phases performing
work on one another. The time-derivative work term is power,

H d d

where W is work. Since both phases are moving and applying a force to one another, Equation (70)
shows the power each phase exerts on the other. The gas phase applies

WG—>L = DipVG (71)
to the liquid phase, while the liquid phase applies

Wy¢ = —DypVy (72)
to the gas phase, where the subscripts G — L and L — G describe the source and sink of the power.
Notice that Equation (72) is negative. Drag force shares its sign with velocity difference, which is
positive if the gas velocity is greater. By this convention, drag force is applied in the negative direction
on the gas phase and in the positive direction on the liquid phase. Therefore the power applied on the
gas phase, Equation (72), must be negative.
Because the fluid velocities are not necessarily the same,

Wi # —Wsoy (73)

and some of the work due to interphase friction is dissipated. The dissipated power,

Wdisp = WG—>L + WL—>G (74)
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which represents the kinetic energy lost by the gas phase, but not gained by the liquid phase. This
dissipated is assumed to split evenly between the two phases, such that,

Wnet,G = 48 _ Weot (75)
and

2t Woo, (76)

No energy is destroyed, and using the Equations (71) through (76), the interphase power due to friction,
. . . 1
VVip = Whnetc = _Wnet,L = 2 (VL + VG)Dip (77)

which is added to the liquid energy balance and subtracted from the gas energy balance. In reality, this
dissipation may not be evenly distributed between the phases, but splitting the dissipation is a closer
approximation that one phase taking all of the dissipated energy, which would occur without this
correction term. Regardless, interphase heat transfer dominates the flow of energy from one phase to
the other.

Expansion Work

An additional work term exists between the two phases. If the volumes of each phase change over time,
then the expanding volume performs work on the contracting volume. The pressure of each phase is
assumed to be equal, while the volumes are not necessarily equal. Therefore, the power done on the
gas phase by the liquid phase,

: av

Wexpan,L = Pd_tL (78)
and the power done by the gas phase on the liquid phase,

: av

Wexpan,G = d_tG (79)
Because the liquid phase gains any volume lost by the gas phase,

L _ e

dat ~ dt (80)

and, because the density of liquid is assumed constant, the liquid mass rate of change determines the
liquid volume rate of change,

dVL — mnet,L
QT = oL (81)
So the net work due to expansion,
; Mnet,L,
Wexpan,net =P ;i (82)

which is added to the gas phase energy balance, and subtracted from the liquid phase energy balance.

26



Interphase Heat Transfer
The final interphase transfer term is the heat transfer between the two phases. The temperature
difference between the phases,

ATy, =T — T (83)

drives the flow of heat from one phase to the other. The interphase heat transfer rate per unit volume,

Qip = hATipa(l — oc)V (84)

mZV_K]. Equation (84) is a simple formulation

where hip is the volumetric heat transfer coefficient, in [
based on convective heat transfer. Again, similar to the interphase friction model, Equation (69), the
term a(1 — ) represents the reduction in interphase area as void fraction approaches 1 or 0. Reducing
heat transfer in these cases prevents too much heat being transferred to a phase with significantly less

mass, improving stability in those cases.

Balance Equations

Like Equation (19), the mass balance for the two phase model only includes the inlet and outlet flows.
For the two phase simulation, the difference is the separate balance for each phase. Equation (19)
becomes

mnet,G = m_lG - m+lG (85)
2’ 2’
for the ideal gas phase, and
mnet,L = m_lL - m+lL (86)
2’ 2’

for the incompressible liquid phase, with the gas and liquid junction mass flow terms defined by
Equations (56) and (57), respectively.

Compared to the one-phase energy balance equation, Equation (20), the two phase energy balance
contains additional terms, the frictional work, expansion work, and interphase heat transfer. For the
liquid phase, the rate of change of energy,

Enet,L = E_lL - E+1L + Qip + Vi/ip + Wexpan,net (87)
PX 2
while for the gas phase,
Enet,G = E_lG - E_,_EG - Qip - Wip - Wexpan,net (88)
2 PX

The signs on the work and heat transfer terms change between Equations (87) and (88) because those
terms transfer energy from one phase to the other.
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The momentum balance also includes an additional term compared to the single phase counterpart,
Equation (24). Interphase drag transfers momentum from one phase to the other. The resulting
momentum rate of change for liquid,

Myer,, = M_%’L - M%’L + Fpy + Ff’_% + Ff’% — W4 + Dy (89)

and gas,
Mnet,GzM_lG_ M+EG+FP,G_LLE_Dip (90)
2’ 2’

Like in the energy equations, the transfer term Dy, has a different sign in Equations (89) and (90),
representing the transfer of momentum from one phase to the other due to interphase friction. Also,
Equation (90) does not contain frictional terms, as the liquid phase is the only phase that contacts the
wall of the pipe.

With all six rates of change known (mnet_L,mnet_G,EnetlL,Enet,G,Mnet,L,Mnet_G), the two phase model
employs the same integration procedure as the single phase model, Equation (25). The integration
results in knowing the total mass, momentum, and energy of each phase within the cell.

Equations of State
The volume begins calculating values to be used by adjacent junction blocks. First, void fraction must be
found. Knowing that the mass of liquid,

my = p ¥y =p (1 —a)l (91)
and that the density of the liquid does not change, the volume’s void fraction,

=1-—— 92
@ pLV (92)

As the gas density varies, the volume calculates it at each time step. The density of gas,

mg __ Mg

P6 =0 T (93)
The remaining properties, velocity and temperature, are calculated using Equations (32) and (33), except
that the volume block finds a different temperature and velocity for each phase.

As with the single phase model, the two phase model passes the flow rate information from the junction
blocks to the volume blocks. The volume blocks use this information to determine the states of the
fluids in the next time step. The gas and liquid states are given to the junction blocks, which use them to
calculate the flow rate information, thus perpetuating the cycle.
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Relation to Balance Equations

The equations presented in (Ishii & Takashi, 2011) provide a standard of comparison for the two-phase,
one-dimensional flow simulation developed in this thesis. The following sections show that, using the
assumptions employed by the model, each balance equation simplifies to the governing equation of the
simulation.

Mass Continuity
The work of (Ishii & Takashi, 2011) provides the mass balance equation in rectangular coordinates,

a = a = A d = A a = A
7t (axpr) + o (awPrOxi) + % (kP Vyr) + P (axprDzi) = Ty (94)

where I is the mass generation term, the subscript k specifies to which fluid the property belongs, ay
refers to the volume fraction of fluid- k, not necessarily the void fraction, the subscripts x, y, and z refer
to the axis the vector component lies on, the hat, ", indicates the property is a mass-weighted mean,
and the double-bar, =, indicates the property is a mean value. As a one-dimensional model only
considers one axis of fluid flow, Equation (94) reduces to

d - d = .
E(akpk) + E(akpkvk) =T (95)

where all fluid velocity occurs in the x-direction. Also, the model cannot currently model phase change;
Equation (95) further reduces to

d = d = A
E(akpk) + E(akpkvk) =0 (96)

which, after multiplying all terms by the volume of the volume block (the control volume), yields

d = d = A . d = A
V|3 (i) | + ¥ | (i) | = e + LA (@efiebie) = 0 (97)
Setting the differential length equal to the length of the control volume,

1y + A[ (@i D) rignt — (@kPrPi)iere] = 0 (98)

where the distance between the left and right boundary is the length of the control volume. Now, to
apply the reduced mass continuity equation to the two phase simulation, it must be represented in the
gas form,

g = A[(ape06)iere — (@P6V6)rigne) (99)

and liquid form,

mL = A[([l - a]ﬁGﬁG)left - ([1 - a]ﬁGﬁG)right] (100)

which matches the gas continuity, Equation (85), and liquid continuity, Equation (86), used by the
simulation, except for two differences. First, Equation (100) does not evaluate the cross-sectional area
at the control volume boundaries, but uses a constant cross-sectional area for the entire control volume.
Second, the simulation employs length-weighted averaging of fluid properties like velocity, whereas
Equation (100) utilizes mass weighted averaging. The subtle differences negligibly affect the result of
the simulation, especially if the length resolution is large enough.
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Momentum Balance
The x-component of the momentum balance, given by (Ishii & Takashi, 2011), is

a'l]xk aﬁxk ~ aﬁxk ~ aﬁxk
+ + + -
“"p"< ar T 0wy YOt Pay, )

aP 0 0 0
Bl + PGk + [ax ay (Txxk + Txxk) + 3y 2Ok (Tyxk + Tyxk) + %k (szk + szk)]

6ak 6ak = 6ak = aak = )

+(13kl Pk) + (ﬁxki - 1/7\xk)l—‘k + Mixk ( ox Txxki +=— ay Tyka +—= 9z Tzxki (101)
where t,, represents the a shear stress on the fluid oriented by the axis used in the first two subscripts,
J represents Gibbs free energy (acceleration due to gravity), M;;, represents generalized interfacial drag,
and the subscript i indicated the property occurs at the interface. As all motion is assumed restricted to

the x-direction, all other spatial partial derivatives are eliminated, yielding

= dﬁxk ~ dﬁxk _
P\~ TV ) =
dp = A d = 5 =\ da o day
—a, —* + AP dar + [a e (Tarc + T;xk)] + (Pei = Pi) 7+ Daei — D) + Mizke — — Tk
(102)

Some assumptions simplify Equation (102) further. Other than the pressure differential and gravity, no
work enters or exits the system, allowing the Gibbs free energy term to be replaced with the weight of
the fluid. At any given point in the system, all phases have the same pressure, so the interface pressure
difference term also reduces to zero. As no phase change occurs, there is also no momentum transfer
due to phase change. Removing these terms gives

db day =
akpk( ‘ot Dy d;k) =~ Tx L4 APy Gxic + [ e (Takc + Txxk)] + Mik = — F Tk

(103)

which, multiplied by the volume of the volume block (control volume), and then setting the differential
length equal to the volume block’s length, becomes

~

= dvxk = A A A _
YVaypy e + Ay piOre (Dxkright — Oxkeft) =

—aA(Prighe = Prest) + ¥aypi g + A {[ak(T:xxk + Tgxk)]right — | (Fearc + Tgxk)]left}
My — ATxii (A right — Qe teft) (104)
and simplifies further to
My, = i (D teft — Dxkrighe) + akA(ﬁleft - zright)
=W + Aay Fr + ¥ My + PA(Ag o5t — X right) (105)

Equation (104) becomes
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Mg = (Vg 1ere — Do rignt) + @QA(Presr — Prigne) — W + ¥ My + PA(Ceft — Qright)
(106)

for the gas phase, and

ML = mL (ﬁL,left - ﬁL,right) + (1 - a)A(pleft - pright) - 'M’LG + ¥MG—>L - PA(aleft - aright)
(107)

for the liquid phase matching the gas and liquid momentum equations presented in Equations (89) and
(90).

Energy Balance
(Ishii & Takashi, 2011) gives the total energy balance equation,

_D( %
UPepr\Cet S | =

Ve (G +qf) + Ve (arTy o Dp) + axpi Pk » G + Tl (6 — éx) + @i — D) » D]

=/ = a r ~ = ~
+a;qy; — Pri (a—tk - 5—]’;) + Mg o D — (Vg o Tg) » Dy + Wi (108)

where bold variables are vectors, eutlined variables are tensors,éy, is specific (non-kinetic) energy, qy is
mean conduction heat flux, q,T( is the turbulent heat flux, Tk is the stress tensor, %M is the interfacial

shear stress tensor, and WkTL- is the work done by fluctuations in drag forces. Restricting Equation (108)
to the x-direction yields

_d(. D - d[ 9
UPrgr\ Gkt | TPl et | =

d _ d = - . R R R A
aak(% +qp)+ a(akaxkvk) + aprOrgx + Tkl (ki — éx) + (Dri — Dr) D]
=y = da r A d = PN
+a;Gy; — Pri (d—tk - 5—;) + MigcOk; = —— (@ Tk Dpei + Wi (109)

where all vectors and tensors have been reduced to their x-direction scalar component. The simulation
does not involve conductive heat transfer, phase change, or drag force fluctuations, simplifying the
energy balance equation to

_d/f, + Df I d [, + i
O pe—|\ 6 +— |+ apppt—| 86, +—| =
kPk dc\ kT kPk K\ Gk T
d = A = A =y = dak A d = ~
™ (a’kakak) + PV, Gx + QiGii — Pri =5 + MucUi — o (ak Taxki) Vki (110)

Multiplying the balance by the volume of the volume block (control volume), with the assumption that
the differential length equals the length of the control volume, gives
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Vaypy 1 <ek + 7) + Aay py Uk

~2 ~2
v v
(ék+7k> ‘(ék+7k> ]=
right left

dak

A [(ak?xxkﬁk) - (“kicxkﬁk)left] + VPO gx + Yaily; — ¥ﬁki?

right

+¥My O — Al (@ Tk Ok right — (@rCoxtei Drci)1ese ]

which further reduces to

Ek =
. A ﬁl% A ﬁ’i ~ ~ =11
my €k +7 — | ek +7 +Aka17k +Malk17k+¥a’iqki
left right
_Wk,expan - U ik, drag + A[(ak%xxkiﬁki)left - (ak%xxkiﬁki)right]

(111)

(112)

using nomenclature from the Volume Calculations of the Two-Phase Model section. The new reduced
energy balance equation matches the form of Equations (87) and (88) the gas and liquid balances used

in the simulation.
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Simulation Validation

Although the simulation matches the mass, momentum, and energy balance equations, to completely
trust the model, it must be compared against analytical flow models. Analytical models typically involve
assumptions that simplify the governing equations of a model, enabling certain flow characteristics to be
calculated without running the simulation. The simulation results are compared against the analytical
calculations to verify that the simulation can accurately represent the analytic model.

Instead of an analytical model, experimental data could be used for validation; however, matching real
data involves perfectly tuning correlations—such as friction factor, or heat transfer coefficient—to the
experimental setup. An empirical validation would not confirm the accuracy of the simulation as much
as it would confirm the accuracy of the correlations used. Because the goal of this thesis is to develop
the fluid flow model, and not to develop specific correlations, validation only includes analytical models
as standards of comparison.

The single-phase simulation is validated by three analytical models: an incompressible model with
friction, an adiabatic model with friction (Fanno flow), and an isentropic model with area change. The
incompressible model assumes that density remains constant over the length of the pipe. As the
simulation uses the ideal gas law as its equation of state, the incompressible assumption only applies
when the change of density is negligible. One measure of compressibility is the Mach number,

v
Ma = -
c

(113)
where c is the speed of sound in the fluid. The speed that sound travels through a fluid is calculated by

¢ = VERT (114)

where k is the ratio of specific heats. For Mach numbers less than 0.3, the density remains
approximately constant and the incompressible assumption applies. The incompressible model
calculates the pressure drop due to friction for a given velocity. To validate the simulation, a pressure
drop across the system is selected, the corresponding incompressible velocity is calculated, and then the
simulation velocity is compared to the expected result.

The Fanno flow analytical model also validates the simulation. Fanno flow requires the fluid to be
steady, one-dimensional, adiabatic, and constant area (Munson, Young, & Okiishi, 1998), which the
simulation satisfies. The Fanno flow assumption allows ratios to be found as functions of Mach number
for each point along the pipe. These ratios relate a property—like velocity or pressure—to the value of
that property at a choking condition, where the Mach number equals 1. For a given simulation run, the
choking conditions should remain constant for each point along the pipe once steady state is achieved.
To validate that the simulation, the simulation runs until steady state, and the analytical choking
condition is found for several points along the pipe. If the choking condition remains constant, then the
simulation is validated.

The isentropic model verifies the accuracy of the single-phase model in a similar manner to the Fanno
flow model. Like Fanno flow, involves ratios of properties to a reference condition—either stagnation or
choking—each ratio is a function of Mach number, and the simulation is validated if the reference
conditions remain constant over the length of the pipe. The isentropic model employs two assumptions
that differ from the Fanno model; area varies along the pipe and the fluid flows without friction.
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Lastly, the two-phase simulation is validated as well. In two phase flow, a homogenous equilibrium
model (HEM) refers to an assumption that two fluids may be treated as a single fluid whose properties
represent the average of the two fluids. The HEM requires that there is no interphase velocity
difference, and that the two phases exist in thermal equilibrium. To match this assumption in the
simulation, the interphase friction coefficient must be large enough such that the difference between
the liquid and gas velocity is negligible. Similarly, a higher heat transfer coefficient satisfies the thermal
equilibrium requirement. Using these assumptions, an equation was developed in this thesis that
expresses mass flow rate as a function of the input parameters of the simulation. This formulation
enables the resulting liquid mass flow rate to be predicted before the simulation runs. If the HEM
assumption applies, then the simulation’s liquid mass flow rate should match the predicted value,
validating the simulation.

Incompressible Flow Model

The purpose of the incompressible validation is to verify that the model appropriately applies friction,
and that a fluid’s velocity is correctly limited by the pressure gradient it travels down. The pressure and
frictional forces will balance—at steady state—for a particular flow velocity. If the simulation’s steady
state matches the velocity predicted by the incompressible flow model, then the incompressible model
validates the simulation.

Now, consider the pressure drop for an incompressible fluid in a pipe with friction,

2
Ap =12V°L (115)
2Dp
As the simulation defines all other variables, velocity is the only dependent variable in the
incompressible flow equation. Therefore, solving equation (115) for incompressible velocity,

2APD},

V =
folL

(116)

gives a target velocity for the simulation to achieve. To quantify the difference between the simulation
and the incompressible model, percent error,

— |Xsim_Xmodel| (117)
Xmodel

Err

is used, where the subscript “sim.” refers to the simulation result and the subscript “model” refers to
the expected result according to the analytical model. For the incompressible validation, velocity is the
variable in question; the model velocity is the result of equation (116), while the simulation velocity is
defined as the velocity at the median junction.

Test Procedure
To initialize an incompressible validation run, values for inlet density, area (hydraulic diameter), pipe
length, and friction factor are selected. Inlet temperature--though it does not appear in Equation
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(116)—must be chosen along with exit properties to establish a pressure drop. With these independent
variables selected, Equation (116) predicts the steady state velocity of the system. To get an idea of
how well the simulation should match this value, Mach number can be predicted as well and compared
to the 0.3 rule-of-thumb.

The simulation takes the independent variables as inputs and begins simulating the system. Once the
velocity settles, the average velocity is recorded and compared to the predicted value using Equation
(117). The lower the Mach number, the lower the percent difference between predicted and simulated
should be.

To complete the validation, each independent variable should be varied in new runs. Varying the
independent variables between runs reveals any effects certain variable may have on the application of
the incompressible model. Also, analyzing more runs improves confidence in the validation result.
Table 1, in Appendix B: Simulation Data, contains the raw data used to validate the simulation’s ability
to model incompressible flow. For cases that met the incompressible assumption, inlet temperature
varied from 300 to 315 K, inlet density varied between 1.2 and 1.3 kg/m3, friction ranged from 0.05 to
0.10, area ranged from 0.01 to 0.03 m?, length remained constant at 1.66 m, and the total pressure drop
was as high as 8,600 Pa. A larger variable range for test cases was employed, but those cases did not
meet the 0.3 Mach number restriction.

Results

As expected, the error increases with increasing Mach number. For results with a Mach number less
than 0.3, the percent error does not exceed 5%, validating the simulation for low Mach numbers. Most
of the “error” present is not, in fact, a fault of the simulation, but the inability of the incompressible
model to predict velocity for an ideal gas—especially for higher Mach numbers.

To compare the agreement between the incompressible model and the simulation, the velocity results
of both are plotted against one another, as a function of Mach number. Each simulation run yields an
expected velocity (from the incompressible model) and the simulation velocity (taken from the length
midpoint of the pipe). Plotting the pair of results against Mach number shows agreement where Mach
number is less than 0.3—the incompressible region—and divergence for higher Mach numbers. Figure 9
shows the trend of increased disagreement with higher Mach numbers while Figure 10 examines the
data with less than 5% error.

As the simulation produces results that match the incompressible model’s prediction (for low Mach
numbers), the incompressible model validates the simulation. This confirms that the simulation
appropriately manages the balance between pressure drop and friction, finding the appropriate balance
between the two once steady state has been reached.
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Figure 9. Plot of incompressible validation results. Each run includes an expected result (circle) and a simulation result
(triangle). Both plot velocity against the expected Mach number—calculated from the incompressible velocity result and the
inlet temperature. The solid lines show the polynomial best fit for both sets of data. As expected, the simulation does not
match the incompressible model for higher Mach numbers, where the compressibility of air becomes more of a factor. Figure
10 below shows the agreement in the low Mach number range of this chart.
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Figure 10. Plot of incompressible validation for low Mach numbers. This plot shows the low Mach number results from Figure
9, above, in more detail. Again, circles signify that the expected velocity if the fluid were incompressible, and the triangles
show the simulation velocity result. The solid lines depict the polynomial best fit over the entire Mach number range (0 — 0.8).
The trend of higher Mach numbers showing deviation from the incompressible model continues, but for results with a Mach
number less than 0.3, that deviation remains below 5%.
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Fanno Flow Model

The purpose of the Fanno flow validation is to confirm that the simulation properly captures the
compressibility effects of an ideal gas moving through a pipe. An incompressible fluid does not
accelerate over the length of a pipe with friction, as density remains constant and mass flow rate is
constant (at steady state). For compressible fluids, with a velocity less than the speed of sound, the
velocity will increase over the length of the pipe. Fanno flow requires the flow to be steady, one-
dimensional, adiabatic, and constant area. If the simulation results match Fanno flow conditions, then
the validation confirms that the simulation models the compressible effects of an ideal gas correctly.

If Fanno flow exists, then the state at the choke point of the flow may be determined from the state at
any given point along the pipe. The ratio of a property at this arbitrary point to that property at the
choke point can be found. This includes a pressure ratio,

P

TP = (118)
a temperature ratio,

=m0 (119)
and a velocity ratio,

= (120)

where the superscript * refers to the property at choking conditions. To determine the values of the
ratios without information from the choking point, the pressure, temperature, and velocity ratios can be
found as functions of Mach number. According to (Munson, Young, & Okiishi, 1998), the pressure ratio,

1

1 kt1 2
= |—2
P Ma <1+%Ma2> (121)
the temperature ratio,
k1
rr = ——— 122
L (122)
and the velocity ratio,
1
oMa ) (123)
v =|—"F7—
v 1+%Ma2

So, even if the simulation does not encompass the choking point, the choking properties may be found
from the state at any one simulation point.

Each simulation only has one set of choking point conditions; the choking values should not vary based
on which point was used to determine them. Therefore, to verify that the simulation can model Fanno
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flow, the choking pressure, temperature, and velocity is found using each point of the simulation. If
these conditions remain constant, then the Fanno flow model validates the simulation.

Test Procedure

This validation of Fanno does not involve a prediction like the incompressible validation. To validate
Fanno flow, the simulation runs using any set of conditions that meet the requirements of Fanno flow.
Most notably, friction factor must be set to a non-zero constant—not using the smooth pipe correlation
of Equation (16)—and the cross-sectional area must be the same at all points along the system. All
other conditions are inherently met by the simulation.

Once the simulation reaches steady state, density, temperature, and velocity are recorded at each
junction block. Then, for each set of properties, Mach number is found, and Equations (121) through
(123) calculate the choking condition property ratios. Using the recorded state and the calculated
ratios, an estimated choking condition is found for each point. If the simulation matches Fanno flow,
the choking state should not vary between junction blocks.

A normalized standard deviation measures the consistency of these choking properties and, if low
enough, validates the simulation’s ability to model Fanno flow. The normalized standard deviation,

— J(Xref) (124)

Gnorm - m

where X..¢ is the calculated reference (choking) property, ~ refers to the mean of the ten points, and @
refers to the standard deviation of the points in the simulation. The normalized standard deviation
quantifies how much the choking properties vary between the simulation points from which they were
calculated.

A variety of different cases were simulated to validate the simulations ability to represent the Fanno
flow model. The recorded densities varied between 0.62 to 1.40 kg/m?®; temperatures varied from 284
to 330 K; velocities ranged from 105 to 348 m/s; pressures ranged from 51 to 112 kPa. Without the low
Mach number restriction, a greater range of acceptable properties becomes available. The Fanno flow
validation data is available for all runs tested, available in Table 2 of Appendix B: Simulation Data.

Results

For all runs, the simulation had a normalized standard deviation around 0.01%, indicating good
agreement with the Fanno flow model. To visualize the agreement between the Fanno flow model and
the simulation results, Figure 11, Figure 12, and Figure 13 plot both against Mach number (calculated
from simulation velocity and temperature). In these figures, the hollow squares show the simulated
property ratios,

X

ry = (125)

Xref

for each point of each simulation run. Equation (121) through Equation (123) are plotted on Figure 11
through Figure 13 respectively, to show the expected Fanno flow property ratio as a function of Mach
number. Deviation from the expected value is not discernible on a scale that accounts for the properties’
fluctuation along the pipe.

The agreement between the Fanno flow model and the simulation indicate that the simulation properly
accounts for the effects of a compressible gas.
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Figure 11. Plot of Fanno flow validation, showing temperature property ratios against Mach number. The empty squares plot
the temperature at each point of each simulation, divided by the average estimated choking temperature of that simulation
run. The solid black line represents the calculated temperature ratio based on Mach number. No deviation can be seen at this
scale, and more zoomed scales yield the same conclusion. The simulation accurately models Fanno flow.
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Figure 12. Plot of Fanno flow validation, showing pressure property ratios against Mach number. The empty squares plot the
pressure at each point of each simulation, divided by the average estimated choking pressure of that simulation run. The solid
black line represents the calculated pressure ratio based on Mach number. No deviation can be seen at this scale, and more
zoomed scales yield the same conclusion. The simulation accurately models Fanno flow.
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Figure 13. Plot of Fanno flow validation, showing velocity property ratios against Mach number. The empty squares plot the
velocity at each point of each simulation, divided by the average estimated choking velocity of that simulation run. The solid
black line represents the calculated velocity ratio based on Mach number. No deviation can be seen at this scale, and more
zoomed scales yield the same conclusion. The simulation accurately models Fanno flow.

Isentropic Flow Model

The isentropic flow validation checks the simulation to see if the effects of expansion and contraction
are properly modelled. Also, as with Fanno flow, the isentropic flow model validates that the
compressibility of the ideal gas is modelled properly. To achieve isentropic flow, any losses must be
reversible, so friction cannot exist in the simulation. Also, area may change when modeling isentropic
flow, allowing fluid to flow in expanding and contracting pipes.

Like the Fanno flow model, various properties can be expressed as ratios to those properties at a specific
condition—for isentropic flow, this condition was either stagnation or choking. Each ratio can be
calculated as a function of Mach number. The three ratios used to validate the simulations ability to
model an isentropic case were the cross-sectional area ratio,

et _k41
= 2\ 2(k-1)
== $<_”1:k_f41“ ) (126)
2

the pressure ratio,

k_

k-1

=), (127

and the temperature ratio,
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according to (Munson, Young, & Okiishi, 1998). So, like the Fanno flow model, the reference properties
may be estimated from the values at any point of the simulation.

Each simulation only has one set of reference conditions; the reference values should not vary based on
which point was used to determine them. Therefore, to verify that the simulation can model isentropic
flow, the area, pressure, and temperature is found using each point of the simulation. If these
conditions remain constant, then the Fanno flow model validates the simulation.

Test Procedure

The isentropic validation procedure involves a process similar to the Fanno flow validation procedure.
Any combination of inlet and outlet conditions may be used for a validation run, and, once the
simulation reaches steady-state, the properties of interest—cross-sectional area, pressure, and
temperature—are recorded at each junction block. Then, in a manner similar to the Fanno flow
validation, Equations (126) through (128) use the recorded values and a calculated Mach number to
determine the choking cross sectional area, and the stagnation pressure and temperature. If these
reference values remain constant for all points along the pipe, the simulation accurately models
isentropic flow.

Two differences exist between Fanno flow and isentropic flow setup. The first is that no friction exists
when validating isentropic flow, as friction is an irreversible process; friction factor is set to 0 for these
runs. The second involves the cross sectional area of the pipe. Fanno flow requires that cross-sectional
area remain constant at all points for a given simulation. Isentropic allows the cross-sectional area to
change; flow expansion and contraction is a reversible process that the isentropic validation models.

The isentropic validation involves testing both contraction and expansion. Each volume block accepts an
input for cross-sectional area; for isentropic validation, these inputs must each be specified. For each
contraction case, the cross-sectional area decreases for each successive downstream volume block.
Likewise, expanding sections require the cross-sectional area to increase for each successive block.

The contracting sections provide resistance to flow, as the flow area decreases. The area difference
term in Equation (22) shows that a decreasing area creates a force opposite the direction of flow. This
flow-resisting force enables the simulation to reach steady-state, a substitute for the flow-resisting
friction force not allowed in an isentropic model. The expanding sections, however, cannot run stably
on its own because of the opposite effect; the area change yields a force in the direction of flow,
perpetuating instability. To counteract the instability, a contraction was added to the expansion cases.
Thus, the simulation included a net area reduction—net force against flow—while still having expansion
to validate the simulation’s ability to model expanding flow.

In Appendix B: Simulation Data, Table 3 shows the isentropic validation results for a contracting pipe
section. The results for an expanding-contracting pipe section are contained in Table 4 through Table 7.
Again, like the Fanno flow validation, a large range of flow properties were tested to ensure the validity
of the simulation’s ability to model isentropic flow. Cross-sectional areas ranged from 0.02 to 0.04 m?;
temperatures varied from 300 to 400 K; densities ranged from 0.95 to 1.25 kg/m?>; pressures fluctuated
between 82 and 145 kPa; Mach numbers covered the range from 0.12 to 0.97.
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Results

The results demonstrate that the simulation matched the isentropic model as the normalized
deviation—using Equation (124)—remaining below 2% for the contraction validation cases. In Figure 14
through Figure 17, the property ratios—area over choking area, pressure over stagnation pressure, and
temperature over stagnation temperature—are plotted against Mach number. The solid line in these
figures show the result of Equations (126) through (128), the analytical ratios based on Mach number.
The empty squares show the ratios derived from the simulation, using Equation (125).

Compared to the Fanno flow validation, some visible deviation from the analytical model exists.
However, this deviation is small; as seen in Figure 14 through Figure 17, the difference between the
simulation and analytical results is not significant, when compared to the entire range of data. Please
note that Figure 15 shows the same data as Figure 14, except on a smaller scale so the deviation may be
visible.

The expansion-contraction validation surprisingly resulted in a slightly better match between the
simulation and analytical results, with normalized deviation less than 1% for all points. As seen in Figure
18 through Figure 20, when the expansion-contraction results are compared to the analytical expected
values, little deviation can be seen. These plots were made using the same method as the contraction
validation plots.

With good agreement between the analytical and simulation results, the isentropic model validates the
accuracy of the simulation. This confirms the simulation’s ability to model the effect of expansion and
contraction on an ideal gas. The mismatches do require future study; the deviation may originate from
the extrapolation of boundary junction volumes or the resolution of the model.
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Figure 14. Plot of contraction isentropic validation, showing cross-sectional area ratios against Mach number. The empty
squares plot the area at each point of each simulation, divided by the average estimated choking temperature of that
simulation run. The solid black line represents the calculated area ratio based on Mach number. No deviation can be seen at
this scale, but zooming reveals variation on a smaller scale, as seen in Figure 15. This variation is minimal, so the simulation
accurately models isentropic flow.
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Figure 15. Plot of contraction isentropic validation, showing cross-sectional area ratios on a smaller Mach number range. The
empty squares plot the area at each point of each simulation, divided by the average estimated choking area of that simulation
run. The solid black line represents the calculated area ratio based on Mach number. This scale reveals variation, as it is a
subset of the data shown in Figure 14. This variation is minimal—considering the range—so the simulation accurately models
isentropic flow.
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Figure 16. Plot of contraction isentropic validation, showing pressure ratios against Mach number. The empty squares plot the
pressure at each point of each simulation, divided by the average estimated stagnation pressure of that simulation run. The
solid black line represents the calculated pressure ratio based on Mach number. Some deviation can be seen at this scale;
however, this variation is minimal, so the simulation accurately models isentropic flow.
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Figure 17. Plot of contraction isentropic validation, showing temperature ratios against Mach number. The empty squares plot
the temperature at each point of each simulation, divided by the average estimated stagnation temperature of that simulation
run. The solid black line represents the calculated temperature ratio based on Mach number. Some deviation can be seen at
this scale; however, this variation is minimal, so the simulation accurately models isentropic flow.
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Figure 18. Plot of expansion-contraction isentropic validation, showing cross-sectional area ratios against Mach number. The
empty squares plot the area at each point of each simulation, divided by the average estimated choking area of that simulation
run. The solid black line represents the calculated area ratio based on Mach number. Deviation is even less in the expansion-
contraction cases, so the simulation still accurately models isentropic flow.
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Figure 19. Plot of expansion-contraction isentropic validation, showing pressure ratios against Mach number. The empty
squares plot the pressure at each point of each simulation, divided by the average estimated stagnation pressure of that
simulation run. The solid black line represents the calculated pressure ratio based on Mach number. Deviation is even less in
the expansion-contraction cases, so the simulation still accurately models isentropic flow.
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Figure 20. Plot of expansion-contraction isentropic validation, showing temperature ratios against Mach number. The empty
squares plot the temperature at each point of each simulation, divided by the average estimated stagnation temperature of
that simulation run. The solid black line represents the calculated temperature ratio based on Mach number. Deviation is even
less in the expansion-contraction cases, so the simulation still accurately models isentropic flow.
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Two-Phase Validation

Homogeneous Equilibrium Model

To validate the two phase simulation, a model must be developed—a homogeneous equilibrium model
(HEM) simplifies calculations. The HEM assumes that there is no interphase velocity difference, and that
the two phases exist in thermal equilibrium. To match this assumption in the simulation, the interphase
friction coefficient must be large enough such that the difference between the liquid and gas velocity is
negligible. Similarly, a higher heat transfer coefficient satisfies the thermal equilibrium requirement.

Successfully validating the simulation against the HEM demonstrates that the two phases correctly
interact with one another when their temperatures and velocities are nearly equal. One interaction
validated is the liquid phase occupying space that was, in the single phase model, only occupied by the
gas phase, reducing the available volume for the gas phase’s equation of state calculations. The transfer
mechanisms—interphase drag and heat transfer—are not addressed in this validation, their only
function is to balance the fluids to reach the HEM assumptions. Future work (with more sophisticated
interphase drag and heat transfer models) will require additional two-phase validations.

Developing the Validation Criterion

The pressure drop across the pipe drives the flow of liquid and gas from a high pressure to low pressure.
Working against this pressure drop is the force of friction, which only applies to the liquid phase. Steady
state occurs when these opposing force balance one another out. Modifying Equation (115), the
differential pressure change per unit length of pipe,

dy 2Dp

where all properties are based on the liquid phase. To solve Equation (129), all variables must either be
a constant or a function of pressure. Solving Equation (57) for velocity yields,

my,

VL = A(l——a)pL (130)
and Equation (129) becomes,
ar_ -
B a)? (131)
where,
__[fm
C, = 47Dy, (132)

which is a constant for a given simulation run. C; represents a pressure over length and its components
do not vary with pressure, so it may be joined together as a constant to ease the integration that
follows. Void fraction, however, varies with pressure, and must be substituted. Related to void fraction
is flow quality,

Mg

x = (133)

mp+meg

or, using Equations (56) and (57),
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[pLA(1—a)V ]+[pgAaVi] (134)

which may be simplified using the HEM assumption,

V., =V, (135)
to
_ PG
= pL(l1-a)+pga (136)
or
1l—q=—0F_ (137)
Pv+PLI

Substituting Equation (137) into Equation (131) yields,

(pv+os)

+ —_

CL) AT (138)
dy

oY

Vapor density is a function of pressure. Applying the ideal gas law,

P
pv = (139)
yields,
dp P+C,)?
E = _Cl(PTZ) (140)
where,
X

which is a constant with units of pressure. Note that temperature remains approximately constant
throughout the simulation because: (1) the HEM assumes that the liquid and gas phases have the same
temperature; and (2) the high heat capacity of the liquid phase prevents much temperature change over
the length of the pipe. Therefore, C, remains essentially constant with respect to pressure, and
simplifies the following integration.

Now, with Equation (140) in terms of pressure, it may be integrated,

1 p?
dy == I Gy dP (142)
over the length of the pipe, such that,
Lptc,— 26, (P +Cy) — 2] 143
3’2_3’1—_C—1[ +C; —2C,In(P + 2)_P+C2]P(y1) (143)

where y; and y, refer to the inlet and exit positions of the pipe. Defining the inlet and exit pressures as
P; and P,, the integration result yields,
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L= —Cil[(Pl _P)—2C,In (P1+C2) +c2 (;_ 1 )] (144)

P,+C; P,+C; P1+Cy

Returning the constant values to the result allows the equation to be solved for mass flow rate of liquid,

. . |2DpL _ _ x Pi+RTp ( L)Z 1 _ 1
m, =4 fL (P1 = P;) = 2RTp,, 1—xln <P2+RTpLﬁ +(RTpL = Py+RTp ==  Pi+RTp =

(145)

Equation (145) exists in a form that predicts the result of a simulation run before it completes. The two
phase simulation defines all of the independent variables prior to beginning a run, while producing the
dependent variable, liquid mass flow rate, as an output of the simulation. The simulation matching the
predicted liquid mass flow rate would validates the simulation’s agility to model the HEM.

Test Procedure

To validate the simulation’s ability to model homogeneous equilibrium, multiple simulation runs execute
following the assumptions of the HEM. Interphase friction factor (and interphase heat transfer
coefficient) must be large enough to ensure the velocity (and temperature) of the gas phase
approximately equal the velocity (and temperature) of the liquid phase. Also, temperature must remain
constant for all points along the system, which the high heat capacity of the fluid enables.

If the HEM assumption remains valid, the independent variables found in Equation (145) are selected,
and the predicted liquid mass flow rate is found. The simulation uses the same values and begins
simulation. Once steady-state is reached, the simulation liquid mass flow rate is recorded and
compared to the expected value. Equation (117) calculates the percent difference between the
predicted and simulation result.

The validation varied many of the independent variables found in Equation (145). The cross-sectional
area varied between 0.03 and 0.08 m?; the length of the simulation ranged from 25 to 39 m; the wall
friction factor varied between 0.02 and 0.07; temperature ranged from 250 to 320 K; density varied
between 1.30 and 1.44 kg/m?; inlet void fraction ranged from 0.3 to 0.7; finally, the overall pressure
drop varied between 2 and 31 kPa. Table 8 in Appendix B: Simulation Data contains the data from the
HEM validation.

Results

The results show that the simulation matches the analytical model from Equation (145). For all runs
attempted, the simulation liquid mass flow rate remained within 2% of the prediction. As expected, the
interphase velocity difference contributes to how well the model from Equation (145) applies; if the
velocity difference is too great, the HEM assumption is no longer valid.

As Figure 21 shows, a lower velocity difference improves the agreement between the model from
Equation (145) and the simulation. For the series of runs shown in Figure 21, the predicted liquid mass
flow rate remained 61.34 kg/s. Each point represents a different interphase friction factor; higher
friction factors lead to more similar liquid and gas velocities. As the difference between the two
velocities decreases, the simulation approaches a closer match to the HEM result.
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Figure 21. Increasing liquid mass flow rate error with increasing velocity difference. The simulation data was produced by
varying the interphase drag coefficient while keeping all other flow parameters constant for two phase flow. A higher velocity
difference between the two phases decreases how well the HEM approximation matches the simulation. For these flow
parameters, the simulation, at best, can reach a liquid mass flow rate that is 1.5% of the expected liquid mass flow rate. The
inability to reach a 0% prediction difference may be the result of poor resolution or too much temperature variation along the
length of the pipe. Runs 13-21 from Table 8 were used to create this plot. Please note that worst match is presented here to
demonstrate the effect of interphase velocity difference; runs 1-12 show closer simulation-prediction matching.
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Conclusions

Comparison to Previous Work

This section examines the work done by others related to one-dimensional flow modeling and highlights
the differences between other literature and this thesis project.

Others have used Simulink to model one-dimensional fluid flow. (Alamian, Behbahani-Nejad, &
Ghanbarzadeh, 2012) developed Simulink functions to model the transportation of natural gas through
pipelines. Their model does not include an energy conservation term, assuming that the flow is
isothermal. Also, Alamian’s simulation uses transfer functions in s-space to solve flow conditions.
Alamian references (Herran-Gonzalez, De La Cruz, De Andrés-Toro, & Risco-Martin, 2009), who also built
a Simulink library for analyzing gas distribution pipelines. Herran-Gonzélez also assumes isothermal
conditions, but makes no menthion of s-space or Laplace transforms.

Similar to the simulation described in this thesis, (Davis & Campbell, 2007) employs a one-dimensional
fluid flow model using mass, momentum, and energy continuity equations in their simulation. Rather
than utilizing the ideal-gas law, Davis utilizes the REFPROP database (from the National Institute for
Standards and Testing) to find the values of state variables for real fluids (as well as two-phase
mixtures). Davis’s two-phase simulation appears limited to homogeneous equilibrium (modeled as a
single fluid with a single equation of state), while the simulation featured in this thesis incorporates two-
phase flow by using the mass, momentum, and energy continuity equations separately on each phase.
Also, at the time of the journal article, Davis had not yet incorporated area change in their simulation,
which the simulation featured in this thesis includes.

The simulation from (Scheuerer & Scheuerer, 1992) employs a similar structure to the simulation
developed for this thesis. Scheuerer utilizes separate mass and momentum conservation equations for
each phase, where upstream and downstream flux terms originate from the average properties of the
adjacent control volumes; the simulation in this thesis performs the same process for conserving mass,
momentum and energy. Scheuerer did not include an energy conservation equation in their simulation,
the major difference from the simulation described by this thesis.
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RELAP Comparison

RELAP5-3D is a one-dimensional, two-phase simulation tool and the primary standard of comparison for
this thesis’s simulation. This section will explore the similarities and differences between RELAP and the
new simulation, using the RELAP5-3D user’s manual, (Idaho National Laboratory, 2005).

Mass Continuity
Like the new simulation, RELAP employs mass, momentum, and energy equations to simulate fluid flow.
The manual states the mass continuity equations,

d 1d
—(ape) + 2 (apsVeA) =T (146)

and

L1 —alpy) + 51 —alpVd) =T, (147)

where I is the mass generation of each phase, and the other variables have been adjusted to match the
conventions of this thesis. RELAP does not typically employ mass sources or sinks, but does include
phase change, so that

FL = _FG (148)

The primary mass continuity difference between the new simulation and RELAP is that RELAP includes a
mechanism for phase change, while the new simulation cannot accurately model scenarios where phase
change occurs.

Momentum Conservation
The REALAP manual gives the momentum conservation equations as well. With variable substitutions to
account for the nomenclature in this thesis, the gas phase momentum balance is

dv; 1 avg dP
apgA dt + = > apGA dx = —aAa + aprxA - (a’pGA)fR,GVG + FGA(VG,ip - Vg)
d(Vg-V av, av
—(agpcAfipy (Vg — V) — Ca(1l — a)pgLA [ We— L) +V—r —< -V d—xL (149)
and the liquid phase momentum balance is
av, dVLZ
(1-a)pA—=+= (1 —a)pA——
dt dx
dP
-(1- a’)Aa + (1 —a)p,BxyA — ((1 - a)pLA)fR,LVL + FGA(VL,ip - VL)
aW,-v, av av,
—((1 = A fip(V, = Vg) = Ca(l — a)pe A [*XD 1y, 2Ly, Ze] - (150)

where fg is RELAP’s wall friction factor, Viris the velocity at the interface between the fluids, pg,, is the
average density of both fluids, By is the sum of the body forces acting in the flow direction, and C is the
coefficient of virtual mass.
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The new simulation does not include the 4™ term on the right side of Equations (149) and (150), as the momentum
transfer do to mass transfer does not apply when there is no phase change. Furthermore, the 6" term on the right side is
excluded, as the new simulation neglects the effect of force due to virtual mass. Also, the 5™ term on the right side of Equation

(149) is omitted—the new simulation assumes a wetted pipe perimeter and only applies wall
friction to the liquid phase.

The wall friction term exists in a different form in the new simulation. Instead of being proportional to velocity, the new
simulation’s frictional force terms are proportional to velocity-squared. Furthermore, while RELAP includes many factors in its

body force term, the new simulation only includes the force due to gravity. The remaining terms in Equations (149)
and (150)—the momentum flow across boundaries (2" term on left), and the pressure differential (1
term on the right)—exist in both RELAP and the thesis simulation.

Energy Conservation

The RELAP manual also gives the energy balance equations used in the RELAP simulation. The gas
energy equation is

da P d . : # 1

- = —_((ZVGA) + QW,G + Qip,G + Fip,GhG + FW,GhG + DISSG

d 1d
E(“PGUG) + Za(apGuGVGA) =—-P 7t Adx
(151)

and the liquid energy equation is

d 1d d P d . .
=([1 - alpyw) + 52— (1 = alpyu V A) = P2 — ——=([1 = alV,A) + Qup + Qip + Tipchf +

T,,ch) + DISS, (152)

where Qyy is the heat transfer rate from the pipe wall to the fluid, h* is the specific enthalpy associated
with bulk interface mass transfer, h’ is the specific enthalpy associated with mass transfer at the wall,
and DISS is the energy dissipation term.

Again, the simulation of this thesis does not include phase change, so terms that involve energy transfer
due to phase change—the 5™ and 6™ terms on the right side of Equations (151) and (152)—are not
included in the new simulation. Also, the new simulation does not incorporate wall heat transfer, so the
3" right side term is excluded as well.

The new simulation employs a different convention for energy balance management. Rather than
include a dissipation term, which adds thermal energy as kinetic energy is lost due to friction, the new
simulation incorporates kinetic energy—and gravitational potential energy—into the energy
conservation equation. Therefore, when the velocity decreases due to friction—or the height of the
fluid increases—there is no net change in total energy. The simulation does not track thermal energy as
a separate entity; at each time step, the simulation subtracts the kinetic and potential energy—based in
the velocity and height—and the remaining energy is the thermal energy used to calculate temperature.

The new simulation includes the remaining terms, total energy rate of change (1* term on the left),
energy flow across boundaries (2" term on the left), flow work due to void fraction change (1°' term on
the right), flow work due to velocity (2" term on the right), and interphase heat transfer (4" term on the
right).
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Next Steps

This section contains potential ways to improve the simulation code. The basis of the two-phase, one-
dimensional simulation code already exists; any of the following features can be added without
changing the underlying structure of the code.

Accurate Interphase Models

Currently, the simulation allows for transfer of heat and momentum between the two phases. The
temperature difference between the two phases drives the flow of energy from the higher temperature
phase to the lower temperature phase. The heat transfer from Equation (84) is proportional to a heat
transfer coefficient. The coefficient, in the current simulation, is represented by a constant with no
empirical or theoretical backing; the HEM validation only required this constant to be large enough to
ensure that the gas and liquid temperatures would be approximately equal.

Also, the transfer of momentum due to friction—the interphase drag force—involves the placeholder
model shown in Equation (69). Not only is the frictional coefficient not known, but there is little
consensus on methods to determine interphase drag. The literature review of this thesis examines
several potential models that this simulation could incorporate. The placeholder interphase friction
model enables the simulation to run stably, as the gas phase velocity would increase with little bound
without friction from the liquid phase. Also, like the interphase heat transfer, the friction coefficient is
large enough so that the gas and liquid velocities are similar enough for the HEM validation.

To improve the interphase heat transfer and friction in the simulation, the placeholder models must be
replaced with theoretically—or empirically—backed models.

Validate Transients

The four validation cases performed on the simulation—incompressible, Fanno, isentropic, HEM—all
required steady state to be achieved. Though the steady state scenario has been validated, no
validation of the transient state of the system has been performed. The transient functions; the system
proceeds from an initial state to the steady state. It is not known if this transition occurs over the
proper amount of time. Also, the system’s response to an oscillating input should be examined.

Phase Change

While the current simulation allows for a two-phase mixture, it does not allow for phase change. To
incorporate phase change, a rate of vaporization would be needed. The rate of vaporization would be
incorporated into the gas mass balance,

MG net = (PGVGAQ)_% - (PGVGAQ)% +r (153)
and the liquid mass balance,
My net = (PLVLA[1 — 05])_% —(pLV A1 - a])% -r (154)
where the rate of vaporization,
Ir=f(T¢T,P,aAlL) (155)

With a correct mass transfer model in place of Equation (155), the current simulation allows easy
implementation of phase change, simply adding the equation’s result to the mass balance equation for
each phase. The correct mass transfer model will likely involve the heat transfer across the temperature
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difference between each phase and the interface. If the two heat transfers do not balance, the
difference would yield phase change.

Wall Heat Transfer

Another desired feature is the generation of heat in the system. The heat would originate from the wall,
so the heat generation term would appear in the liquid energy balance,

Enet,L = E_lL - E+1L + Qip + Vi/ip + Wexpan,net + GW (156)
PX 2

The heat generation term could either be a constant, or the term could be based on the temperature
difference between the wall and the liquid phase. Then, wall heat transfer,

Gw = f (T, Ty, Bw, A, L) (157)

To validate the heat transfer model, Rayleigh flow would be used. Rayleigh flow requires heat transfer
into the fluid so that temperature remains constant. To run this validation, a wall temperature would be
selected, then Rayleigh flow requires the heat transfer coefficient be large enough so that the fluid
temperature matches the wall temperature at all points, making the Rayleigh flow assumption valid.
The resulting heat transfer rate would be recorded and compared to the Rayleigh flow predicted values.

Special Components

Currently, the only component the simulation can model is a straight pipe section, with the option to
vary the cross-sectional area. Adding different types of components would improve the code. A pump
would behave the same as a junction component, except that the pressure sent to the downstream
volume would be higher than the pressure sent to the upstream volume. A tee pipe section would
replace a junction, except that the tee would exchange information with three adjacent sections, rather
than two. A separator would act similar to tee, with the flow output in each branch restricted to a
certain void fraction. A valve would also replace a junction, behaving the same when open, but
preventing flow when closed. For curved pipe sections, a constant could be added to the friction in a
volume component, representing the losses associated with those components.
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Appendix A: Nomenclature

Variable Names

A e Cross-sectional area
o 2O OSSP Void Fraction
By e, Net Body Force Acting in X-Direction
C et Speed of Sound
C s Coefficient of Virtual Mass
CiT s Constant for simplification. Units of pressure over distance.
Cy s Constant for simplification. Units of pressure.
Cr s (Fanning) Friction factor
Cp s Constant-pressure specific heat
CU e s Constant-volume specific heat
D ————————- Drag (Force)
Dp Hydraulic diameter
DISS e Energy Dissipation Rate
€ e e Specific total energy
E e Energy
ETT e Percent Error Between Simulink Simulation and Flow Model
L s (Darcy) Friction factor
Fr s Frictional force
Fpo e, Force Due to Pressure
TR e Friction Factor Used by RELAP
Ey s Wall forces
G e e Acceleration of Gravity
[ s Mass Generation Rate
B s Specific enthalpy
B e Heat Transfer Coefficient
H e Height
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KE s

>

T
APf e

PE s
0(Q) oo

Rep e,

TY e s

AT e
At e

Ratio of Specific Heats

Specific kinetic energy

Length of a volume block
Momentum

Mass

Mach Number

Dynamic viscosity

Vector Perpendicular to Cross-sectional Area
Pressure

Pressure drop due to expansion
Pressure drop due to friction
Specific Potential Energy

Heat (Heat Transfer Rate)
Specific gas constant

Reynolds number, for internal flows
Density

Ratio of a Generic Property
Temperature

Wall shear stress

Temperature Difference

Time Step

Angle Above Horizontal
Specific internal energy
Velocity

Volume

Velocity Difference

Weight (Force Due to Gravity)
Work (Power)

General reference to a fluid property
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X e e e Flow Quality

Vs Position
Z e e s Stability percentage
Subscripts
1 .

TS Upstream Block of Opposite Type
+% .................................................... Downstream Block of Opposite Type
F1 - Downstream Block of Same Type
=1 Upstream Block of Same Type
x,0 Used in Extrapolation. xis the Number of Space Steps Away (Junctions and Volumes).
0,7 e, Used in Extrapolation. y is the Number of Time Steps Away.
0 e e e Reference, Stagnation, or Initial Condition
B e Estimated Boundary Property
CS e Refers to Control Surface
CV e Refers to Control Volume
F Ratio Pertains to Fanno Flow
G s Quantity Applies to Gas Phase
G oL e Quantity Transfers from Gas Phase to Liquid Phase
GL e Quantity Applies to the Mass Average of both Pahses
I e Ratio Pertains to Isentropic Flow
L e Quantity Applies to Liquid Phase
Lo G e Quantity Transfers from Liquid Phase to Gas Phase
ND Non-Dimensional
W e At Pipe Wall
A e e Property at Point “a” Along the Length of the Pipe
Ab e Between Points “a” and “b”
D e Property at Point “b” Along the Length of the Pipe
diSP e Dissipated Energy
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1 1Yo

D e,

Quantity at Interface Between the Phases
Incompresible
Inter-phase
Isentropic Model Validation

Property at Left Boundary of Control Volume

Quantity is the Theoretical Expected Value from a Flow Model

..... The Net Total of a Quantity
..... Reference Property Value. Refers to Sonic or Stagnation
..... Property at Right Boundary of Control Volume
..... Quantity is a Result from the Simulink Simulation

..... Value from Table (Expected Value)

Time Derivative of X

Mean of X
Length Derivative of X

Property at Sonic Conditions
Property Associated with Bulk Interface Mass Transfer

Property Associated with Bulk Wall Mass Transfer
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Appendix B: Simulation Data

Incompressible Simulation

The data contained in this section was used to validate that the single-phase simulation yields accurate
results while an incompressible assumption is valid. The analysis is found on page 34.

Pre-set Conditions Predictions Result
Total Average Velocity
Inlet Friction Pressure Mach Average Percent
Temperature Inlet Density | Factor Area Drop Velocity Number Velocity Error
(K) (kg/m"3) (m*2) (Pa) (m/s) (m/s)
300 1.205 0.095 0.015 431 25.0 0.07 25.0 0.2%
302 1.200 0.090 0.010 689 29.4 0.08 29.4 0.3%
301 1.200 0.075 0.030 344 30.0 0.09 29.9 0.4%
302 1.200 0.070 0.010 689 33.4 0.10 33.2 0.4%
301 1.200 0.050 0.030 344 36.8 0.11 36.5 0.7%
300 1.220 0.095 0.015 1,722 49.7 0.14 49.3 0.9%
302 1.200 0.030 0.010 689 51.0 0.15 50.4 1.2%
301 1.200 0.025 0.030 344 52.0 0.15 51.2 1.5%
300 1.230 0.095 0.015 2,583 60.7 0.17 59.8 1.4%
305 1.200 0.075 0.030 1,722 67.1 0.19 65.8 2.0%
300 1.240 0.095 0.015 3,444 69.8 0.20 68.5 1.8%
305 1.200 0.050 0.030 1,722 82.2 0.23 79.7 3.1%
315 1.200 0.100 0.015 5,167 84.7 0.24 82.6 2.5%
302 1.200 0.010 0.010 689 88.3 0.25 85.0 3.8%
310 1.200 0.075 0.030 3,444 94.9 0.27 91.4 3.7%
315 1.200 0.080 0.020 5,167 101.7 0.29 97.7 3.9%
300 1.300 0.095 0.015 8,611 107.7 0.31 103.3 4.2%
310 1.200 0.050 0.030 3,444 116.3 0.33 109.6 5.7%
315 1.200 0.060 0.020 5,167 117.5 0.33 111.1 5.4%
305 1.200 0.025 0.030 1,722 116.3 0.33 109.2 6.1%
300 1.350 0.095 0.015 12,917 129.5 0.37 121.9 5.9%
315 1.200 0.040 0.020 5,167 143.9 0.40 132.1 8.2%
325 1.200 0.080 0.040 8,611 156.2 0.43 142.4 8.8%
300 1.400 0.095 0.015 17,222 146.8 0.42 135.9 7.4%
330 1.200 0.075 0.030 10,333 164.4 0.45 149.0 9.4%
320 1.200 0.050 0.030 6,889 164.4 0.46 147.3 10.4%
310 1.200 0.025 0.030 3,444 164.4 0.47 146.6 10.9%
325 1.200 0.060 0.040 8,611 180.3 0.50 159.5 11.6%
300 1.500 0.095 0.015 25,834 173.7 0.50 156.0 10.2%
325 1.300 0.060 0.015 17,940 195.7 0.54 171.1 12.6%
330 1.200 0.050 0.030 10,333 201.4 0.55 173.9 13.7%
300 1.408 0.060 0.015 17,911 187.9 0.54 164.4 12.5%
315 1.200 0.020 0.020 5,167 203.4 0.57 173.0 15.0%
325 1.200 0.040 0.040 8,611 220.9 0.61 184.9 16.3%
320 1.200 0.025 0.030 6,889 232.5 0.65 190.7 18.0%
300 1.700 0.095 0.015 43,056 210.7 0.61 181.8 13.7%
330 1.200 0.025 0.030 10,333 284.8 0.78 218.6 23.2%
300 1.700 0.065 0.015 43,056 254.7 0.73 201.6 20.9%
300 1.408 0.030 0.015 17,911 265.7 0.77 206.6 22.3%
325 1.200 0.020 0.040 8,611 312.3 0.86 229.4 26.6%

Table 1. Incompressible Validation Data. For all runs with a predicted Mach number less than 0.33, the percent difference
between the predicted velocity (from incompressible model) and the simulation average velocity remained below 5%. As the
Mach number increases, the incompressible model no longer applies. This data was created with an overall pipe length of 1.66
meters and an outlet pressure of 103,334 Pa.
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Fanno Flow Validation
The data contained in this section was used to validate that the single-phase simulation yields accurate
results while a Fanno flow assumption is valid. The analysis is found on page 37.

Fecorded VYalues Caloulated Values Biatios - fiMa) Choking Condition \ariation of Choking
Temper- Friction
Paint Density | ature \elocity |Factor  [Length | Pressure |4iLIO M= T pip’ i L0 T =3 W T =3 W
[kaim"3] | K] [mis] [ml [Pa] [k [Pa] [miz)

120 325 307 0005 144] 1M.546]  0.045 0.55) 105 120 087 0.036 30| 52978 353
120 325 308[  0.005 142 1501 0.044 0.85) 105 120 087 0.034 30| 32380 353
113 24 3| 0005 122 10383 0035 0.56] 105 113 0830 0.030 30| 92877 353
117 323 4] 0.005 102] 10585833 0.032 0.57 104 117 053] 0.025 30| 92982 353
116 322 F15)  0.005 0.82] 107123  0.026 0.55] 104 115 0.90) 0.020 30| 52954 353
114 320 Jz22[ 0005 062] 057161 0013 0.30) 103 113 031 0.015 30| 92351 353
112 33 325 0005 042 102823 0013 0392 103 11 083 0.0 30| 52887 353
110 316 336 00035 022 33633 0.007 0.5 10z 107 0.95) 0.005 30| 52357 )
106 312 347 0005 0.02] 55073 000 0.95] 10 10z 0.95) 0.000 30| 52983 353
106 312 345 0.005 0.00) 54825  0.000 0.95] 101 10z 093]  0.000 30 92331 353
120 325 286 0.01 144] 11.546] 0.030 0.7 107 131 052  0.051 305 85745 350,
120 325 ZaT 0.01 142 1M.357)  0.083 0.7 107 130 082 0077 305 85748 330
113 324 290 0o 122 002z 0076 0.an 108 125 083 0.089 305 85744 350
117 323 234 0.01 102 108.156) 0.064 0.52) 106 126 0.&d4) 0.053 305) &5746 350
115 321 235 0.01 0.82] 106085 0.051 0.53 105 124 085 0.043 305 85743 350,
113 320 303 0.01 0.62] 1035800 0.033 0.55) 105 121 087 0.035 305 85752 350,
1m 318 310 0.01 0.42] 0075|  0.026 0.87 104 118 0.&5) 0.025 305[ 85751 330
108 3G 7 0o 022 23007 0.0 0.53| 1.04 114 091 001 305 65743 330
106 313 325 0.01 0.02] 54835 0001 0.92) 103 1M 093  0.010 305 85757 350,
106 313 325 0.01 0.00) 54522  0.000 0.52) 103 11 093 0010 305 &5758 330
120 310 21 0.01 144 106773  0.030 0.77 107 135 0.50) 0104 283 TeV2 34
120 310 272 0.01 142] 106326 0.083 0.77 107 134 0.50)  0.700 283 TE2T2 3]
113 303 275 0.0 122] 105227 0.076 0.78] 107 133 0.81  0.032 283 T3S 3]
117 305 278 0o 102 103,725  0.064 0.73| 107 1.3 082 0082 283 TIETd 3
116 30v 251 0.01 0.82] 102137 0051 0.50) 106 123 083 0072 283 TEVS 3
114 306 285 0.01 0.62] 100430 0033 0.51 106 127 0.5d4) 0.062 283 TET 34
113 305 283 0.01 0.42] 595574 0.026 0.53 106 124 085  0.051 283 Ta2T3 3]
11 304 234 0.01 0.22] 96513 001 0.84] 105 122 0.86)  0.041 283 T3S 3]
103 30z 235 0.01 002 54.7d4d| 0001 D.8l§| 105 120 065 0035 283 TEETS S
103 303 235 0.01 0.00] 34323  0.000 D.8§I 105 120 087 0.034 283 TIzan a3
140 230 228 0.03 144] ME53E) 027 067 110 157 070 0281 263 74003 25|
133 230 223 0.03 142 N5.764) 0267 067 110 156 070 027 263 74004 25|
137 263 232 0.03 122 13851 0223 0.55] 110 154 071 0247 263 74003 325
135 283 237 0.03 102 1M.254] 0132 0.70) 1.03 150 073 0216 263 74003 325
132 26T 24z 0.03 052 054800 0154 0.7 103 147 0.74) 0166 263 74003 325)
123 2685 247 0.03 0.62] 105458 017 0.73 105 142 076 0155 263 74005 25|
125 264 254 0.03 0.42] 102126| 0073 0.75) 105 135 078 0124 263 74005 325
1z2 2ae 2h2 0.03 0.22] 98355 004 0.75] 107 133 081  0.033 263 74005 325
113 250 263 0.03 0.02] 95005 0004 0.an 108 125 083 0.070 263 743 325)
113 250 263 0.03 0.00] 35207 0.000 D.8Q| 108 123 083 0.0 263 74010 32§I
110 330 205 0.03 144 104.156) 027 0.57) 113 146 061 0614 233  SE135 S5
110 330 203 0.03 142] 103.7839) 0267 0.57 113 185 061 0604 233 SE137 43
103 323 21 0.03 122] 102824) 0.2:23 0.55] 112 183 061 0,580 233 561 343
108 323 £13 0.03 102 10558 0132 0.55 112 181 062 0.543 £33  5A135 3
108 328 215 0.03 0.82] 100.227) 0154 0.53| 112 178 0E3[ 0519 233 56 343
105 328 218 0.03 0.62] 398873 017 0.50) 112 176 0.6d4) 0.485 233 561 3
104 327 221 0.03 0.42] 57473 007 0.61 112 174 0.6d4) 0457 233  5E133 43
10z 327 224 0.03 0z22] 596035 004 0.62] 112 17 063 0427 233 5E143 343
1M 326 226 0.03 0.02] 94882 0.004 0.62 11 163 0.66) 0.403 £33 56140 343
102 326 226 0.03 0.00) 55085 0.000 D.Eg| 11 163 0.66) 0407 £33 56140 34§|
120 300 103 0.0 1dd] 103334 02T 030 113 3.60 033 5EN 205 286634 320
118 300 106 0.03 142] 101633) 0267 0.31 118 3.54 0.33) 5007 255 28633 320
113 233 m 0.03 122 97458 0223 0.32) 118 3.40 035 4474 255 28635 320
107 233 jin 0.03 102 51723 0132 0.34 117 3.20 037 3783 255 28636 320
1.00 233 126 0.03 0.82] a85d82| 0 0.36 117 238 0.33) 3704 255 28634 320
0.3z 235 136 0.0 062 78555 o7 0.33| 115 2,74 043 43 205 286634 320
0.54 234 150 0.03 0.42] 7v0.621] 0073 0.44 116 245 047 1733 255 28636 320
0.73 231 172 0.03 022] 60577 004 0.50) 114 212 0.54) 1045 255 28635 320
0.63 266 201 0.03 002 5131|0004 0.5 112 173 063 0522 255 28633 320
0.62 2685 202 0.03 0.00) 50837 0.000 0.50) 112 177 063  0.501 255 258700 G20

Table 2. Fanno Flow Validation Data. Each group of ten rows represents a single Fanno Flow validation run. Density,
temperature and velocity were recorded at ten points along the pipe for each run. Mach number was calculated, which was
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then used to determine the choking condition ratios, per Equations (121) - (123). Based on these ratios, the choking
conditions were found for each point in the run. The last three columns present the variation for each of the three choking
variables in the form standard deviation divided by average of the ten points. The non-dimensional length, fL/D, did not match
as closely to the expected values.
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Isentropic Flow Validation
The data contained in this section was used to validate that the single-phase simulation yields accurate
results while an Isentropic flow assumption is valid. The analysis is found on page 40. Two sets of data
are present, the contraction case and the expansion-contraction case.

Recorded Values Calculated Values Ratios - fiMa) Choking / Stagnation Variation
Temper-
Point Area Velocity |ature Density |Pressure |Ma AJA P/PD T/T0 A PO T0 A" PO T0
[m"2) im/s) (K (kg/m*"3) | (Pa) [m"2) (Pa) (K}

1 0.0150 37 363 1.20| 125,000 0.10] 6.07 0.99 100 0.0025| 125807 364
2| 0.0150 37 363 1.20] 125,000 0.10) 6.07 0.99 100 0.0025| 125807 364
3 0.0141 39 363 1.20] 124518 0.10) 5.66 0.99 100 0.0025] 125442 364
4 0.0122 45 363 1.20] 124650 0.12] 492 0.99 100 0.0025| 1254884 364
5 0.0102 54 362 118 123341 0.14] 4.10 0.99 100 0.0025] 135111 364 0.8% 0.9% 0.0%
&) 0.0083 67 361 1.19| 123,318 0.18] 3.34 0.98 0.99| 0.0025| 126,026 364
7| 0.0063 90 360 115 119,018 0.24] 2.53 0.96 0.99| 0.0025| 123,760 364
8| 0.0044 131 355 1.14] 116,034 0.35 179 0.92 0.98| 0.0025| 126,081 364
£l 0.0035 178 348 1.07] 106,977 0.48] 1.39 0.86 0.96| 0.0025| 125,000 364

10 0.0035 183 347 105 104,111 0.45] 1.36 0.85 0.95 0.0025| 122,642 364
1 0.0200 72 348 1.20| 120,000 0.19] 5.06 0.97 0.99| 0.0065| 123,175 351
2] 0.0200 72 348 1.20| 120,000 0.19) 3.06 0.97 0.99| 0.0065| 123,175 351
3 0.0193 75 348 1.20] 118,675 0.20) 2.94 0.97 0.99| 0.0066) 123,112 351
4 0.0177 82 348 118 119,052 0.22] 27 0.97 0.99| 0.0065| 123,140 351
5 0.0161 81 347 1.18| 118,067 0.24] 247 0.96 0.99| 0.0065| 125,021 351 0.2% 0.2% 0.0%
6| 0.0146 101 346 1.18] 116,909 0.27] 2.23 0.95 0.99| 0.0065| 123,036 351
7| 0.0130 114 344 116 115,003 0.531 199 0.84 0.98| 0.0065| 122,807 351
B 0.0115 132 342 114] 112,461 0.36| 1.75 0.92 0.98| 0.0066) 122,757 351
£l 0.0107 144 341 1.13| 110,572 0.39) 1.63 0.90 0.97| 0.0066) 122,684 351

10 0.0107 144 341 1.13] 110,292 0.39] 1.63 0.90 0.97] 0.0066] 122,434 351
1 0.0100 91 250 1.81] 150,000 0.29] 2.11 0.84 0.98] 0.0047| 137,705 254
2] 0.0100 91 250 181] 130,000 0.29] 211 0.94 0.98| 0.0047| 137,705 254
3 0.0096 96 250 180 129,118 0.30) 2.02 0.84 0.98| 0.0048| 157,575 254
4 0.0087 106 249 1.78| 127,237 0.34] 1.84 0.92 0.98| 0.0047| 137,560 254
5 0.0079 119 247 1.75] 124,314 0.38] 1.66 0.91 0.97| 0.0048| 137,268 254 19% 11% 0.0%
6| 0.0071 137 245 171] 120,324 0.44] 148 0.88 0.96| 0.0048| 137,125 254
7| 0.0062 163 241 164 113,167 0.52] 1.30 0.83 0.95 0.0048| 136,289 254
Bl 0.0054 207 233 145 85,354 0.68] 1.11 0.74 0.52] 0.0045) 134971 254
9| 0.0050 255 222 131 83,152 0.86| 1.02 0.62 0.87] 0.0045] 134,150 254

10 0.0050 259 221 1.2 B1,4%0 0.87] 1.02 0.61 0.87| 0.0045] 133,616 254
1 0.0300 252 325 1.29| 119,996 0.70) 1.10 0.72 0.91 0.0274| 166,078 357
2] 0.0300 252 325 1.29| 119,996 0.70) 1.10 0.72 0.91 0.0274| 166,078 357
3 0.0299 255 324 1.28] 119,167 0.71 1.09 0.72 0.91 0.0274| 166,067 357
4 0.0296 5% 323 1.27] 117,716 0.72] 1.08 0.71 0.91 0.0274| 166,058 357
5 0.0254 264 322 1.26) 116,142 0.73 107 0.70 0.50] 0.0274] 166,044 357 0.4% 0.8% 0.2%
6| 0.0291 269 321 1.24] 114442 0.75 1.06 0.69 0.50| 0.0274| 166,042 357
7| 0.0289 274 319 1.23] 112,552 0.77] 1.05 0.68 0.89| 0.0274| 166,014 357
8| 0.0286 271 317 1.21] 110,285 0.76| 1.06 0.68 0.90| 0.0270| 161,566 354
9| 0.0285 284 316 120 109,183 0.80) 1.04 0.66 0.89| 0.0274| 165,989 357

10 0.0285 284 316 1.20] 108,204 0.80) 1.04 0.66 0.89| 0.0274]| 166,007 357

Table 3. Isentropic Flow Validation Data, Contraction. Each group of ten rows represents a single Isentropic Flow validation
run. Density, temperature, velocity, and cross-sectional area were recorded at ten points along the pipe for each run. Mach
number was calculated, which was then used to determine the choking and stagnation condition ratios, per Equations (126) -
(128). Based on these ratios, the choking conditions were found for each point in the run. The last three columns present the
variation for each of the three choking and stagnation variables in the form standard deviation divided by average of the ten
points.
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Recorded Values Calculated Values Ratios - f{Ma) Choking / Stagnation Variation
Temper-
Point Area Velocity |ature Density |Pressure|Ma Afne P/PO T/T0 A PO T0 A" PO T0
(m~2)  [(m/s) (K] (kg/m*"3)] (Pa) (m~2] |(Pa) (K]
1 0.0180 254 375 1.20] 129168 0.76| 1.06 0.68 0.50| 0.0170| 189,128 418
2] 0.0180 254 375 1.20] 129,182 0.76 1.06 0.68 0.90] 0.0170| 189,137 418
3 0.0181 292 376 1.21] 1295979 0.75 1.06 0.69 0.50| 0.0170| 189,205 418
4 0.0182 289 377 1.21] 131,258 0.74] 107 0.69 0.50| 0.0170| 185,243 418
5] 0.0185 286 378 1.22] 132,258 0.73 1.07 0.70 0.90] 0.0170| 189,195 418 0.1% 0.1% 0.0%
5 0.0184 283 378 1.23] 133,422 0.72] 108 071 0.50| 0.0170| 189,227 418
7] 0.0185 279 380 1.24] 134763 0.71 1.08 0.71 0.91] 0.0170| 189,336 418
B 0.0178 306 372 1.17] 124579 0.79] 1.04 0.66 0.89| 0.0170| 189,069 418
£l 0.0170 361 354 1.04] 105,271 0.96| 1.00 0.55 0.84] 0.0170| 189,852 418
10 0.0170 366 352 1.02] 103,234 0.97 1.00 0.54 0.84] 0.0170| 189,709 418
1] 0.0180 254 375 1.20] 129,168 0.76 1.06 0.68 0.90] 0.0170| 188 BB3 418
2 0.0180 254 375 1.20] 129168 0.76| 1.06 0.68 0.50| 0.0170| 188,883 418
3 0.0181 290 376 1.21] 130,477 0.75 1.06 0.69 0.50| 0.0170| 188 BB6 418
4 0.0183 283 378 1.22] 132,882 0.73 1.08 0.70 0.50| 0.0170| 188 BY7 418
5 0.0185 277 380 1.24] 135065 0.71 1.09 0.72 0.91 0.0170| 188,850 418 0.1% 0.1% 0.0%
6] 0.0187 271 381 1.25] 137,048 0.69 1.10 0.73 0.91] 0.0170| 188,890 418
'.I'I 0.0184 280 379 1.23] 133,858 0.72] 108 0.71 0.91 0.0170| 188,826 418
EI 0.0175 317 368 1.14] 120,746 0.83 1.03 0.64 0.88| 0.0170| 188,805 418
9] 0.0170 361 353 1.03] 104741 0.96 1.00 0.55 0.84] 0.0170| 189,250 418
10 0.0170 365 352 1.02] 103,269 0.97| 1.00 0.55 0.84] 0.0170| 189,129 418
1 0.0180 283 375 1.20] 129168 0.73 107 0.70 0.50| 0.0168| 184 167 415
2] 0.0180 283 375 1.20] 129,168 0.73 1.07 0.70 0.90] 0.0168| 184167 415
3 0.0181 280 376 1.21] 130,282 0.72] 1.08 0.71 0.91 0.0168| 184 164 415
4 0.0183 274 378 1.22] 132,366 0.70| 109 0.72 0.91 0.0168| 184 164 415
5] 0.0185 268 379 1.23] 134,275 0.69 1.10 0.73 0.81] 0.0168| 184171 415 0.0% 0.0% 0.0%
5 0.0187 263 381 1.25] 136,026 0.67| 1.12 0.74 0.52] 0.0168| 184,171 415
7 0.0184 271 378 1.23] 133,257 0.70| 1.10 0.72 0.91 0.0168| 184 1159 415
B] 0.0175 303 369 1.15] 122256 0.79 1.04 0.66 0.89] 0.0168| 184 0% 415
£l 0.0170 331 360 1.058] 112440 D.B?I 1.02 0.61 0.87| 0.0167| 184,321 415
10 0.0170 333 360 1.08] 111,834 0.88 1.01 0.61 0.87] 0.0168| 184140 415
1] 0.0180 248 375 1.20] 129,168 0.64 1.14 0.76 0.92] 0.0157| 170,307 406
2 0.0180 245 375 1.20] 129168 0.64] 1.14 0.76 0.52] 0.0157| 170,307 406
3 0.0181 247 376 1.20] 129 B60 0.63 1.15 0.76 0.93 0.0157| 170,306 406
4]  0.0183 242 377 1.21] 131188 0.62 116 0.77 0.83] 0.0157| 170,310 406
5 0.0185 238 378 1.22] 132413 0.61 1.18 0.78 0.93 0.0157| 170,305 406
5 0.0187 234 379 1.23] 133,548 0.60| 1.1% 0.78 0.93 0.0157| 170,295 406 0.0% 0.0% 0.0%
'.I'I 0.0184 240 377 1.22] 131,741 0.62] 1.17 0.77 0.93 0.0157| 170,260 406
EI 0.0175 262 372 1.17] 125,248 0.68| 111 0.74 0.92] 0.0157| 170,244 406
BI 0.0170 277 368 1.14] 120643 0.72 1.08 0.71 0.91] 0.0157| 170,326 406
1DI 0.0170 277 568 1.14] 120,501 0.72] 108 0.71 0.91 0.0157| 170,251 406
Table 4. Isentropic Flow Validation Data, Expansion-Contraction Part 1 / 4. Each group of ten rows represents a single

Isentropic Flow validation run. Density, temperature, velocity, and cross-sectional area were recorded at ten points along the

pipe for each run.

Mach number was calculated, which was then used to determine the choking and stagnation condition

ratios, per Equations (126) - (128). Based on these ratios, the choking conditions were found for each point in the run. The last
three columns present the variation for each of the three choking and stagnation variables in the form standard deviation
divided by average of the ten points. Note that the last run contains 14 points, to examine the effect of resolution on validation

results.
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Recorded Values Calculated Values Ratios - fiMa) Choking [ Stagnation Variation
Temper-
Point Area Velocity |ature Density |Pressure|Ma LY P/PD T/TO A= PO T0 A* PO TO
im*2)  |im/s) |iK) {kg/m*3)](Pa) (m~2) |(Pa) (K)
1 0.0180 142 375 1.20] 125,168 0.37] 171 0.91 0.97| 0.0105( 141 688 385
2 0.0180 142 375 1.20] 125,168 0.37] 171 0.91 0.97| 0.0105( 141,688 385
3 0.0181 141 375 1.20] 129320 0.36 172 0.91 0.97| 0.0105( 141,685 385
4] 0.0183 139 375 1.20] 129,620 0.36 174 0.91 0.97] 0.0105| 141 687 385
5| 0.0185 138 376 1.20] 129,906 0.35 176 0.92 098] 00105 141 686 385
6] 0.0187 136 376 1.21] 130,188 0.35 178 0.92 D.S‘Bl 0.0105| 141,693 385 0.0% 0.0% 0.0%
7] 0.0184 139 375 1.20] 129,758 0.36 175 0.92 0.98] 0.0105| 141,680 385
B 0.0175 147 374 1.15] 128,345 0.38 166 0.91 0.597] 0.0105( 141,685 385
9 0.0170 152 374 1.15] 127,455 0.39 162 0.50 0.97| 0.0105( 141,657 385
10 0.0170 152 374 1.15] 127422 0.39 162 0.50 0.97| 0.0105| 141,665 385
1 0.0180 190 375 1.20] 129,168 0.45 1.36 0.85 0.95 0.0152| 152,181 383
2 0.0180 190 375 1.20] 125,168 0.45 1.36 0.85 0.95 0.0152| 152,181 393
3 0.0181 189 375 1.20] 125482 0.45 137 0.85 0.95 0.0132( 152,185 393
4 0.0183 186 376 1.21] 130,085 0.48] 138 0.85 0.56| 0.0132| 152,179 393
5 0.0185 183 376 1.21] 130,671 0.47] 1.40 0.86 0.96 0.0132| 152,185 393
6] 0.0187 181 377 1.21] 131,217 0.46| 141 0.86 D.le 0.0132| 152,175 393 0.0% 0.0% 0.0%
7] 0.0189 178 377 1.22] 131,745 0.46| 143 0.87 D.S‘El 0.0132] 152,174 3093
B| 0.0183 187 376 1.20] 129,876 0.48] 138 0.85 0.96] 00132 152,130 393
9] 0.0175 197 374 1.18] 127488 0.51 132 0.84 0.95] 00132 152,192 393
10 0.0175 198 374 1.18] 127,345 0.51 132 0.84 0.95 0.0132 152,069 383
1] 0.0180 242 400 1.20| 137,779 0.60| 118 0.78 093] 0.0152| 176,398 428
2| 0.0180 242 400 120 137,779 0.60| 118 0.78 093] 0.0152| 176,398 428
3 0.0181 240 401 1.20] 1383588 0.60| 1.19 0.78 0.93 0.0152 176,359 429
4 0.0183 236 401 1.21] 135548 0.59 1.20 0.79 0.54] 0.0152| 176,391 429
5 0.0185 232 402 1.22] 140,656 0.58 122 0.80 0.54] 0.0152| 176,401 429
5 0.0187 229 403 1.22] 141,681 0.57] 123 0.80 0.54] 0.0152( 176,394 429 0.0% 0.0% 0.0%
7 0.0189 225 404 1.23] 142678 0.56 1.24 0.81 0.54] 0.0152( 176,394 4259
8| 0.0183 238 401 1.21] 139,127 0.59] 120 0.79 0.93] 0.0152| 176,295 428
9] 0.0175 254 397 1.18] 134484 0.64] 115 0.76 0.93] 0.0152| 176423 428
101 0.0175 254 397 1.18] 134,185 0.64] 1.15 0.76 0.93] 00152 176,246 428
1] 0.0180 51 400 120] 137,779 0.13 460 0.99 100 00039 139,340 401
2| 0.0180 51 400 1.20] 137,779 0.13 4.60 0.99 100 00039 139,340 401
3] 0.0181 51 400 1.20] 137,795 0.13 4.63 0.99 100 0.0039]| 139,338 401
4] 0.0183 50 400 1.20| 137,827 0.12] 4.68 0.99 100 00039 139,336 401
5 0.0185 50 400 1.20] 137859 0.12] 473 0.99 1.00| 0.0039( 139,336 401
6 0.0187 45 400 1.20] 137,891 0.12] 478 0.99 1.00| 0.0039( 139,337 401 0.0% 0.0% 0.0%
7 0.0189 48 400 1.20] 137,923 0.12] 483 0.99 1.00| 0.0039( 139,338 401
8 0.0185 50 400 1.20] 137 860 0.12] 473 0.99 1.00| 0.0039( 139,337 401
9 0.0180 51 400 1.20] 137,780 0.13 460 0.99 1.00| 0.0039( 139,542 401
10| 0.0180 51 400 1.20] 137,745 0.13 4.60 0.99 100 00039 139,307 401

Table 5. Isentropic Flow Validation Data, Expansion-Contraction, Part 2 / 4.
Isentropic Flow validation run. Density, temperature, velocity, and cross-sectional area were recorded at ten points along the

pipe for each run.

Each group of ten rows represents a single

Mach number was calculated, which was then used to determine the choking and stagnation condition

ratios, per Equations (126) - (128). Based on these ratios, the choking conditions were found for each point in the run. The last
three columns present the variation for each of the three choking and stagnation variables in the form standard deviation
divided by average of the ten points. Note that the last run contains 14 points, to examine the effect of resolution on validation

results.
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Recorded Values Calculated Values Ratios - fiMa) Choking / Stagnation Variation
Temper-
Point Area Velocity |ature Density |Pressure|Ma YN B/PD T/T0 A PO T0 A PO T0
(m*~2) (m/s) (K} (kg/m™3)](Pa) (m*"2) (Pa) (K}
1] 0.0180 197 400 1.20] 137,779 0.4% 1.36 0.85 0.95] 0.0132] 162,391 41%
2| 00180 197 400 1.20] 137,779 D.4BI 136 0.85 0.95] 0.0132]| 162,391 41%
3] 0.0182 194 400 1.20] 138,277 0.48 137 0.85 0.96] 0.0132| 162,389 41%
4] 0.0185 190 401 1.21] 139,226 0.47 139 0.86 0.96] 00132| 162,387 41%
5| 00188 186 402 1.21] 140,112 0.46 142 0.86 0.96] 0.0132| 162,383 41% 0.0% 0.0% 0.0%
6] 0.0191 183 403 1.22] 140,549 0.45 144 0.87 0.96] 0.0132| 162,386 41% - - -
?I 0.0189 185 402 1.22] 140,531 0.46 143 0.87 0.96] 00132| 162,379 41%
8| 0.0183 193 401 1.21] 138,587 0.48 1.38 0.85 0.96] 0.0132| 162,376 41%
9 00179 198 400 1.20] 137441 D.4BI 1.35 0.85 0.95] 0.0132| 162,396 41%
10| 0.0179 198 400 1.20] 137,428 0.49 1.35 0.85 0.95] 0.0132| 162,386 41%
1] 00180 189 400 1.20] 137,779 0.47 140 0.86 0.96] 0.0129| 160,371 418
2] 0.0180 189 400 1.20] 137,779 0.47 140 0.86 0.96] 0.0128| 160,371 418
3] 00182 187 400 1.20] 138,229 0.47 141 0.86 0.96] 0.0129| 160,370 418
4] 0.0185 183 401 1.21] 135,081 0.46 143 0.87 0.96] 0.0129| 160,365 418
5| 0.0188 179 402 1.21] 135,885 0.45 146 0.87 0.96] 0.0129| 160,365 418 0.0% 0.0% 0.0%
6] 00191 176 402 1.22] 140,642 0.44 148 0.88 0.96] 0.0129| 160,367 418
7] 0.01%4 172 403 1.22] 141353 0.43 1.50 0.88 0.96] 0.0129| 160,366 418
8] 00187 180 402 1.21] 138,706 0.45 1.45 0.87 0.96] 0.0129| 160,326 418
9] 00179 190 400 1.20] 137,486 0.47 138 0.86 0.96] 0.0129| 160,386 418
10 0.0179 190 400 1.20] 137,324 0.47 1.39 0.86 0.96] 0.0129| 180,250 418
1] 0.0180 245 400 1.20] 137,779 0.61 118 0.78 0.93] 0.0153| 177,312 430
2] 00180 245 400 1.20] 137,779 0.61 118 0.78 0.93] 0.0153| 177,312 430
3] 00182 241 401 1.21] 139,016 0.60 115 0.78 0.93] 0.0153| 177,310 430
4] 0.0186 233 403 1.22] 141281 0.58 1.21 0.80 0.94] 0.0153| 177,304 430
5| 0.01%0 226 405 1.23] 143,327 0.56 124 0.81 0.94] 0.0153| 177,306 430 0.0% 0.0% 0.0%
6] 00154 219 406 1.25] 145146 0.54 127 0.82 0.84] 0.0153| 177,285 430
?I 0.0191 225 405 1.24] 143,501 0.56 1.24 0.81 0.94] 0.0153| 177,258 430
BI 0.0180 245 400 1.20] 137,740 0.61 118 0.78 0.93] 0.0153| 177,272 430
9 0.0175 257 397 1.18] 134,352 0.64 114 0.76 0.92] 0.0153| 177,329 430
10] 0.0175 257 397 1.18] 134,312 0.64 114 0.76 0.92] 00153| 177,300 430
1] 0.03560 245 400 1.20] 137,779 0.61 118 0.78 0.93] 0.0306| 177,297 430
2| 0.0360 245 400 1.20] 137,779 0.61 118 0.78 0.93] 0.0306| 177,297 430
3] 0.0364 241 401 1.21] 138,002 0.60 115 0.78 0.93] 0.0306| 177,285 430
4 00372 233 403 1.22] 141271 0.58 1.21 0.80 0.94] 0.0306| 177,286 430
5| 0.0380 226 404 1.23] 143,311 0.56 1.24 0.81 0.94] 0.0306| 177,286 430 0.0% 0.0% 0.0%
6] 00388 219 406 1.25] 145160 0.54 127 0.82 0.94] 0.0306| 177,298 430 - - -
?I 0.0381 225 405 1.24] 143501 0.56 1.24 0.81 0.94] 0.0306| 177,251 430
8| 0.0360 245 400 1.20] 157,725 0.61 1.18 0.78 0.93] 0.0306) 177,261 430
9] 0.0350 257 397 1.18] 134351 0.64 114 0.76 0.92] 0.0306| 177,332 430
10] 0.0350 257 387 1.18] 134,312 0.64 114 0.76 0.92] 0.0306| 177,303 430

Table 6. Isentropic Flow Validation Data, Expansion-Contraction, Part 3 / 4.
Isentropic Flow validation run. Density, temperature, velocity, and cross-sectional area were recorded at ten points along the
Mach number was calculated, which was then used to determine the choking and stagnation condition
ratios, per Equations (126) - (128). Based on these ratios, the choking conditions were found for each point in the run. The last
three columns present the variation for each of the three choking and stagnation variables in the form standard deviation
divided by average of the ten points. Note that the last run contains 14 points, to examine the effect of resolution on validation

pipe for each run.

results.

Each group of ten rows represents a single
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Recorded Values Calculated Values Ratios - fiMa) Choking / Stagnation Variation
Temper-
Point Area Velocity [ature Density |Pressure|Ma AfAe P/PO T/T0 A PO TO A* PO T0
(m"2)  [(mfs] |(Ki (kg/m*3}|(Pa) (m*2] |iPa] L]
1 0.0360 212 A00 1.20| 137,779 0.53 1.29 0.83 0.95 0.0279| 166,706 422
2] 0.0360 212 A0 120 137,779 0.53 1.29 0.83 0.95 0.0279| 166,706 422
3 0.0364 209 401 1.21] 138584 0.52] 1.30 0.83 0.95 0.0279| 166,699 422
4 0.0372 203 402 1.21] 140,085 0.50| 133 0.84 0.95 0.0279| 166,698 422
5 0.0380 197 403 1.22] 141480 0.45| 1.36 0.85 0.95 0.0279| 166,706 422 D.0% 0.0% 0.0%
6] 0.0388 192 404 1.23] 142,741 0.48] 1.39 0.86 0.96] 0.0279| 166,706 422
?I 0.0381 187 403 1.22] 141605 DABI 1.36 0.85 0.95 0.0280| 166,671 422
BI 0.0358 214 400 1.20] 137,200 D.53| 128 0.82 0.95 0.0280| 166,664 422
o] 0.0345 225 397 1.1B] 134,367 0.56| 1.23 0.81 0.94| 0.0279| 166,738 422
10 0.0345 2325 357 1.18] 134,250 0.56 1.23 0.81 0.54 0.0280| 166,678 422
1 0.0360 212 A00 1.20| 137,779 0.53 1.29 0.83 0.95 0.0279| 166,706 422
2] 0.0360 212 A0 120 137,779 0.53 1.29 0.83 0.95 0.0279| 166,706 422
3 0.0364 209 401 1.21] 138584 0.52] 1.30 0.83 0.95 0.0279| 166,699 422
4 0.0372 203 402 1.21] 140,085 0.50| 133 0.84 0.95 0.0279| 166,698 422
5 0.0380 197 403 1.22] 141480 0.45| 1.36 0.85 0.95 0.0279| 166,706 422 D.0% 0.0% 0.0%
6] 0.0388 192 404 1.23] 142,741 0.48] 1.39 0.86 0.96] 0.0279| 166,706 422
?I 0.0381 187 403 1.22] 141605 DABI 1.36 0.85 0.95 0.0280| 166,671 422
EI 0.0358 214 A0 1.20] 137,200 D.53| 128 0.82 0.95 0.0280| 166,664 422
o] 0.0345 225 397 1.1B] 134,367 0.56| 1.23 0.81 0.94| 0.0279| 166,738 422
10 0.0345 2325 357 1.18] 134,250 0.56 1.23 0.81 0.54 0.0280| 166,678 422
1 0.0300 162 330 1.20] 113,668 0.44] 1.46 0.87 0.96 0.0205| 130,199 343
2] 0.0300 162 330 1.20] 113,668 0.44] 1.46 0.87 0.96 0.0205| 130,199 343
3 0.0295 165 329 1.19] 112,983 0.45 1.44 0.87 0.96| 0.0205| 130,191 343
4 0.0280 177 327 1.18| 110,623 0.49| 1.36 0.85 0.95 0.0205| 130,165 343
5 0.0265 190 325 1.15| 107,748 D.53| 1.29 0.83 0.95 0.0205| 130,199 343 D.0% 0.0% 0.0%
6] 0.0250 207 322 1.13] 103,923 0.58| 122 0.80 0.94] 0.0205| 130,164 343 - - -
?I 0.0235 228 317 1.08| 08,881 0.64] 1.15 0.76 0.92 0.0205| 130,239 343
EI 0.0222 255 311 1.05 92,003 0.72] 108 0.71 0.91 0.0205| 130,177 343
9] 0.0213 279 305 0.98] 85798 0.80| 1.04 0.66 0.89] 0.0205| 130,367 343
10 0.0215 280 304 0.98| B5,272 0.80| 1.04 0.66 0.89 0.0205| 130,134 343
1 0.0300 165 350 1.20] 113,668 0.45 1.44 0.87 0.96 0.0209| 130,937 344
2] 0.0300 165 330 1.20] 113,667 0.45 1.44 0.87 0.96 0.0209| 130,937 344
3 0.0305 162 331 1.20] 114,304 0.44] 1.46 0.87 0.96| 0.0209| 130,910 344
4 0.0315 156 332 1.21] 115513 0.43 151 0.88 0.96 0.0209| 130,899 344
5 0.0325 150 332 1.22] 116,618 0.41 156 0.89 0.97 0.0208| 130,913 344 D.5% 0.5% 0.0%
6] 0.0335 144 333 1.23] 117,578 0.39] 1.61 0.90 0.97| 0.0208| 130,912 344
?I 0.0308 161 331 1.20] 114 387 0.44] 1.47 0.88 0.96 0.0209| 130,697 344
EI 0.0244 220 320 1.11] 101566 0.61 1.17 0.78 0.95 0.0208| 131045 344
9] 0.0213 282 304 0.99] 86,570 0.81 1.04 0.65 0.89] 0.0206| 132,712 344
10 0.0215 286 303 0.98| B4 508 0.82] 1.03 0.64 0.B8 0.0207| 132,057 344
1 0.0300 159 350 1.20] 113,668 0.44] 1.4% 0.88 0.96 0.0202| 129479 343
2] 0.0300 159 330 1200 113,765 0.44] 1.49 0.88 0.96 0.0202| 129,586 343
3 0.0303 157 330 1.20] 113,998 0.43 1.50 0.88 0.96| 0.0202| 129498 343
4 0.0308 154 331 1.21] 114583 0.42] 152 0.88 0.97 0.0202| 129,454 343
5 0.0313 151 331 1.21] 115100 0.41 155 0.89 0.97 0.0202| 125,471 342
6] 0.0318 148 332 1.21] 115,5%0 0.41 157 0.89 0.97] 0.0202| 129,452 342
?I 0.0325 145 332 1.22] 116,108 0.40| 1.60 0.50 0.97 0.0202| 129 468 342 0.6% 0.6% 0.0%
EI 0.0328 142 332 1.22] 116,589 0.39| 162 0.50 0.97 0.0202| 129,475 342 - - -
9] 0.0333 140 333 1.23] 118,987 0.38| 1.65 0.90 0.97] 0.0202| 129,448 342
10 0.0338 138 333 1.23] 117,376 0.38] 1.67 0.91 0.97 0.0202| 129,429 342
11 0.0310 152 331 1.21] 114 65% 0.42] 153 0.89 0.97 0.0202| 129,307 342
12 0.0247 206 321 1.12] 103,600 0.57] 122 0.80 0.94| 0.0202| 129,459 343
13 0.0215 261 309 1.05 90,870 0.74] 1.07 0.69 0.90 0.0200) 130,873 343
14 0.0215 283 303 0.95 82,224 0.81 1.03 0.65 0.88 0.0206| 126,755 343
Table 7. Isentropic Flow Validation Data, Expansion-Contraction, Part 4 / 4. Each group of ten rows represents a single

Isentropic Flow validation run. Density, temperature, velocity, and cross-sectional area were recorded at ten points along the

pipe for each run.

Mach number was calculated, which was then used to determine the choking and stagnation condition

ratios, per Equations (126) - (128). Based on these ratios, the choking conditions were found for each point in the run. The last
three columns present the variation for each of the three choking and stagnation variables in the form standard deviation
divided by average of the ten points. Note that the last run contains 14 points, to examine the effect of resolution on validation

results.
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HEM Simulation Validation
The data contained in this section was used to validate that the two-phase simulation yields accurate
results while an HEM assumption is valid. The analysis is found on page 46.

Pre-Set Conditions Calculated Values|Prediction |Actual Percent Difference Velocity Difference
Cross- Wall Friction |Temper- |Inlet Gas |Inlet Void |Interphase Drag [Inlet Liquid Mass |Liquid Mass |Liquid Mass Flow  |Liquid |Gas Velocity  |Percent Velocity
Run |sectional Area [Length |Factor ature Density |Fraction |Coefficient Pressure [Quality |Flow Rate  |Flow Rate |Rate Velocity |Velocity [Difference |Difference

(m*2) (m) () {kg/m*3) {Pa) (kg/s) (kg/s) (m/s) |(m/s) |(m/s)
1] 0.05 25 0.05 250] 1.4353 0.7] 10| 103,000|0.00334 13.39 13.30] 0.6% 0.90| 0.98 0.08| 9.0%
2| 0.05 25 0.05 250 1.4353 0.3 10| 103,000|0.00061 31.36] 31.23] 0.2%, 0.50 0.95 0.05 5.9%)|
3] 0.03 25 0.05 250| 1.4353 0.3 10| 1032,000|0.00061 16.56| 16.52 0.2% 0.79 0.24 0.05 5.9%)
4] 0.03 25 0.05 290 1.4353 0.3 10| 119,480|0.00061 49.22] 48.89 0.7%) 2.39 2.54 0.15 6.0%)
E 0.03 25 0.05 290| 1.3000 0.3 10| 108,214|0.00056) 31.22] 31.10] 0.4% 1.50| 1.59 0.09 6.0%
6 0.03 25 0.07 230 1.3000 0.3 10| 108,214) 0.00056] 26.38 26.29) 0.3%, 1.27 1.36) 0.0 7.0%)
7| 0.03 25 0.07] 290| 1.3000 0.5 10| 108,214|0.00130 18.72] 18.62 0.5% 1.27] 138 0.11] 8.3%)
8 0.03 39 0.07 230 1.3000 0.5 10| 108,214|0.00130| 14.99 14.84 1.0%) 1.01 1.10 0.09 8.6%)
El 0.08] 39 0.07] 320 1.3000 0.5 10| 119,409|0.00130 79.64] 78.63] 1.3% 2.06| 2.25 0.19 8.7%)
10] 0.03 39 0.07| 320] 1.3000 0.5 10| 119,409|0.00130 23.37] 23.12] 1.1% 2.06| 2.25 0.13 8.7%
11] 0.05 39 0.05 250 1.4353 0.7] 10| 103,000|0.00334 10.72] 10.57 1.4%, 0.72] 0.79 0.07] 9.3%)
12] 0.05 39 0.02] 250| 1.4353 0.7] 10| 103,000|0.00334 16.95 16.78] 1.0% 113 1.20 0.07] 6.0%
13 0.05 39 0.02] 320 1.4353 0.7| 10| 131,840|0.00334 61.34] 59.98 2.2%) 4.39 4.68 0.29 6.3%)
14] 0.05 39 0.02] 320] 1.4353 0.7] 20| 131,840|0.00334 61.34] 60.11] 2.0% 4.39 4.60 0.20] 4.5%)
15| 0.05 39 0.02 320 1.4353 0.7 23| 131,840) 0.00334] 61.34] 60.13] 2.0%, 4.39 4.58) 0.19 4.2%)|
16 0.05 39 0.02] 320] 1.4353 0.7] 50| 131,840|0.00334] 61.34] 60.22] 1.8% 4.40| 4.52 0.13 2.3%)
17| 0.05 39 0.02 320 1.4353 0.7 200] 131,840(0.00334 61.34] 60.32] 1.7%) 4.40 4.46) 0.06 1.4%)
18] 0.05 39 0.02] 320 1.4353 0.7] 16000 131,840)0.00334 61.34] 60.41] 1.5%, 4.40| 4.41 0.01] 0.2%)
19 0.05 39 0.02] 320] 1.4353 0.7] 5| 131,840/ 0.00334] 61.34] 59.79 2.5% 4.39 4.80 0.41] 8.8%
20 0.05 39 0.02] 320 1.4353 0.7] 2| 131,340)0.00334 61.34] 59.42 3.1%, 4.39 5.03 0.64| 13.7%
21] 0.05 39 0.02] 320 1.4353 0.7] 1| 131,840)0.00334 61.34] 59.02) 3.8% 4.38] 5.29 0.91] 18.8%

Table 8. HEM Validation Data. Each row represents an HEM validation run. The first group of columns show the parameters
used to set up the run. For all runs the liquid density was 1000 kg/m”3 and the outlet pressure was 101,000 Pa. The predicted
mass flow rate was calculated, before the model ran, using Equation (145). The simulation produced a liquid mass flow rate
result, once steady-state was achieved. To measure the validity of the HEM assumption, the differences in phase velocity were
also recorded. Note that runs 13-21 have the same input parameters except for interphase drag coefficient. This was to isolate
the effects of velocity difference on the variation from the expected mass flow rate value. These runs were used to create
Figure 21.
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Appendix C: Single Phase Simulation Code

Junction Block Code

Junction_OLD

function

[MassFlow,MomentumFlow, EnergyFlow,Friction, P_Ave, Ave_Vel, Ave_Rho,Ave_Temp] =
Junction_OLD (US_Temperature,US_Density,US_Velocity,US_Area,US_Length,US_Junc,
DS_Temperature,DS_Density,DS_Velocity,DS_Area,DS_Length,DS_Junc, Start, End_Pre
ssure, Last_Step, Last_2Step, US_Junc_OLD,DS_Junc_OLD, Height)

$JUNCTION This is the main function to calculate the flows and state
$between two adjacent volumes (or on a boundary condition).

This function finds the average temperature, pressure and velocity
between two volumes (or on a boundary condition), then calculates the
mass, momentum and energy flows between the two volumes.

o° o o

%% Constants

Cv = 724.96; % [J/kg-K]
R = 287.04; % [J/kg-K]
expercent = 0.8;

f 0.05;

$ £ = 0.00682613;
%$This constant can be adjusted to change how friction is calculated.
%$See the help for the function "FrictionCalc" for details.

%% Junction Type Determination

if End_Pressure > 0

[

%% Right Boundary Condition

A = US_Area;
Total_L = 2*US_Length;

if DS_Junc.PressureForce == 9999
[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave] =
Outlet_OLD(US_Temperature,US_Density,US_Velocity,DS_Temperature,DS_Density, DS
_Velocity,US_Junc,Last_Step, Last_2Step,US_Junc_OLD, expercent,R);
else
[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave] =
Intlet_OLD(DS_Temperature,DS_Density,DS_Velocity,US_Temperature,US_Density,US
_Velocity,US_Junc, Last_Step, Last_2Step,US_Junc_OLD, expercent,R) ;
end

elseif Start
%% Left Boundary Condition

Total_L = 2*DS_Length;
A = DS_Area;

if US_Junc.PressureForce == 9999
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[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave] =
Intlet_OLD(US_Temperature,US_Density,US_Velocity,DS_Temperature,DS_Density, DS
_Velocity,DS_Junc,Last_Step, Last_2Step,DS_Junc_OLD, expercent,R);

else

[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave] =
Outlet_OLD(DS_Temperature,DS_Density,DS_Velocity,US_Temperature,US_Density,US
_Velocity,DS_Junc, Last_Step, Last_2Step,DS_Junc_OLD, expercent,R) ;

end

else
%% Interior Cells

[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave,A,Total_L] =
Inner_OLD(US_Temperature,US_Density,US_Velocity,US_Area,US_Length,DS_Temperat
ure, DS_Density,DS_Velocity,DS_Area,DS_Length,R);
end

%% Other Losses

% These losses are added to the friction factor.
= RapidExpansion (Ave_Vel, Ave_Rho,US_Area,DS_Area,A,Total_L,0);
0;

J
$ P_Ave = P_Ave + 2*P_loss;

%% Flow Calculations
% To be used by adjacent volumes.

[MassFlow,MomentumFlow, EnergyFlow,Friction] =
FlowPropsOLD (Ave_Temp, Ave_Rho,Ave_Vel,A,Total_L,f,f_adj,Cv,R,Height);

end

Outlet_OLD

function [Ave_Temp,Ave_Rho,Ave_Vel,Ave_P] =

Outlet_OLD (IN_Temp, IN_Rho, IN_Vel,OUT_Temp, OUT_Rho,OUT_Vel, IN_Junc,Last_Step,L
ast_2Step,Adj_Junc, expercent,R)

$OUTLET This function calculates the properties of a boundary condition that
%is letting fluid out of the model.

This function calculates junction properties with a real volume inlet

and a constant outlet.

o o

$Property extrapolation:

Ave_Temp =
extrapolate (IN_Temp, IN_Junc.Ave_Temp, Last_Step.Ave_Temp, Last_2Step.Ave_Temp, A
dj_Junc.Ave_Temp, IN_Temp, expercent) ;
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Ave_Rho =

extrapolate (IN_Rho, IN_Junc.Ave_Rho, Last_Step.Ave_Rho,Last_2Step.Ave_Rho,Adj_J
unc.Ave_Rho, IN_Rho, expercent) ;

Ave_Vel =

extrapolate (IN_Vel, IN_Junc.Ave_Vel, Last_Step.Ave_Vel,Last_2Step.Ave_Vel,Adj_J
unc.Ave_Vel, IN_Vel, expercent) ;

%$Calculate pressure based on type of boundary condition:

if OUT_Vel == 0

Ave_P = OUT_Rho*OUT_Temp*R;
else

Ave_P = Ave_Rho*Ave_Temp*R;
end
end
Inlet_OLD

function [Ave_Temp,Ave_Rho,Ave_Vel,Ave_P] =

Intlet (IN_Temp, IN_Rho, IN_Vel,OUT_Temp, OUT_Rho,OUT_Vel,OUT_Junc,Last_Step,Last
_2Step,Adj_Junc,expercent,R)

$INLET This function performs calculations for the boundary condition that
$fluid is flowing into.

This calculates junction properties from upstream constants and
properties from a real downstream cell.

o o

%$Pass Constants:

Ave_Temp = IN_Temp;
Ave_Rho = IN_Rho;
Ave_P = IN_Temp*IN_Rho*R;

%$Calculate Velocity based on BC method:

if IN_Vel == 0
Ave_Vel =
extrapolate (OUT_Vel, OUT_Junc.Ave_Vel,Last_Step.Ave_Vel, Last_2Step.Ave_Vel, Adj
_Junc.Ave_Vel,OUT_Vel, expercent) ;
else
Ave_Vel =
Ave_P = 0;
end

IN_Vel;

end
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Inner_OLD
function [Ave_Temp,Ave_Rho,Ave_Vel,P_Ave,A,L,Void] =

Inner_OLD(IN_Temp, IN_Rho, IN_Vel, IN_Area, IN_Length, OUT_Temp, OUT_Rho, OUT_Vel, OU

T_Area,OUT_Length, R)

$INNER This function calculates the average properties for a junction with
$two real adjacent volumes.

All properties are length-averaged, or calculated from length-averaged
% properties.

o\

Ave_Temp,L] = LengthAve (IN_Temp, IN_Length,OUT_Temp, OUT_Length) ;

[

[Ave_Rho,~] = LengthAve (IN_Rho, IN_Length,OUT_Rho,OUT_Length) ;
[Ave_Vel,~] = LengthAve(IN_Vel, IN_Length,OUT_Vel, OUT_Length);
[A,~] = LengthAve (IN_Area, IN_Length,OUT_Area,OUT_Length);

% IN_Temp

% OUT_Temp

% Ave_Temp

$Pressure is calculated from the length-averaged density and temperature
$properties, rather than being calcualated for the adjacent volumes, then
%$length-averaged.

P_Ave = Ave_Rho*Ave_Temp*R;

end

RapidExpansion

function [f_adj] = RapidExpansion (Ave_Vel,Ave_Rho,US_Area,DS_Area,A,L,f_adj)

$RAPIDEXPANSION This function adjusts the friction factor to account for

$the losses associated with a rapid expansion of area in the direction of

$flow.

If there is no rapid expansion in the direction of flow, then the f_adj

input is returned as output. Otherwise, the Borda-Carnot sudden

expansion equation is applied. It states that the drop in pressure,
Delta_P = rho*Al/A2* (1 - Al/A2)*v"2 <—=V1-2

This equation is converted into an adjusted friction factor, so that

when friction is applied in the adjacent volumes, the losses associated

with the sudden expansion are also applied.

o® o° o° o° o o°

o\

o\

% Previous code
% This was incorporated into friction factor

x = 0.77;
if Ave_Vel > 0
if DS_Area > US_Area
f_adj = f_adj + 4*x*(US_Area/DS_Area)* (1 -

US_Area/DS_Area) *sqrt (4*A/pi) /L;
end
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else

if DS_Area < US_Area
f_adj = f_adj + 4*x*(DS_Area/US_Area)* (1 -
DS_Area/US_Area) *sqrt (4*A/pi) /L;
end

end

%% Current Code
% Direct Pressure loss in volume

DeltaP = 0;

if Ave_Vel > 0
if DS_Area > US_Area
end

else
if DS_Area < US_Area

DeltaP
end

o0 o° o° o o O° A° A A O O o° o° o° o

end

end

DeltaP = Ave_Rho* (US_Area/DS_Area)* (1 - US_Area/DS_Area) *Ave_Vel”"2;

Ave_Rho* (DS_Area/US_Area)* (1 - DS_Area/US_Area) *Ave_Vel"2;

FlowPropsOLD

function [MassFlow,MomentumFlow,EnergyFlow,Friction] =

FlowPropsOLD (Ave_Temp, Ave_Rho, Ave_Vel,A,L,f,f_adj,Cv,R,Height)
$FLOWPROPS This function calculates the mass, momentum and energy flows

$between the adjacent volumes. It also calculates friction.
% These values represent the mass/momentum/energy leaving the left volume
% and entering the right volume. This ensures conservation.

g = 9.81; % [m/s"2]

MassFlow = Ave_Vel*A*Ave_Rho;
MomentumFlow = MassFlow*Ave_Vel;
EnergyFlow = MassFlow* (Ave_Temp* (Cv+R) + Ave_Vel”2/2 + Height*q);
$The above and below equations are equivalent, but are both kept for

$reference.
$EnergyFlow = MassFlow* (T_ave*Cv + v_ave"2/2 + P_ave/rho_ave);

Friction = FrictionCalc (Ave_Temp,Ave_Rho,Ave_Vel,A,L,f,f_adj);
$The last constant here can be adjusted to change how friction is
$calculated. See function help for details.

end
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extrapolate

function [y00] = extrapolate(yl0,y21,y01,y02,y22,bound, percent)
$EXTRAPOLATE This function extrapolates by space and time. It does not
%allow the extrapolated value to exceed a bound by a certain percent.
$The extrapolated bound must be within (percent*bound,bound/percent).

%% Extapolate:

%% Average two first-order extrapolations: (working, not for D,T,P BC)
% y00 = (2*yl0 - y21 + 2*y01 - y02)/2; %Saving to back up.

o\

% 1lst Order / 1lst Order Attempt
$While estimating yll

o\

$Estimate yll:
$This is the value in the adjacent volume for the previous time step.

o° o

o\

yll = (y21 + y01)/2;

o o

o\

$Extrapolate using First-order in space and First-order in time:

o\

o\

y00 = 2*yll - y22;

%% Estimate y20 by time extrapolation, then find y00 by space extrapolation:
(working, not for D,T,P BC)

=
N
o
|

= 2*y21 - y22;
= 2*yl1l0 - y20;

=

o

o
|

%% Define upper and lower bounds, based on sign.

if bound >= 0

upper = bound/percent;

lower = bound*percent;
else

upper = bound*percent;

lower = bound/percent;
end

%% Coerce to limits if extrapolated value is not within range.

if y00 < lower
y00 = lower;
elseif y00 > upper
y00 = upper;
end

end




LengthAve

function [Ave_Prop,Total] = LengthAve (US_Prop,US_Length,DS_Prop,DS_Length)

$LENGTHAVE This function averages aproperty based on the conditions in the

%adjacent cells.

% This function is weighted by length such that the resulting property is
more similar to the shorter cell (the cell with the closest center).

o\

%$Find the total Length:

Total = US_Length + DS_Length;

$Average by length weighting:

Ave_Prop = (DS_Length*US_Prop + US_Length*DS_Prop) /Total;

end

FrictionCalc

function [Friction] = FrictionCalc (Ave_Temp,Ave_Rho,Ave_Vel,A,L,f,f_adj)
$FRICTIONCALC This function calculates the frictional force exerted in the
%$junction, to be used by the adjacent volumes. This function has the
%$option to use different types of friction settings.

% e If £ = 0, Friction = 0, regardless of other parameters. Use this case
% if you are using flow without friction.

% e« If £f = 1, Friction is calculated from Reynolds number. Use this case
% if you are using the smooth pipe calculations.

% e For all other f, friction is calculated using a constant friction

% factor (determined by f).

$If £ = 0, do not bother with the rest of the calculations:, unless there

%$1s an adjustment.

if £ == 0 && f_adj == 0
Friction = 0;
else

$Calculate needed properties:

Dh = sqrt (A*4/pi);
mu = 1.983e-5*sqrt (Ave_Temp/300) ;
mu = 0.0005
mu = exp(578.919/ (Ave_Temp — 137.546) - 3.7188);
Re = Ave_Rho*abs (Ave_Vel) *Dh/mu;

o\

o\

%$Calculate f based on Re, 1f £ = 1:



if £ ==1
if Re <= 1189.4
f = 64/Re + f_adj;
elseif Re <= 49817.9
f = 0.316*Re™(-1/4) + f_adj;
else
£
end
= 0.0791*Re”(-1/4) + f_adj;
else
f =f + f_adj;
end

0@ o° o° o oe

o\

0.184*Re”(-1/5) + f_adj;

o\

h

%$Calculate the force due to friction:

Tau = Ave_Vel”2*Ave_Rho*f/8§;

Friction = —-sign(Ave_Vel)*L*Dh*pi*Tau/4;
$NOTE: the 1/4 is because L refers to the total length of both
%adjacent volumes. For this value to be used by volumes, it must

$represent 1/2 of the length of a volume.

end




Volume Block Code

ICs

function
ICs (Temperature,Density,Velocity,Area, Length, Angle, US_Height)

[

Mass,Momentum, Energy, Volume, Height] =

SpHeatV 724.96; % [J/kg-K]

g =9.81; % [m/s"2]

Height = US_Height + Length*sin(Angle*pi/180);

H = (Height + US_Height)/2;

Volume = Area*Length;

Mass = Volume*Density;

Momentum = Mass*Velocity;

Energy = Mass* (SpHeatV*Temperature + 0.5*Velocity”™2 + g*H);
MomentumAdj

function Force =
MomentumAdj (US_Press,US_Friction,US_Area,DS_Press,DS_Friction,DS_Area,V_Area,
V_Mass,Vel,L,Angle)
%% MOMENTUMADJ

%$This function calculates all the forces applied to the momentum flow in

%$the volume cell.

o Q

% Rati

o\

[)

O

= 9.81;

$ [m/s"2]

This calculates the ratio of pressure in the x direction to total
$pressure.

US_Dh = sqrt (4*US_Area/pi);

DS_Dh =
V_Dh =

o\

US_R
DS_R
US_R

o° o

o\

b

= 0;

o° o o

o\

o° o o° o° o d° o o

o\

sqrt (4*DS_Area/pi);

sqrt (4*V_Area/pi);

DS R =

end

(
(
0
0

T
adjacent volumes.
a

else

V_Dh - US_Dh)/sqrt ((V_Dh — US_Dh)" 2 + 4*L"2);
DS_Dh - V_Dh)/sqrt ((DS_Dh - V_Dh)" 2 + 4*L"2);

’

’

% Changing Area Calculations
his section calculates the area difference between the current volume and
If this volume's cross-sectional area is larger,
djustment to the pressure forces needs to be applied.

if US_Area > 0 && DS_Area > O

if US_Area < V_Area

US_Diff V_Area - US_Area;
US_Diff = 0;

US_Diff = 0;
US_Area = V_Area;
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o\

o\

if DS_Area < V_Area

DS_Diff = V_Area - DS_Area;
else

DS_Diff = 0;

DS_Area = V_Area;

o° o o

o\

% end

% else

% US_Diff = 0;
3 DS_Diff = 0;

o\

end

[)

% Pressure Balance

o\

% Pressure = US_Press*US_Area + x*US_Diff*V_Press - DS_Press*DS_Area -
x*DS_Diff*V_Press;
% Pressure = US_Press*US_Area - DS_Press*DS_Area;

Pressure = US_Area*US_Press + (DS_Area - US_Area)* (US_Press + DS_Press)/2 -
DS_Area*DS_Press;

%% Body Force

Fg = V_Mass*g*sin(pi*Angle/180);

%% Total Force

Force = Pressure + US_Friction + DS_Friction - Fg;

end

Volume

function [Temperature,Density,Velocity,Pressure] =
Volume (Mass, Momentum, Energy, Volume, US_Height, Height)
SpHeatV = 724.96; % [J/kg-K]

R = 287.04;

g 9.81; % [m/s"2]

H = (US_Height + Height)/2;

Density = Mass/Volume;

Velocity = Momentum/Mass;

Temperature = (Energy/Mass — Velocity”2/2 - H*g)/SpHeatV;
Pressure = Density*Temperature*R;

$ mu = 1.983e-5*(abs (Temperature)/300)"(1/2);

% Dh = sqgrt(4*Area/pi);

% Re = Density*abs(Velocity) *Dh/mu;

o\

if Re <= 1189.4
f 64/Re;
else

o\

o\
Il

o\
h
Il

0.316*Re”(-1/4);



end

Tau = Velocity”2*Density*f/8;

Friction = sign(Velocity) *Length*Dh*pi*Tau;

US_P = US_VolumeProps.Density*US_VolumeProps.Temperature*R;

DS_P = DS_VolumeProps.Density*DS_VolumeProps.Temperature*R;

s BodyForces = US_P* (Area*Length +

US _VolumeProps.Area*US_VolumeProps.Length)/ (Length + US_VolumeProps.Length)
DS_P* (Area*Length + DS_VolumeProps.Area*DS_VolumeProps.Length)/ (Length +
DS_VolumeProps.Length) - Friction;

0@ o° o° o° o° o°
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Appendix D: Two Phase Simulation Code
Please note that functions used by both the single phase and two phase simulations are only shown in
“Appendix C: Single Phase Simulation Code.”

Junction Block Code

Junction_V

function

[MassFlow, MomentumFlow, EnergyFlow,Ave_Temp, Ave_Vel, Ave_Rho,P_Ave,Void_Fractio
n] =

Junction_V (US_Temperature,US_Density,US_Velocity,US_Area,US_Length,US_Junc, DS
_Temperature,DS_Density,DS_Velocity,DS_Area,DS_Length,DS_Junc, Start,End_Press
ure, Last_Step,Last_2Step, US_Junc_OLD,DS_Junc_OLD,US_Vol,DS_Vol,Height)
$JUNCTION This is the main function to calculate the flows and state

$between two adjacent volumes (or on a boundary condition).

This function finds the average temperature, pressure and velocity
between two volumes (or on a boundary condition), then calculates the
mass, momentum and energy flows between the two volumes.

o o

o\

%% Constants

rho_water = 1000; % [kg/m"3]

Cv = 724.96; % [J/kg-K]

R = 287.04; % [J/kg-K]

expercent = 0.8;

f = 0;
%$This constant can be adjusted to change how friction is calculated.
%$See the help for the function "FrictionCalc" for details.

US_Void US_Vol.Void_Fraction;
DS_Void = US_Vol.Void_Fraction;

%% Junction Type Determination

if End_Pressure > 0

[

%% Right Boundary Condition

A = US_Area;
Total_L = 2*US_Length;

if End_Pressure == 9999
[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave,Void_Fraction] =
Outlet (US_Temperature,US_Density,US_Velocity,US_Void,DS_Temperature,DS_Densit
y,DS_Velocity,US_Junc,Last_Step, Last_2Step,US_Junc_OLD, expercent, R) ;
else
[Ave_Temp,Ave_Rho,Ave_Vel,P_Ave,Void_Fraction] =
Intlet (DS_Temperature,DS_Density,DS_Velocity,DS_Void, US_Temperature,US_Densit
y,US_Velocity,US_Junc,Last_Step, Last_2Step,US_Junc_OLD, expercent,R);
end

elseif Start > O

[}

%% Left Boundary Condition
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Total_L = 2*DS_Length;
A = DS_Area;

if Start == 9999
[Ave_Temp,Ave_Rho,Ave_Vel,P_Ave,Void_Fraction] =
Intlet (US_Temperature,US_Density,US_Velocity,US_Void, DS_Temperature,DS_Densit
y,DS_Velocity,DS_Junc,Last_Step, Last_2Step,DS_Junc_OLD, expercent,R);
else
[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave,Void_Fraction] =
Outlet (DS_Temperature,DS_Density,DS_Velocity,DS_Void, US_Temperature,US_Densit
y,US_Velocity,DS_Junc,Last_Step, Last_2Step,DS_Junc_OLD, expercent,R) ;
end

else
%% Interior Cells

[Ave_Temp, Ave_Rho,Ave_Vel,P_Ave,A,Total_L,Void_Fraction] =
Inner (US_Temperature,US_Density,US_Velocity,US_Area,US_Length,US_Void,DS_Temp
erature,DS_Density,DS_Velocity,DS_Area,DS_Length,DS_Void,R);
end
%% Two-phase mixing
Now that the average properties are determined, this section the
mixture ratio.

o
o
o
o

[

% [MassRatio,Mix_v] =
Mixing (US_Mass_R,US_Density,US_Length,US_Area,DS_Mass_R,DS_Density,DS_Length,
DS_Area,Ave_Rho,A,rho_water) ;

%% Other Losses
% These losses are added to the friction factor.

A = Void_Fraction*A;
f_adj = RapidExpansion (Ave_Vel,Ave_Rho,US_Area,DS_Area,A,Total_L,0);

$ P_Ave = P_Ave + 2*P_loss;

%% Flow Calculations
% To be used by adjacent volumes.

[MassFlow, MomentumFlow, EnergyFlow,~] =
FlowProps (Ave_Temp, Ave_Rho,Ave_Vel,P_Ave,A,Total_L,f,f_adj,Cv,Height,A);

end

Junction_L
function [MassFlow,MomentumFlow,EnergyFlow,Friction,Ave_Temp,Ave_Vel] =
Junction_L(US_Temperature,US_Density,US_Velocity,US_Area,US_Length,US_Junc, DS
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_Temperature,DS_Density,DS_Velocity,DS_Area,DS_Length,DS_Junc, Start, End_Press
ure, Last_Step, Last_2Step, US_Junc_OLD,DS_Junc_OLD,Ave_P,Void_Fraction, Height)
$JUNCTION_L This is the main function to calculate the flows and state
$between two adjacent volumes (or on a boundary condition).

This function finds the average temperature, pressure and velocity
between two volumes (or on a boundary condition), then calculates the
mass, momentum and enerqgy flows between the two volumes.

o° o

o\

%% Constants

C_water = 4180; % [J/kg-K]

rho_water = 1000; % [kg/m"3]

expercent = 0.8;

f =10.02; %0.032;
$This constant can be adjusted to change how friction is calculated.
%$See the help for the function "FrictionCalc" for details.

VEF = 0; %Void Filler: Void fraction is already caclulated. Nearby void

fractions are not needed.

%% Junction Type Determination

if End_Pressure > 0
%% Right Boundary Condition

A = US_Area;
Total_L = 2*US_Length;

if End_Pressure == 9999
[Ave_Temp, ~,Ave_Vel, ~,~] =
Outlet (US_Temperature,US_Density,US_Velocity,VF,DS_Temperature,DS_Density,DS_
Velocity,US_Junc, Last_Step,Last_2Step,US_Junc_OLD, expercent, 0) ;
else
[Ave_Temp, ~,Ave_Vel, ~,~] =
Intlet (DS_Temperature,DS_Density,DS_Velocity, VF,US_Temperature,US_Density, US_
Velocity,US_Junc, Last_Step, Last_2Step, US_Junc_OLD, expercent, 0) ;
end

elseif Start > 0
%% Left Boundary Condition

Total_L = 2*DS_Length;
A = DS_Area;

if Start == 9999
[Ave_Temp, ~,Ave_Vel, ~] =
Intlet (US_Temperature,US_Density,US_Velocity, VF,DS_Temperature,DS_Density,DS_
Velocity,DS_Junc,Last_Step,Last_2Step,DS_Junc_OLD, expercent, 0) ;
else
[Ave_Temp, ~,Ave_Vel, ~] =
Outlet (DS_Temperature,DS_Density,DS_Velocity, VF,US_Temperature,US_Density,US_
Velocity,DS_Junc,Last_Step,Last_2Step,DS_Junc_OLD, expercent, 0) ;
end
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%% Interior Cells

[Ave_Temp, ~,Ave_Vel, ~,A,Total_L] =
Inner (US_Temperature,US_Density,US_Velocity,US_Area,US_Length,VF,DS_Temperatu
re,DS_Density,DS_Velocity,DS_Area,DS_Length,VF,0);
end
%% Two-phase mixing
Now that the average properties are determined, this section the
mixture ratio.

o)
°
o)

°

[)

% [MassRatio,Mix_v] =
Mixing (US_Mass_R,US_Density,US_Length,US_Area,DS_Mass_R,DS_Density,DS_Length,
DS_Area,Ave_Rho,A,rho_water) ;

%% Other Losses
% These losses are added to the friction factor.

Flow A = (1 — Void_Fraction) *A;
f_adj = RapidExpansion (Ave_Vel,rho_water,US_Area,DS_Area,A,Total_L,0);
%% Flow Calculations
% To be used by adjacent volumes.
[MassFlow,MomentumFlow, EnergyFlow,Friction] =
FlowProps (Ave_Temp, rho_water,Ave_Vel,Ave_P,Flow_A,Total_L,f, f_adj,C_water, Hei

ght,d);

end

Outlet

function [Ave_Temp,Ave_Rho,Ave_Vel,Ave_P,Void_Fraction] =

Outlet (IN_Temp, IN_Rho, IN_Vel, IN_Void, OUT_Temp, OUT_Rho,OUT_Vel, IN_Junc,Last_St
ep,Last_2Step,Adj_Junc, expercent,R)

$OUTLET This function calculates the properties of a boundary condition that
%is letting fluid out of the model.

This function calculates junction properties with a real volume inlet

and a constant outlet.

o o

Property extrapolation:
IN_Temp = IN_Temp
J_TempIN = IN_Junc.Temp
Last_Temp = Last_Step.Temp
Last_2Temp = Last_2Step.Temp
Adj_Temp = Adj_Jdunc.Temp

o® P o° o° o° o
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% expercent = expercent

Ave_Temp =

extrapolate (IN_Temp, IN_Junc.Temp, Last_Step.Temp, Last_2Step.Temp, Adj_Junc.Temp
, IN_Temp, expercent) ;

Ave_Vel =

extrapolate (IN_Vel, IN_Junc.Vel,Last_Step.Vel,Last_2Step.Vel,Adj_Junc.Vel,IN_V
el, expercent) ;

if isfield(IN_Junc, "Rho'")
Ave_Rho =
extrapolate (IN_Rho, IN_Junc.Rho,Last_Step.Rho,Last_2Step.Rho,Adj_Junc.Rho, IN_R
ho, expercent) ;
Void_Fraction =
extrapolate (IN_Void, IN_Junc.Void_Fraction, Last_Step.Void_Fraction,Last_2Step.
Void_Fraction,Adj_Junc.Void_Fraction, IN_Void, expercent);
disp('The average temperature is')
Ave_Temp = Ave_Temp
%$Calculate pressure based on type of boundary condition:

o° o

else
Ave_Rho = IN_Rho;
Void_Fraction = 0;
% disp('Liquid Temp:"')
% Ave_Temp = Ave_Temp
end
if OUT_Vel == 0
Ave_P = OUT_Rho*OUT_Temp*R;
else
Ave_P = Ave_Rho*Ave_Temp*R;
end
end
Inlet

function [Ave_Temp,Ave_Rho,Ave_Vel,Ave_P,Void_Fraction] =

Intlet (IN_Temp, IN_Rho, IN_Vel, IN_Void, OUT_Temp, OUT_Rho,OUT_Vel,OUT_Junc,Last_S
tep, Last_2Step,Adj_Junc, expercent, R)

$INLET This function performs calculations for the boundary condition that
$fluid is flowing into.

This calculates junction properties from upstream constants and
properties from a real downstream cell.

o\

o\

%$Pass Constants:

Ave_Temp = IN_Temp;
Ave_Rho = IN_Rho;

Ave_P = IN_Temp*IN_Rho*R;
Void_Fraction = IN_Void;
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%Calculate Velocity based on BC method:

if IN_Vel == 0
Ave_Vel =
extrapolate (OUT_Vel, OUT_Junc.Vel,Last_Step.Vel,Last_2Step.Vel,Adj_Junc.Vel, OU
T_Vel,expercent);
else
Ave_Vel =
Ave_P = 0;
end

IN_Vel;

end

Inner

function [Ave_Temp,Ave_Rho,Ave_Vel,P_Ave,A,L,Void] =

Inner (IN_Temp, IN_Rho, IN_Vel, IN_Area, IN_Length, IN_Void, OUT_Temp, OUT_Rho, OUT_Ve
1,0UT_Area,OUT_Length, OUT_Void, R)

$INNER This function calculates the average properties for a junction with
$two real adjacent volumes.

All properties are length-averaged, or calculated from length-averaged

o\

% properties.

[Ave_Temp,L] = LengthAve (IN_Temp, IN_Length, OUT_Temp, OUT_Length);
[Ave_Rho,~] = LengthAve (IN_Rho, IN_Length,OUT_Rho,OUT_Length) ;
[Ave_Vel,~] = LengthAve(IN_Vel,IN_Length,OUT_Vel, OUT_Length);
[A,~] = LengthAve (IN_Area, IN_Length,OUT_Area,OUT_Length);
[Void, ~] = LengthAve (IN_Void, IN_Length,OUT_Void, OUT_Length) ;

% IN_Temp

% OUT_Temp

% Ave_Temp

$Pressure is calculated from the length-averaged density and temperature
$properties, rather than being calcualated for the adjacent volumes, then
%$length-averaged.

P_Ave = Ave_Rho*Ave_Temp*R;

end

FlowProps

function [MassFlow,MomentumFlow,EnergyFlow,Friction] =

FlowProps (Ave_Temp, Ave_Rho,Ave_Vel,Ave_P,A,L,f,f_adj,C,Height,Friction_A)
$FLOWPROPS This function calculates the mass, momentum and energy flows

%$between the adjacent volumes. It also calculates friction.
% These values represent the mass/momentum/energy leaving the left volume
% and entering the right volume. This ensures conservation.

g =9.81; % [m/s"2]

MassFlow = Ave_Vel*A*Ave_Rho;
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MomentumFlow = MassFlow*Ave_Vel;

[

% EnergyFlow = MassFlow* (Ave_Temp* (Cv+R) + Ave_Vel"2/2);

$The above and below equations are equivalent, but are both kept for
$reference.

EnergyFlow = MassFlow* (Ave_Temp*C + Ave_Vel”2/2 + Ave_P/Ave_Rho + Height*qg);

14

Friction = FrictionCalc (Ave_Temp,Ave_Rho,Ave_Vel,Friction_A,L,f,f_adj);
%$The last constant here can be adjusted to change how friction is
$calculated. See function help for details.

end
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Volume Block Code

I1CS

function [Mass_L,Mom_L,Energy_L,Mass_V,Mom_V,Energy_V,Volume, Height] =
ics (Vapor, Liquid,Void_Fraction,Area, Length,US_Height, Angle)

$ICS This block calculates the initial conditions in terms of initial
$masses, momentums and energies.

[)

% Should make this only execute once.
%% Constants

Rho_water = 1000; $%[kg/m"3]

C_L = 4180; % J/kg-K

Cv = 724.96; % [J/kg—-K]

g =9.81; % [m/s"2]

%% Find Volumes

Volume = Area*Length;

Volume_L = (1 - Void_Fraction) *Volume;
Volume_V = Void_Fraction*Volume;

%% Determine Masses

Mass_L = Volume_L*Rho_water;
Mass_V Volume_V*Vapor.Rho;

%% Determine Momentums

=
o)

F
[
|

= Mass_L*Liquid.Vvel;
Mass_V*Vapor.Vel;

=
o)
F
<
Il

%% Find Volume's Exit Height

Height = US_Height + sin(Angle*pi/180)*Length;

%% Determine Energies

Energy_L =
US_Height) *g/2);
Energy_V = Mass_V* (Cv*Vapor.Temp + 0.5*Vapor.Vel”2 + (Height +
US_Height) *g/2) ;

Mass_L* (C_L*Ligquid.Temp + 0.5*Liquid.Vel”2 + (Height +

end




flowadjustments

function
[Mass_L_IN,Mass_L_OUT,Momentum_IL_IN,Momentum_L_OUT,Energy_L_IN,Energy_L_OUT,M
ass_V_1IN,Mass_V_OUT,Momentum_V_IN,Momentum_V_OUT,Energy_V_IN,Energy_V_OUT] =
flowadjustments (US_Junction, DS_Junction,VolumeData, Area, Length, Angle)
$FLOWADJUSTMENTS This function takes the upstream and downstream flows and
$determines the change in mass, momentum and energy for the volume.

[

% Inputs are busses that are split once they enter this function.

%% Constants

rho_water = 1000;
R = 287.04;

Vol_Press = VolumeData.Vapor.Press;
Void_Fraction = VolumeData.Void_Fraction;
Vapor_Vel = VolumeData.Vapor.Vel;
Vapor_Temp = VolumeData.Vapor.Temp;
Vapor_Rho = VolumeData.Vapor.Rho;
Liquid_Vel = VolumeData.Liquid.Vel;
Liquid_Temp = VolumeData.Liquid.Temp;

%% Mass Balance
% This section will contain the logic for mass transfer between ligquid
% and vapor in the future.

Mass_L_IN = US_Junction.MassFlow_L;
Mass_IL_OUT = DS_Junction.MassFlow_L;
Mass_V_IN = US_Junction.MassFlow_V;
Mass_V_OUT = DS_Junction.MassFlow_V;

o\

Changing Area Calculations
This section calculates the area difference between the current volume and
adjacent volumes. If this volume's cross-sectional area is larger, an
adjustment to the pressure forces needs to be applied.

o° o o° o

US_Area = US_Junction.US_Area;
DS_Area = DS_Junction.DS_Area;
US_Press = US_Junction.Pressure;
DS_Press = DS_Junction.Pressure;

US_VF = US_Junction.Void_Fraction;
DS_VF = DS_Junction.Void_Fraction;
Dh = 2*sqrt (Area/pi);

if US_Area > 0 && DS_Area > 0

if US_Area < Area

US_Diff = Area - US_Area;
else

US_Diff = 0;

US_Area Area;

o° o° o° o° o° o oP
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o\

end

o\

o\

if DS_Area < Area
DS_Diff = Area - DS_Area;

o\

% else

S DS_Diff = 0;

% DS_Area = Area;
% end

% else

S US_Diff = 0;

$ DS_Diff = 0;

o\

end

%% Pressure Calculations

o\

Pressure = US_Junction.Pressure*US_Area + US_Diff*Vol_Press -
DS_Junction.Pressure*DS_Area - DS_Diff*Vol_Press;

US_V_A = US_VF*US_Area;

DS_V_A DS_VF*DS_Area;

US_L_A (1 - US_VF)*US_Area;

DS_L_A = (1 - DS_VF)*DS_Area;

Pressure_Vapor = US_V_A*US_Press + (DS_V_A - US_V_A)* (US_Press + DS_Press) /2
- DS_V_A*DS_Press;

Pressure_Liquid = US_L_A*US_Press + (DS_L_A - US_L_A)*(US_Press + DS_Press) /2
- DS_L_A*DS_Press;

%% Interphase Drag

f_int = 1;
deltaV = Vapor_Vel - Liquid_Vel;
drag = f_int*Void_Fraction* (1 -

Void_Fraction) *rho_water*sign(deltaV)*deltavV"2/Dh;
dragforce = drag*Area*Length;

% dragforce = 10*deltaV;

Dh_int = sqrt(Void_Fraction*Area*4/pi);

Tau_int = deltaV”2*Vapor_Rho*f_int/8;

dragforce = sign(deltaV)*Length*Dh_int*pi*Tau_int;

o° o° o

o\

%% Interphase Heat Transfer

h = 50000; % [W/m"3-K]
Delta_T = Vapor_Temp - Liquid_Temp;
Q_dot = h*Delta_T*Void_Fraction* (1l - Void_Fraction) *Area*Length;

) Done by friction:
% W_out,V = V_vap * F_d

% W_in,L = V_1lig * F_d
% W_lost = (V_vap - V_liqg) * F_d

% Assuming energy dissapates into both phases equally, half of "lost"
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% energy stays in the vapor phase.

Net energy transfered from Vapor to liquid:
net = dragforce* (Liquid_Vel + Vapor_Vel)/2;

=) oo

o\

Work (rate) Done by expansion (changing volume of a fluid)
$W = P*dvol/dt
$dvol_L/dt = m_dot_L/rho_L

Ave_VF = (US_VF + DS_VF)/2;

W_exp = Vol_Press*(Mass_L_IN - Mass_L_OUT)/rho_water +

0.5*R*Vapor_Temp* (Vapor_Rho* (Mass_L_IN - Mass_L_OUT)/rho_water + (Mass_L_IN -
Mass_L_OUT) ) * (Area*Length) * (1 - 2*Ave_VF);

This work term matches the kinetic energy transfer due to drag force.

If energy was kept the same, then internal energy would increase/decrease
based on the momentum change. By transfering energy from one phase or
another, only velocity is affected by friction.

o° o° o° o

Energy_L_IN = US_Junction.EnergyFlow_L + Q_dot + W_net + W_exp;
Energy_L_OUT = DS_Junction.EnergyFlow_L;
Energy_V_IN = US_Junction.EnergyFlow_V - Q_dot - W_net - W_exp;
Energy_V_OUT = DS_Junction.EnergyFlow_V;

%% Body Forces

Weight_L = rho_water*Area*Length* (1 - Void_Fraction)*sin(Angle*pi/180);
Weight_V Vapor_Rho*Area*Length*Void_Fraction*sin (Angle*pi/180);

%% Momentum Balance

[)

% massfrac = Void_Fraction*Vapor_Rho/ ((1-Void_Fraction)*rho_water);

Momentum_L_IN = US_Junction.MomentumFlow_L + Pressure_Liquid +
US_Junction.Friction + DS_Junction.Friction + dragforce - Weight_L;

Momentum_L_OUT = DS_Junction.MomentumFlow_L;
Momentum_V_IN = US_Junction.MomentumFlow_V + Pressure_Vapor - dragforce -
Weight_V;

Momentum_V_OUT = DS_Junction.MomentumFlow_V;

end

Volume

function

[Vapor_Temp, Vapor_Vel, Vapor_Rho,Vapor_Press, Liquid_Temp, Liquid_Vel,Void_Fract
ion] = Volume (Mass_L,Mom_L,Enerqgy_L,Mass_V,Mom_V,Enerqgy_V,Vol,Height)

$VOLUME This function uses the mass, momentum and energy present within a
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o\

volume to calculate the properties of the liquid and vapor present.
The output is 2 busses. Vapor contains the vapor properties of the

o o

o\

the liquid properties (Temperature and Velocity).
%% Constants

Rho_L = 1000; 3% [kg/m" 3]
C_L = 4180; % [J/kg-K]
Cv = 724.96; % [J/kg—K]
R = 287.04; % [J/kg-K]

%% Find Void Fraction

if Mass_L > 0
Void_Fraction
else
Void_Fraction = 1;
end

1 - Mass_L/ (Rho_L*Vol);

%% Determine Liquid Properties

[Liguid_Temp,Liquid_Vel] = tempvel (Mass_L,Mom_L,Enerqgy_L,C_L,Height);

%% Determine Vapor Properties
Vapor_Rho = Mass_V/(Void_Fraction*Vol) ;

[Vapor_Temp,Vapor_Vel] = tempvel (Mass_V,Mom_V,Energy_V,Cv,Height);
Vapor_Press = Vapor_Rho*Vapor_Temp*R;

end

volume (Density, Temperature, Pressure, Velocity) and Liquid contains

tempvel

function [Temperature,Velocity] = tempvel (Mass,Momentum, Energy,C,Height)
$TEMPVEL This function calculates temperature and velocity.

% Formulations for liquid and vapor are the same.

g = 9.81; % [m/s"2]

Velocity = Momentum/Mass;
Temperature = (Energy/Mass - Velocity”2/2 - Height*g)/C;

end
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