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Abstract

This thesis describes the methods used to measure and model the flow of supercritical
and two-phase Carbon Dioxide (CO,) through sharp-edged orifices with small and large
length-to-diameter ratios (L/D). Orifices with diameters of 1 millimeter and L/D of 3.2,
5, and 20 were investigated. Flow rates through the orifices were measured over a broad
range of inlet conditions with orifice inlet pressures ranging from 5 MPa to 11 MPa and

orifice inlet densities ranging from 86.5 kg/m® to 630 kg/m°.

The data that were collected with orifices with small L/D were used to investigate the
form losses associated with the contraction and expansion of the fluid at the orifice
entrance. The data was compared to the isentropic model for the expansion of a fluid in
order to determine an empirical discharge coefficient. The single-phase isentropic model
was used for single-phase orifice outlet conditions, and the Homogeneous Equilibrium
Model (HEM) and the Separated Flow Model (SFM) were compared for two-phase
orifice outlet conditions. It was observed that for two-phase orifice outlet conditions, the
SFM provides a more accurate prediction of the behavior of the data than the HEM when
used with an empirical discharge coefficient. All of the data that were collected with
orifices with small L/D are predicted within five percent by applying an empirical
discharge coefficient of 0.82 to the single-phase isentropic model for single-phase orifice
outlet conditions or the isentropic SFM with either Moody’s or Fauske’s correlation for

the slip ratio for two-phase orifice outlet conditions.

The data that were collected with the orifice with a large L/D were used to investigate the

friction, acceleration, and gravity pressure losses. A model was developed in which the



empirical form loss model is applied at the orifice entrance, and the friction, acceleration,
and gravity losses are integrated along the remaining length of the orifice. The HEM
assumptions were used for two-phase conditions. A number of correlations for the
friction factor were compared. All of the data collected with the orifice with a large L/D
are predicted within five percent with this model when Colebrook’s correlation for the

friction factor is used.

The data that were collected throughout this study are useful for validating various
models for the flow of S-CO, through orifices. They also provide a starting point for
studies of the flow of S-CO, through more complex geometries such as annular orifices
and labyrinth seals. The one-dimensional models that were developed and validated with
the data are also useful for first approximations of valves, pipe ruptures, and
turbomachinery seals. The critical mass flow rate and critical pressure ratio were
determined for each test, and the raw data from this investigation are available on the

internet.
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1 Introduction

The Supercritical Carbon Dioxide (S-CO,) Brayton Gas Turbine Cycle has been studied
as an efficient and cost-effective option for producing power for several decades.
However, until recently (within the last decade or so), a number of issues have prevented
its full-scale implementation. For example, the low temperatures (below 500°C) of the
heat sources used for the majority of large-scale power production are more suitable for
traditional steam cycles than for the S-CO, Brayton Cycle in terms of thermal
efficiencies. This has led to the optimization and establishment of the Rankine Cycle
over the past century which has limited the development of alternative power cycles such
as the S-CO, Brayton Cycle. Also, the unique properties and behavior of the working
fluid, S-CO,, have caused difficulties in the design and analyses of plant components

such as heat exchangers, turbomachinery, valves, and seals.

In recent years, the push to design high temperature heat sources such as the Generation
IV nuclear reactors [1] and concentrating solar power receivers, in addition to significant
research on the properties and behavior of S-CO, ([2], [3],[4].[5],[6]), have generated
renewed interest in the S-CO, Brayton Cycle as a means for producing power. Also, as a
result of imminent carbon taxes, carbon emissions regulations, and increased costs
associated with power production, the S-CO, Brayton Cycle is under consideration for

use in fossil fuel power production [7] and waste heat recovery applications [8].

The S-CO;, Brayton Cycle offers several advantages over both Rankine Cycles and other
Brayton Cycles. For example, due to the high densities of CO, near its critical point, the

S-CO, Brayton Cycle reduces the work required to compress the working fluid



(effectively reducing the back work ratio, defined as the compression work as a
percentage of the turbine output), resulting in thermal efficiency gains. The high density
of S-CO also reduces the size of the turbomachinery required for the cycle, possibly
resulting in lower capital costs. Although very little pumping power is required to
compress liquid water in a Rankine Cycle, the presence of two-phase water within the
cycle has disadvantages. Complex equipment is required to ensure that cavitation does
not occur within the pumps and that droplets do not form on the turbine blades. In
contrast, the S-CO, Brayton Cycle operates entirely above the critical point of CO»,
allowing the fluid (in this case, CO,) to remain in a single phase throughout the cycle
thereby eliminating the need for additional equipment required to deal with a two-phase

fluid within the cycle.

The S-CO, Brayton Cycle also offers several advantages over the more developed
Helium Brayton Cycle. For example, the relatively high turbine inlet temperature
(approximately 900°C) of the Helium Brayton Cycle causes difficulties in the selection
of structural materials; such difficulties may pose fewer challenges with the S-CO,
Brayton Cycle, which operates at a much lower turbine inlet temperature (between
500°C and 700°C) [9]. In addition, the reduction in the back work ratio achieved by the

S-CO; Brayton Cycle is greater than that achieved by the Helium Brayton Cycle [9].

Several aspects of the S-CO, Brayton Cycle still require significant research and
development, and this study addresses one such challenge. The behavior of S-CO; as it
flows through restrictions such as valves, turbomachinery seals, and pipe ruptures is not

well understood, but the development of models describing these phenomena is integral



to the practical implementation of the S-CO, Brayton Cycle. For example,
approximations for flow rates and pressure drops associated with valves and piping are
necessary in computer models used for predicting the performance of the power cycle.
Additionally, models for the flow of S-CO, through pipe ruptures are required for safety
analyses, as in the case of a nuclear power plant application. Models such as these are

also useful for the design of plant components, such as valves and turbomachinery seals.

The real gas behavior of CO; near the critical point and the presence of both single-phase
and two-phase CO, during various processes create challenges in analytical and
numerical modeling of the flow of S-CO; through restrictions, such as valves,
turbomachinery seals, and pipe ruptures. Although the S-CO, Brayton Cycle operates
entirely above the critical point, CO, may exist as either a single-phase or a two-phase
fluid when exhausted from the cycle into a low pressure environment through a
restriction. For example, when a pipe ruptures in the system, CO, is exhausted through a
restriction in the pipe from a single-phase state in the supercritical region to a much
lower pressure (e.g., atmospheric pressure or a vacuum), which results in single-phase

CO; entering the restriction and two-phase CO, exiting the restriction.

Restrictions, such as valves, turbomachinery seals, and pipe ruptures, can often be
modeled as simple orifices. The objective of this study is to collect and use experimental
data to develop and validate one-dimensional models for the flow of S-CO, through
orifices. These data and models are useful for the analyses of various components and

processes within the S-CO, Brayton Cycle.






2 Background and Modeling Methodology

The simple configuration of the S-CO, Brayton Cycle consists of a compressor, a
turbine, an electric generator, a precooler heat exchanger, a recuperator heat exchanger,
and a primary heat exchanger. The simple cycle layout and the state points on a
temperature-specific entropy diagram are shown in Figure 1. The S-CO; Brayton Cycle
IS not competitive with traditional steam cycles for large scale power generation in terms
of thermal efficiency when it is used with lower temperature heat sources such as fossil
fuels and light water nuclear reactors. However, due to the development of high
temperature heat sources such as Generation IV nuclear reactors and solar power
receivers, there is a renewed interest in the S-CO, Brayton Cycle as a means for power

generation.

Supercrivhcal Carkon Dioskde

VAN
VAAS

Recuperator
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5
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Figure 1. Simple configuration of the S-CO, Brayton Cycle.[10].

Dostal et al. [3, 9, 11] performed an extensive analysis of various configurations of the S-
CO, Brayton Cycle, and recommended the recompression cycle configuration for heat
sources above 500°C. The recompression cycle consists of main and recompressing

compressors, a turbine, an electric generator, a precooler heat exchanger, high and low



temperature recuperator heat exchangers, and a primary heat exchanger. The layout is

shown in Figure 2.
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Figure 2. S-CO, Brayton Recompression Cycle.
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2.1 S-CO; as a Working Fluid
The critical point of a fluid is defined by Klein and Nellis [12] as the point at which the
first and second derivatives of pressure with respect to the volume at constant

temperature are equal to zero, as shown in Equation (1).
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There is no distinct separation between the phases of a fluid when either its temperature
or pressure exceeds the respective critical value. Therefore, although the fluid remains in

a single-phase, it may take on properties representative of either a gas or a liquid. In the



case of S-CO,, unique fluid property variations occur near the critical point, and these
variations can be both advantageous and disadvantageous for the design, analysis, and
performance of the S-CO, Brayton Cycle. Figure 3, shows the specific heat capacity of
CO; as a function of temperature for various pressures near the critical pressure. The
pseudo-critical line is defined as the line that passes through the points in the
supercritical region at which the specific heat capacity reaches a maximum value for a
given pressure. As shown in the figure, the magnitudes of the variations in the specific
heat capacity along the pseudo-critical line increase as the pressure approaches the

critical pressure (7.38 MPa). The Engineering Equation Solver (EES) software package

[13] was used to calculate fluid properties. EES was also used to create all of the original

plots in this document.
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Figure 3. Specific heat capacity of CO, as a function of temperature for various pressures
in the supercritical region.

The pseudo-critical line for S-CO, can be determined with curve fits to property data.
The curve fit used throughout this study was developed by Carlson [14], and it is shown
in Equation (2) where P is in MPa and Ty is in °C. This relationship is valid for
pressures between the critical pressure (7.38 MPa) and 20 MPa, and it is based on a curve
fit developed by Liao and Zhao [15] for pressures between the critical pressure and 10

MPa.

Tpe = —28.4 + 10.3P — 0.3359P2 + 4.063E- 3P3 )

Unique variations in other properties of CO, also occur near the critical point. Figure 4
shows the pseudo-critical line and the density of CO, as a function of temperature for
various pressures in the supercritical region. Near the critical point (7.38 MPa, 30.98 °C),
the density of CO, changes drastically with temperature. This is beneficial for the S-CO,
Brayton Cycle in terms of the thermal efficiency because the density of the fluid in the

compressor can be very large.
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Figure 4. Density of CO, as a function of temperature for various pressures in the
supercritical region.

The work required by a compressor or the work extracted from a turbine can be related to
the fundamental property relation for specific enthalpy, specific entropic, and specific
volume, as shown in Equation (3). The limiting processes of compression and expansion
are isentropic (i.e., reversible and adiabatic); the work associated with an isentropic
process is equivalent to the integral of the specific volume with respect to pressure.
Therefore, for a given pressure ratio across a piece of turbomachinery, the work is
directly proportional to the change in specific volume or the change in density of the
fluid.
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For gas turbine cycles, the work required to compress the working fluid can be
significant in comparison to the work extracted from turbine, since the working fluid is a
compressible gas that remains in single phase (i.e. the density of the fluid in the
compressor and turbine are not all that different). The significance of the required
compressor power is quantified by the back work ratio, which is defined as the ratio of
the power required to compress the working fluid (compressor power) to the power

extracted from the expansion of the fluid (turbine power), as shown in Equation (4).

Vi/compressor (4)

Back Work Ratio = —

turbine

An effective method for increasing the thermal efficiency of a gas turbine cycle is to
reduce the back work ratio. The S-CO, Brayton Cycle takes advantage of this method.
By operating the compressor near the critical point of CO,, the density of the fluid in the
compressor can be much larger than the density of the fluid in the turbine, resulting in a
reduction in the work required to compress the CO, and the back work ratio. This
concept is illustrated in Figure 5, which shows the density of CO, as a function of
temperature for various pressures in the supercritical region with the compressor and

turbine inlet and outlet states for the simple cycle analyzed by Dostal et al. [3] labeled.
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Figure 5. Density of CO, as a function of temperature for various pressures in the
supercritical region with the compressor and turbine inlet and outlet conditions for Dostal’s
simple S-CO2 Brayton Cycle labeled [3].

Other more developed gas turbine cycles such as the Helium Brayton Cycle operate in
the ideal gas region, where fluid properties do not vary drastically. These cycles are
unable to take advantage of an increased thermal efficiency by reducing the back work

ratio in the same way that the S-CO, Brayton Cycle does [9].

In contrast to gas turbine cycles, the work required to pressurize incompressible liquid
water in traditional steam cycles is negligible in comparison to the output of the turbine.
However, the operation of the cycle across the two-phase region requires complex
equipment in order to prevent cavitation within the pumps and the formation of droplets

on the turbine blades. This equipment is not required by the S-CO, Brayton Cycle since
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the working fluid remains in a single-phase with properties in the supercritical region

throughout the cycle.

In addition to an increase in thermal efficiency, the high density of S-CO; also allows for
a reduction in the size of the turbomachinery required for the cycle. As can be observed
in Figure 4, the density of S-CO is quite high, even approaching the density of liquid
water for various pressures and temperatures in the supercritical region. The high density
substantially reduces the size of the turbomachinery required for the cycle, as can be seen
in Figure 6, which shows a comparison of the sizes of a steam turbine, a Helium turbine,

and a S-CO, turbine [11].

Steam turbine: 55 stages / 250 MW

Mitsubishi Heavy Industries Ltd., Japan (with casing)

i'- Helium turbine: 17 stages / 333 MW (167 MW,)
X.L.Yan, L.M. Lidsky (MIT) (without casing)

[a—

- Supercritical CO, turbine: 4 stages / 450 MW (300 MW,)
-

(without casing)

Figure 6. Size comparison of a steam turbine, a helium turbine, and a S-CO2 turbine [11].

Although the unique property behavior of S-CO, is advantageous within the S-CO,
Brayton Cycle (i.e., in terms of efficiency and capital costs, as discussed above), this
behavior presents significant challenges for those analyzing and designing components of

the cycle.
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Figure 7 illustrates the compressibility factor of CO; as a function of temperature for
various pressures in the supercritical region. As illustrated in Figure 7, the
compressibility of CO, near the critical point and along the pseudo-critical line is low.
Thus, for purposes of engineering analysis, the CO, must be treated as a real gas rather

than an ideal gas at these conditions.
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Figure 7. Compressibility factor of CO, as a function of temperature for various pressures
in the supercritical region.

For all of the reasons discussed (i.e., unique property variations, real gas behavior, high
temperatures and pressures), the behavior of S-CO; flowing through restrictions such as
valves, pipe ruptures, and turbomachinery seals is not well understood. However,

experimentally validated models, both one-dimensional and multi-dimensional, that
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describe the physics of these processes are essential for the practical implementation of

the S-CO, Brayton Cycle as a competitive means for producing power.

2.2  Restrictions of Interest

A variety of restrictions with different geometries and applications exist within the S-
CO; Brayton Cycle. Figure 8 shows a diagram of the simple configuration of the S-CO,
Brayton Cycle Plant Dynamics Code developed at Argonne National Laboratory (ANL)
[16]. The cycle model utilizes a variety of valves for control, but models for the flow of
S-CO, through valves restrictions have not been developed and existing models
developed for other fluids have not have validated with experimental data for S-CO..
Therefore, it is possible that the models used for valves in systems codes such as the one
developed at ANL could introduce large errors into cycle performance approximations.
Models for the flow of S-CO, through restrictions resembling valves are also necessary

for the practical design of valves for use within the power cycle.
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Figure 8. Diagram of simple configuration of S-CO, Brayton Cycle Plant Dynamics Code
developed at Argonne National Laboratory (ANL) [17].

Figure 9 shows a diagram of the recompression configuration of the S-CO, Brayton
Cycle Plant Dynamics Code developed at ANL for use with the SSTAR lead fast reactor.
In the nuclear industry, significant analyses are performed on accident scenarios. Many
of these scenarios involve a pipe rupture within the system through which coolant is
expelled, resulting in a rise in the temperature of the reactor core and a risk of core
meltdown. In order to accurately predict the behavior of the system when a pipe ruptures,
it is essential to have models for predicting the rate at which coolant is expelled.
Currently, this analysis is difficult to perform for the S-CO, Brayton Cycle due to a lack

of understanding of the behavior of S-CO, flowing through pipe ruptures.
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Figure 9. Diagram of recompression configuration of S-CO, Brayton Cycle Plant Dynamics
Code developed at ANL for use with the SSTAR lead fast reactor [17].

Another application for which models for the flow of S-CO; through restrictions are
essential is turbomachinery sealing. Figure 10 shows the simple configuration of the S-
CO; Brayton Cycle in which the compressor, turbine, and generator share a common
shaft. In order to reduce the frictional losses within the generator, it is necessary to
maintain a low pressure within the generator cavity. However, it is difficult to create a
seal between the turbomachinery wheels, which contain high pressure S-CO,, and the
generator cavity due to the rotating shaft connection. Therefore, an additional compressor
is required to maintain the low pressure within the generator cavity by removing any S-
CO, that leaks from the turbomachinery into the generator cavity. The resulting power
required to operate the additional compressor acts to reduce the overall efficiency of the
cycle, so it is essential to minimize the amount of S-CO, leakage from the

turbomachinery.
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Figure 10. Simple configuration of the S-CO, Brayton Cycle [10].

Labyrinth seals provide one solution to the leakage problem. These seals consist of a
series of teeth and cavities placed along the rotating shaft between the turbomachinery
and the generator cavity with the purpose of minimizing the fluid flow rate, as shown in
Figure 11. It is essential to have an understanding of the flow of S-CO, through
restrictions in order to effectively design labyrinth seal geometries for specific

applications.
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Low Pressure High Pressure

Figure 11. Labryinth seal [18].

Many of the restriction geometries of interest for the S-CO, Brayton Cycle can be
modeled as simple orifices for a first approximation. Therefore, it is necessary to gain an
understanding of simple orifice geometries prior to moving on to more complex
geometries such as labyrinth seals. This study focuses on creating new one-dimensional
models and validating existing one-dimensional models based on experimental data for

the flow of S-CO, through sharp-edged orifices.

2.3 Overview of Pressure Losses in an Orifice

The total pressure drop for a fluid flowing through an orifice is the sum of the minor
pressure losses and the major pressure losses, as represented by Equation (5). The minor
pressure losses, also known as form losses, result from the contraction and expansion of
the fluid flowing through the orifice as it encounters the sudden restriction in flow area at

the orifice entrance. The major pressure losses result from friction, acceleration of the
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fluid through the orifice, and gravitational force on the fluid along the length of the

orifice.

AP = z APform + z APfriction + Z APacceleration + z APgravity (5)

Minor Losses Major Losses

Figure 12 illustrates a fluid (CO; in this case) flowing through a sharp-edged orifice.
Upon entering the orifice at point (2), the CO; contracts to a flow area that is smaller than
that of the orifice since the streamlines of the CO, cannot change direction abruptly. The
point at which the flow area reaches a minimum is known as the vena contracta and is
represented by point (3) in Figure 12. After reaching the vena contracta, the CO, expands
until it reattaches to the wall of the orifice, represented by point (4) in Figure 12. The
form loss of the CO, is equivalent to the pressure loss associated with the contraction and
the expansion of the CO, from the orifice entrance, point (2), to the point of reattachment
to the orifice wall, point (4). At the point of reattachment the pressure drop resulting
from the form loss has occurred and the friction, acceleration, and gravity pressure losses
become dominant. The objective of this study is to develop and validate models for the

minor and major losses associated with flow of S-CO, through sharp-edged orifices.
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Figure 12. Flow of fluid through a sharp-edged orifice.
2.4  Critical Flow

The maximum mass flow rate that can be achieved by a fluid flowing through a
converging nozzle or orifice is referred to as the critical mass flow rate. Critical flow
occurs when the bulk velocity of the fluid reaches the local speed of sound, which is
defined as the square root of the derivative of pressure with respect to density at constant
specific entropy [19], as shown by Equation (6).

_op
apl

2

(6)

Figure 13 shows the mass flow rate (in arbitrary units) of a fluid through an orifice as a
function of pressure ratio. The pressure ratio is defined as the ratio of the downstream
stagnation pressure to the upstream stagnation pressure. For constant upstream
conditions, as the downstream stagnation pressure is reduced (i.e., the pressure ratio is

reduced), the mass flow rate and the velocity of the fluid increase until the bulk velocity



21

of the fluid reaches the local speed of sound. Any decrease in the downstream stagnation
pressure after the bulk velocity of the fluid reaches the local speed of sound has no effect
on the mass flow rate of the fluid through the orifice. This is due to the inability of the
downstream stagnation pressure information to be communicated upstream since
pressure waves travel at the local speed of sound. The pressure ratio at which critical
flow occurs is referred to as the critical pressure ratio [19]. The critical mass flow rate
and the critical pressure ratio are important engineering quantities in the analysis of pipe

ruptures, valves, and turbomachinery seals.

r Critical Mass Flow Rate

+ Critical Pressure Ratio

% N

Mass Flow Rate

Pressure Ratio

Figure 13. Mass flow rate (arbitrary units) as a function of pressure ratio for an orifice
(typical).
2.5 Two-phase flow
Although the S-CO, Brayton Cycle operates entirely above the critical point of CO»,

there are still applications within the cycle for which both single-phase and two-phase

flow of CO, through restrictions will occur. For example, when high pressure S-CO; is
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exhausted through a turbomachinery seal into the generator cavity, S-CO, enters the seal
restriction as a single-phase fluid, but reaches two-phase conditions at some point further
downstream as it expands to lower pressures. This concept is illustrated in Figure 14,
which shows results from three tests performed for this study. Figure 14a shows the
orifice inlet conditions for the three tests as squares (held constant throughout the test)
and the orifice outlet conditions at which mass flow rate measurements were recorded as
circles on a temperature-specific entropy diagram. The resulting mass flow rate
measurements as a function of the pressure ratio are shown in Figure 14b. The figure
shows that for high pressure ratios only single-phase S-CO; exists within the orifice, but
as the orifice outlet pressure enters the two-phase region, both single-phase and two-
phase flow of CO; occurs within the orifice. This behavior must be captured in models in

order to accurately predict the flow of S-CO, through orifices.
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Figure 14. Three sets of test conditions: (a) temperature-specific entropy diagram (b) the
respective mass flow rate measurements as a function of pressure ratio.

2.6 Form Losses
Form losses are most commonly characterized by a loss coefficient, which is analytically,

numerically, or empirically determined. The loss coefficient represents the ratio of the
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actual mass flow rate through a restriction to the mass flow rate calculated by an ideal
model. In the case of S-CO, flowing through a sharp-edged orifice, the ideal model is

some form of the isentropic model for the expansion of a fluid through a nozzle.

Figure 15 shows a converging nozzle. By assuming that the process is adiabatic and
frictionless and that the nozzle is designed in a way such that the fluid streamlines follow
its curvature, then the mass flow rate through the nozzle can be calculated with an

isentropic model for the expansion of a fluid through a converging nozzle.

Figure 15. Converging nozzle.

The isentropic mass flow rate represents an upper bound on the actual mass flow rate
through a sharp-edged orifice. In contrast to the case of the ideal converging nozzle, the
streamlines of the fluid flowing through a sharp-edged orifice are unable to follow the
sharp geometry of the restriction and the process is not adiabatic and frictionless. The
result is a contraction of the fluid to the point of the vena contracta followed by an
expansion of the fluid to the point of reattachment to the orifice wall, as shown in Figure
16. The resulting form loss is characterized by a loss coefficient between 0 and 1. The

loss coefficient is multiplied by the isentropic mass flow rate that would occur in an ideal
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converging nozzle for the same inlet and outlet conditions in order to determine the

actual mass flow rate.

Figure 16. Short, sharp-edged orifice.

The contraction coefficient and the discharge coefficient are common loss coefficients
used to characterize form losses for orifices. The contraction coefficient is most often
determined analytically or numerically because it is difficult to measure experimentally.
It is defined as the ratio of the area of the vena contracta to the area of the orifice, as
shown in Equation (7). Determining the contraction coefficient is difficult, especially for

a fluid with unique property variations such as S-CO,.

Avena contracta
orifice

The most common method used for characterizing form losses for orifices is to determine

an empirical discharge coefficient. The discharge coefficient is defined as the ratio of the
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experimentally measured mass flow rate to the calculated isentropic mass flow rate of a

fluid flowing through a restriction, as shown in Equation (8).

CD — T.hmeasured (8)

Misentropic
An orifice with a small L/D is used to determine the measured flow rate in Equation (8)
in order to isolate the form loss by ensuring that friction, acceleration, and gravity losses
are very small. The following sections describe various methods for calculating the
isentropic mass flow rate in Equation (8) as applied to the flow of S-CO, through sharp-

edged orifices.

2.6.1 One-Dimensional Single-Phase Isentropic Model

The one-dimensional continuity, momentum, and energy equations for single-phase
internal flow are shown in Equations (9), (10), and (11), respectively [20]. For a short,
ideal, converging nozzle (i.e., adiabatic and frictionless), the friction and gravity terms of
the momentum equation can be neglected and the potential energy, work, and heat
transfer terms of the energy equation can be neglected. Therefore, the pressure drop
within the nozzle is entirely due to the acceleration of the fluid. For a given pressure
drop, the isentropic mass flow rate through the converging nozzle can be found by

solving the energy equation and the continuity equation simultaneously.

Continuity: m = puA = constant 9)
Iy . dpP per mdu
omentum. — = ——— - —ﬁ-g—GGSQ
dz A w Adz —_— (10)
0 acceleration —“~————
T gravity

friction
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2.6.2 Short Orifice Single-Phase Modeling Methodology

A more practical explanation for applying mass and energy balances to the isentropic
flow of single-phase CO, through a converging nozzle with the purpose of determining a
discharge coefficient is useful. Assuming the flow area upstream of the nozzle is
significantly larger than the flow area of the nozzle itself (the nozzle area is equivalent to
the area of the orifice through which the mass flow rate is experimentally measured), the
upstream velocity of the CO; is negligible. Therefore, the upstream properties of the CO,
are characterized as stagnation properties. In the experiment used to obtain data for this
study, the stagnation pressure and stagnation density are measured and used to calculate
other stagnation properties, as represented by Equation (12). Because the compressibility
factor of CO;is low in the regions of interest (i.e., supercritical), real gas properties are
used rather than ideal gas properties. In this study, all thermodynamic property
calculations were performed using the Engineering Equation Solver (EES) software

package [13].

P, = Measured; p, = Measured; h, = f(P,,p,); So = f(P,, ps) (12)
Because the steady state process of CO, flowing through an orifice occurs rapidly, the
process is assumed to be adiabatic. The isentropic assumption can be applied by
additionally assuming that there is no entropy generation due to friction effects or a
shock wave. The isentropic model assumption is therefore only valid up to the point

where the flow chokes and a shock wave occurs. If the process is isentropic, an entropy
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balance requires that the downstream entropy be equal to the upstream entropy. The
downstream pressure is measured in the experiment. Thus, the remaining downstream
properties can be calculated using the downstream entropy and the downstream pressure,

as represented by Equation (13).

Sq = So; Py = Measured; pg = f(Sq,Ps); ha = f(Sa, Ps) (13)
Using the known upstream stagnation and downstream enthalpies, the downstream

velocity is calculated with an energy balance on the orifice according to Equation (14).

U
hy = hy +— (14)

2
Finally, the isentropic mass flow rate for the given set of flow conditions (e.g., upstream
stagnation pressure, upstream stagnation density, downstream pressure) is defined as the
product of downstream density, downstream velocity, and nozzle (orifice) area, as
represented by Equation (15). This value is substituted into Equation (8) along with the
experimentally measured mass flow rate in order to determine the single-phase discharge

coefficient.

misentropic = pdudAorifice (15)

2.6.3 One-Dimensional Isentropic Homogeneous Equilibrium Model (HEM)
It is necessary to use an isentropic model that accounts for two-phase flow when it
occurs. This study focuses on applications for which the inlet conditions to the orifice are
in the supercritical region and the outlet conditions are in either single-phase regions (i.e.,

supercritical, superheated vapor, sub-cooled liquid) or the two-phase region. The single-
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phase one-dimensional isentropic model discussed in the previous section is applicable to

the former cases, but a different isentropic model is required for the latter case.

The simplest method for modeling one-component two-phase flow is to assume that the
velocities, temperatures, and pressures of the phases are equal. These assumptions define
the Homogeneous Equilibrium Model (HEM). The isentropic HEM is identical to the
single-phase isentropic model with the exception of the method for determining fluid
properties. The continuity, momentum, and energy equations remain the same, and the
practical method for applying these equations remains the same, but the two-phase fluid
is treated as a single-phase fluid with mixture properties. Mixture properties are average
properties based on the masses, areas, or volumes of the phases. For example, the two-
phase mass-averaged mixture density is defined by Equation (16), and the two-phase

mass-averaged mixture enthalpy is defined by Equation (17).

1
Pm = x 1—x (16)
Pg  Pr
hym = xhg + (1 —x)hs 7)

Mixture properties can also be based on the volume fractions of the phases, area fractions
of the phases, or other correlations. The continuity, momentum, and energy equations for
one-dimensional isentropic two-phase flow through a short, ideal, converging nozzle
with HEM assumptions and mass-averaged mixture properties are shown in Equations
(18), (19), and (20), respectively [20]. It is important to note that the isentropic HEM

model collapses to the single-phase isentropic model for exclusively single-phase flow.
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Continuity: m = mu,q (18)
Pg Py
M . dP per mdu <x N 1-— x>_1
omentum: — = ——x, ———7 —|—

dz A" Adz Py Pr (19)

0 acceleration 0

friction gravity
1(d¢ dW\ d d (u?
Energy: a(@ - E) = [xhg +(1- x)hf] + E(?) + gazs@ (20)
0 0

2.6.4 One-Dimensional Isentropic Separated Flow Models

Many applications require better approximations than the one-dimensional isentropic
HEM provides. For these applications, various separated flow models exist. The degrees
to which these models capture the physics of the problem are dependent upon the number
of equilibrium assumptions that are made. Commonly, the first equilibrium assumption
to relax is the assumption of equal velocities of the phases. In this case, the pressures and
temperatures of the phases are assumed to be equal, so mixture properties are used.
However, the phases are assumed to flow at different velocities through separate flow
areas. The continuity, momentum, and energy equations for one-dimensional isentropic
two-phase flow through a short, ideal, converging nozzle assuming equal pressures and
temperature of the phases and different velocities of the phases with mass-averaged
mixture properties are shown in Equations (21), (22), and (23), respectively [20]. This
model is referred to as a separated flow model in which the phases are considered

together.
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2.6.5 Short Orifice Two-Phase Separated Flow Modeling Methodology

A more practical explanation for applying the mass and energy balances of the separated
flow model in which the phases are considered together to the isentropic flow of CO,
through a converging nozzle with the purpose of determining a discharge coefficient is
useful. The upstream properties of the CO, are characterized as stagnation properties.
The measured stagnation pressure and stagnation density are used to calculate other
stagnation properties, as represented by Equation (24). It is important to note that for this

study, the upstream properties are always in the supercritical region.

P, = Measured; p, = Measured; h, = f(P,,0,); So = f(Py, Po) (24)
The separated flow model in which the phases are considered together is utilized when
the downstream conditions are in the two-phase region. If the process is isentropic, an
entropy balance requires that the downstream entropy be equal to the upstream entropy.
The downstream pressure is measured in the experiment. Thus, the downstream quality is
calculated using the downstream entropy and downstream pressure, as represented by

Equation (25).
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Sq = S,; P; = Measured; x4 = f(s4 Py) (25)
The downstream saturated liquid and saturated vapor densities and enthalpies are

calculated using the downstream pressure, as shown in Equation (26).

Pga = f(Pa); pra=f(Pa); hga = f(Pa); hra = f(Pg) (26)
An energy balance on the nozzle using mass-averaged mixture properties and separate

vapor and liquid velocities is shown in Equation (27).

u? u?
ho = [Xahg.a + (1 = xdhya] + [xa =5+ (1~ x) —5° (27)

Separate continuity equations are written for the vapor and liquid phases, as shown in

Equations (28) and (29), respectively.

My = Pg.alglga (28)

Mg = pralrlsq (29)
The overall isentropic mass flow rate is the sum of the vapor and liquid mass flow rates,
and the total flow area is the sum of the vapor and liquid flow areas, as shown in
Equations (30) and (31), respectively. The total flow area is known, and it is equivalent

to the area of the orifice used for experimental measurements.

misentropic = mg + mf (30)
Aorifice = Ag + Af (31)
The isentropic mass flow rate for the given set of flow conditions (e.g., upstream

stagnation pressure, upstream stagnation density, and downstream pressure) is defined as
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the product of downstream mixture density, the sum of the vapor and liquid velocity

fractions, and the nozzle (orifice) area, as represented by Equation (32).

X 1—x
d_l_ d

misentropic = <
Pg,d Pr.d

-1

> [xqugq + (1 — xa)us alAorifice (32)

In order to solve this system of equations, one more piece of information is required. The
slip ratio is defined as the ratio of the velocity of the vapor to the velocity of the liquid, as
shown in Equation (33). Various analytical, numerical, and empirical correlations exist
for the slip ratio.

Ug,a )
S = —== - Correlation (33)
uf,d

With knowledge of the slip ratio, Equations (28), (29), (30), (31), (32), and (33) can be
solved simultaneously. The resulting isentropic mass flow rate and the measured mass

flow rate are substituted into Equation (8) in order to determine the discharge coefficient.

2.6.6 Slip Ratio

For single-component two-phase flow, the slip ratio is defined as the ratio of the velocity
of the vapor to the velocity of the liquid. This ratio can also be written in terms of the
vapor and liquid densities, the void fraction (volume fraction), and the quality, as shown
in Equation (34).

_Ug prx(1—a)

$= us B pg(1—x)a (34)

Equation (34) shows that the slip ratio approaches unity as the ratio of the density of the

liquid to the density of the vapor approaches unity. Therefore, the assumption of equal
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velocities of the phases (one of the HEM assumptions) becomes less valid as the ratio of

the densities increases.

An analytical solution for the slip ratio for critical flow of one-component two-phase
mixtures in terms of the densities of the liquid and vapor phases can be determined by
maximizing the mass flow rate in the governing equations of the separated flow model.
The result is the expression shown in Equation (35). Moody [21] found good agreement

between this model and available steam-water critical flow data.

1
5= (p_f)g (35)
Pg
Fauske [22, 23] developed a correlation for the slip ratio for critical flow of one-
component two-phase mixtures based on experimental data with steam-water mixtures.
His correlation is also based on the ratio of the densities of the liquid and vapor phases,

but the exponent is different than Moody’s solution, as shown in Equation (36).

1

5= (p_f)i (36)
Pg

The slip ratio expressions developed by Moody and Fauske for critical flows of single-
component two-phase mixtures are the most well-known. However, many other
correlations for both the slip ratio and the void fraction (the slip ratio can be determined

if the void fraction is known) exist for various applications.

Since correlations for the slip ratio are often highly empirical, it is usually necessary to

develop a correlation for the specific application of interest. If experimental data are
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available, the slip ratio for which the separated flow model predicts the data can be

determined and correlated in terms of the phase densities and other parameters.

2.7 Major Losses

2.7.1 Single-Phase Major Losses

For orifices with small L/D, forms losses are dominant, and an appropriate one-
dimensional isentropic model with an empirical discharge coefficient provides an
estimate of the mass flow rate through the orifice. However, for orifices with larger L/D,
the major losses (i.e., friction, acceleration, and gravity) must be considered. The
continuity, momentum, and energy equations for one-dimensional single-phase internal
flow for the case in which major losses are not negligible are shown in Equations (37),
(38), and (39), respectively [20]. The process is assumed to be adiabatic with no work

entering or leaving the system.

Continuity: m = puA = constant (37)
ap _ per mdu
Momentum: i T‘L’W “Adz pgcgs@ (38)
friction acceleration gravity
e d¢ dW  d - u? N
nergy: & dz = mdz > 9z (39)
0 0

The frictional pressure drop is expressed in terms of a dimensionless friction factor for
which correlations exist. The two forms of the friction factor are the Fanning friction
factor and the Darcy friction factor [20]. The Fanning friction factor is related to the wall

shear stress by Equation (40), and the Darcy friction factor is four times greater than the
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Fanning friction factor, as shown in Equation (41). For this study, the Darcy friction

factor is used and is referred to as f.

2T,
fFanning = ,0? (40)
8t
fDarcy = 4‘fFanning = p_uMZ/ (41)

An expression for the single-phase frictional pressure drop in terms of the Darcy friction
factor is developed by substituting Equation (41) into the friction term of Equation (38)
for a circular channel of a specific length with constant fluid properties, as shown in

Equation (42).

L pu?
APfriction = _fBT

(42)
A variety of friction factor correlations exist for laminar and turbulent flow. Due to the
large Reynolds numbers associated with the flow of S-CO, through orifices, only
correlations for turbulent flow are of interest. The implicit Colebrook equation [24]
provides a general correlation for the Darcy friction factor for turbulent flow, and it

includes the effects of the Reynolds number and the relative surface roughness, as shown

in Equation (43).

1 £ 2.51
—_— = —2 10g10 + (43)

\/7 3.7D ReD\/?

Other correlations for single-phase turbulent flow exist, some of which include the
effects of surface roughness and some of which do not, such as the Blasius solution [25],

shown in Equation (44).
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(44)
Kruizenga et al. [4] found that both the Blasius and Colebrook correlations predicted
experimental pressure drop data for the flow of S-CO, within heat exchangers accurately
for pressure drops below 5 kPa. However, for pressure drops above 5 kPa, they observed
an under prediction of the experimental pressure drop data when the Blasius correlation

was used and an over prediction of the experimental pressure drop data when the

Colebrook correlation was used.

Popov [26] developed a correlation for the friction factor for S-CO; based on his
experimental data. The friction factor is in the form of a multiplier to a correlation for the
isothermal friction factor developed by Filonenko [26], as shown in Equation (45).

1
(1.821og,o Re, — 1.64)?

fiso = (45)

Popov’s multiplier is shown in Equation (46), where pg¥¢, is the average density within a

temperature range from T,,, to T},.

ave \ 0.74
ey
iso b

An expression for the acceleration pressure drop for single-phase flow through a circular
duct of specific length is developed by rearranging the acceleration term of Equation
(38), as shown in Equation (47). This expression is a momentum balance, and it assumes

that the acceleration pressure drop is only due to changes in the density of the fluid.

m 1 1
APycceteration = — (Z) (P - 0; ) (47)
out in
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Finally, an expression for the gravitational pressure drop for single-phase flow through a
circular duct of specific length is shown in Equation (48), where 8 is defined as the angle
between the centerline of the duct and the direction of the gravitational force acting on

the fluid.

APyravity = Lpgcos6 (48)
2.7.2 Long Orifice Modeling Methodology
The methodology used for modeling the flow of S-CO, through longer orifices for which
the minor and major losses must be considered is illustrated in Figure 17. The form
losses that occur at the entrance to the orifice are modeled by applying an empirical
discharge coefficient to an appropriate isentropic model, using one of the methods
described in previous sections. The form losses are represented by the section of the
orifice that is labeled A in Figure 17. The models for the major losses are applied along

the remaining length of the orifice, labeled as section B in Figure 17.
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Figure 17. Methodology for modeling the flow of S-CO, through orifices with large L/D.
A: Apply isentropic model with empirical discharge coefficient.
B: Apply models for major losses.

Due to the property variations of CO; near the critical point, it is necessary to discretize
the orifice into smaller length cells in which the properties do not vary significantly. The
major losses are then integrated numerically along the length of the orifice. Figure 18
illustrates the discretization of an orifice into cells for numerical integration of the major

losses.
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Figure 18. Discretization of orifice with large L/D into smaller length sections.

The length of each cell (the distance between each node) dz is determined using
Equation (49). It is important to note that the length over which the major losses are
integrated does not include the length of the orifice used to determine the empirical
discharge coefficient. The isentropic model with an empirical discharge coefficient
accounts for all of the losses associated with the length of the orifice used for
determining the discharge coefficient. Therefore, this length is subtracted from the total
length of the longer orifice. The form loss is modeled as occurring between the upstream
stagnation point and node 1.

dz = N1 (49)
In the case of longer orifices, the measured downstream pressure is equal to the pressure
of the last node of the numerical model. Therefore, both the mass flow rate through the

orifice and the pressure at node 1 are unknown. The isentropic model with an empirical
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discharge coefficient does not provide sufficient information to solve for the conditions
at node 1 and initially, the mass flow rate through the orifice is guessed. The form loss at
the orifice entrance is modeled by applying the measured upstream stagnation conditions,
an empirical discharge coefficient, and the guess for the mass flow rate to an isentropic
model in order to determine the properties and the velocity of the fluid at node 1, as

shown in Equation (50).

Py, 81, Ry, p1, 1, Uy = [ (B, po, Cp, ) (50)
The mass flux of the fluid is a useful quantity for this analysis, and it is defined by
Equation (51).
m

G = 51
Aorifice ( )

The Reynolds number of the fluid within each cell is defined by Equation (52). The
average of the viscosity of the fluid at the inlet and outlet of each cell is used.

GD

Re;= ——
AT T
2

fori=1N-1 (52)

The Reynolds number of the fluid and the relative roughness of the duct surface are
applied to a correlation in order to determine the Darcy friction factor within each cell, as

shown in Equation (53).

fi = f(Re;,e) fori=1,N-—-1 (53)
The frictional pressure drop within each cell is calculated with Equation (54), in which

the average of the density of the fluid at the inlet and outlet of each cell is used.
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dz G2 .
APfrictio”rll- = flfz (pl + pi+1) fOT'l = 1’N -1 (54)
2

The acceleration pressure drop within each cell is calculated with Equation (55).

1 1 )
APaccelerationi =G? ( - _> fori=1,N—-1 (55)
Pi+1  Pi

The gravitational pressure drop within each cell is shown in Equation (56), in which the
average density of the fluid is used. In the experiment, the orifice is oriented in the

direction of gravity (i.e., vertically).

APy avity; = (%) gdz fori=1,N—1 (56)

The total pressure drop within each cell is defined as the sum of the friction, acceleration,
and gravity pressure drops. This value is subtracted from the pressure at the entrance of
each cell in order to obtain the pressure at the exit of each cell, as shown in Equation

(57).

Pi+1 = Pi - APfrictioni - APaccelerationi - APgravityi fOT' i=1,N-1 (57)

The continuity equation is applied at the exit of each cell, as shown in Equation (58).

G = piz1Uiy1 fori=1,N-1 (58)
An energy balance is applied between the upstream stagnation point and the exit of each

cell as shown in Equation (59).

2
u.
hm:ho—‘z—“ fori=1,N-1 (59)
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Finally, the density and the viscosity of the fluid at the outlet of each cell are related to
the pressure and the specific enthalpy of the fluid at the outlet of each cell by property

relations, as shown in Equation (60).

Pi+1 = f(Pi+1’hi+1)5 Uiv1 = f(Pi+1» hiy1) fori=1,N-1 (60)

Equations (52) through (60) provide ten equations and ten unknown variables for each
cell, which allows for the properties and velocities at each node to be calculated.
However, these values are based on the initial guess for the mass flow rate through the
orifice. The final step is to iterate until the pressure of the last node is equal to the
measured downstream pressure, as shown in Equation (61). This provides a calculation
of the mass flow rate through an orifice of known length and diameter for a given

upstream stagnation pressure, upstream density, and downstream pressure.

Py =Py (61)
2.7.3 Two-Phase Major Losses
The HEM and the separated flow models can be used for modeling major losses when
two-phase flow occurs within the orifice. Models for major losses with HEM
assumptions are applied in the same way as single-phase models for major losses.

However, mixture properties (in this case mass averaged) are used.

There are a number of approaches for determining the friction factor for two-phase flow
based on the HEM assumptions. If the quality of the mixture is near 0 or 1, the fluid may
be treated as either saturated liquid or saturated vapor, and the friction factor is
determined with a single-phase correlation. A more common approach is to use mixture

properties and a correlation for the mixture viscosity to determine the Reynolds number
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of the mixture. The Reynolds number of the mixture is then used to determine the friction
factor with a single-phase correlation. This is the approach used in this study. An
extensive number of correlations for mixture viscosities have been developed, many of
them empirical. McAdams et al. [27] proposed the expression for the mass averaged

viscosity shown in Equation (62), which is used in this study.

x 1—x\"
=(—+ (62)
Hm (n“g My )

Models for the major losses with separated flow assumptions can also be derived. For
example, the phases can be assumed to be in thermodynamic equilibrium with different
velocities. However, these models were not utilized for this research, so they will not be

discussed in detail.

2.8 Previous Work with Orifices

The flow of various fluids through orifices under ideal gas conditions has been studied
extensively, and a variety of one-dimensional analytical models exist for predicting form
losses [28-31]. In general, these one-dimensional analytical models are used to determine
the contraction coefficient, which was previously discussed and is represented by
Equation (7). The contraction coefficient can be applied to an isentropic flow model in

order to determine the actual mass flow rate of fluid through the orifice.

The flow of a single-component, two-phase mixture through an orifice has also been
studied extensively. For example, Fauske [22, 23, 32] and Moody [21] developed one-
dimensional models for predicting the critical flow rate of single-component, two-phase

mixtures through orifices with various length-to-diameter ratios (L/D) under various



44

orifice inlet conditions in the two-phase region based on analyzing steam-water mixtures.
However, these models are highly empirical, and the accuracy of the models comes into
question when they are applied to conditions other than the experimental conditions used

for their derivation.

Relatively few studies have made attempts to measure the critical flow rates of
supercritical fluids through orifices. For example, Mignot et al. [33, 34] measured the
critical flow rates of S-CO, through orifices with L/D ranging from 3.7 to 168 for various
inlet conditions that included up to three times the critical pressure and two times the
critical temperature. However, the measurements were made under transient conditions.
They found that when two-phase conditions existed for orifices with L/D greater than
14.7, the measured mass flow rates could be predicted accurately with the HEM model
with friction using the Colebrook correlation for the friction factor. However, they did

not attempt to develop a model for the form losses.

Liu et al. [35] made measurements that were similar to those made by Mignot et al. using
a steady state experiment. Additionally, Chen et al. [36] measured the critical flow rate of
water through short orifices under various inlet conditions in the supercritical region, and
he attempted to correlate his data with a modified HEM, which is shown in the form of
an expression for the mass flux in Equation (63), where C is an empirically determined
local resistance factor. The researchers found that the modified HEM predicted
experimental mass flow rate measurements accurately for sharp edged orifices with a

value of 0.6 for C, and for rounded edged orifices with a value of 0.2 for C.
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Zwolinksi et al. [37] developed a scaling method for water and carbon dioxide at
supercritical pressures, which may be useful for comparing models developed using

supercritical water data with S-CO, data.

Limited data related to the flow of supercritical fluids through orifices for pressure ratios
above the critical pressure ratio are available. However, it is necessary to have an
understanding of the flow for these conditions when analyzing pipe bursts, valves, and
turbomachinery seals. For example, power cycles such as the S-CO, Brayton cycle
contain many valves across which the pressure drops are not large to enough to induce
critical flow. The experiment described herein is capable of measuring flow rates of S-

CO;, through orifices for pressure ratios both above and below the critical pressure ratio.
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3 Data Collection
3.1 Test Facility

Figure 19 shows a schematic of the test facility that was used to measure the flow rate of
S-CO, through sharp-edged orifice geometries at different conditions. Various orifice

geometries were tested under a range of inlet conditions in the supercritical region.

Heated Buffer Tank

DTQ DTQ— Precooler @ Preheater1

Bypass Loop |

Test Section Loop
Compressor |

Coriolis Mass

Flow Meter
\
@ [ > Orifice
T4,P4 L % Test
Section
— ]

Reservoir C02 Supply
Tank Tank

Figure 19. Test facility.

A single-stage, linear actuated compressor manufactured by Hydropac (Model No.:

C02.4-40-2050LX/SSCO2) [38] is used to energize the facility, which consists of a
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bypass loop and a test section loop. The Hydropac compressor has a maximum discharge
pressure of 16.55 MPa (2400 psia) and a minimum suction pressure of 1.38 MPa (200
psia), which allow the facility to achieve a range of orifice inlet pressures that are both
above and below the critical pressure. A photograph and a schematic of the Hydropac

compressor are shown in Figure 20.

HIGH-PRESSURE GAS 0UT

PRESSURIZED HYDRAULIC FLUID
HYDRAULIC FLUID ¥ 10 RESERVOIR

LOW-PRESSURE GAS ¥

Figure 20. Hydropac compressor used to energize test facility [38].

The test section loop contains the test section with the orifice being investigated. Two
valves (one fine and one coarse) located in the bypass loop are adjusted to control the
amount of fluid allowed to bypass the test section loop. Pressure fluctuations at the test
section inlet (due to the cycling of the compressor) are reduced to 20.7 kPa by a 0.123 m®
heated buffer tank and a restriction valve located at the entrance to the test section loop.
On the low pressure side of the loop, a reservoir tank is used to maintain a constant
compressor inlet pressure, and two valves (one fine and one coarse) located at the outlet
of the test section are used to control the test section outlet pressure. Simultaneous
control of the valves in the bypass and test section loops allows independent control of

the inlet and outlet pressures to the test section.
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Fluid temperature is controlled at various locations within the experiment using a number
of methods. The buffer tank requires heating in order to maintain a discharge pressure
above the critical pressure because the saturation pressure of CO, at ambient temperature
is 5.7 MPa. The buffer tank is wrapped with 4 HTS Amptek Duo-Tape® heater tapes
[39], each capable of providing 1.25 kW. The temperature of the tank is controlled using
these heaters with a Proportional Integral Derivative (PID) controller implemented in
Labview™. Feedback for the PID controller is provided by three thermocouples welded
to the surface of the buffer tank. During normal operation, the fluid in the buffer tank is
maintained at a temperature that is between 70°C and 100°C in order to reduce the mass
of CO;, required in the system to reach high pressures (7.7 MPa-16.55MPa) in the

supercritical region. The buffer tank before and after it was insulated is shown in Figure

21a and Figure 21b, respectively.

Figure 21. Buffer tank (a) before and (b) after it was wrapped with insulation.

To allow a test section inlet temperature that is lower than the buffer tank temperature,
the fluid temperature is reduced using a precooler heat exchanger upon entering the test

section loop. The precooler is a shell and tube heat exchanger with the CO, passing
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through a helically wound pipe inside of a canister through which water flows. The duty
of the precooler is controlled by varying the flow rate of water through the canister. The

precooler heat exchanger is shown in Figure 22.

Figure 22. Precooler heat exchanger.

After exiting the precooler, the fluid is heated to the desired test section inlet temperature
with a preheater consisting of three heated pipes in parallel. Each pipe is wrapped in HTS
Amptek Duo-Tape® heater tape with a heating capacity of 1.25 kW. The inlet
temperature of the test section is controlled with a PID controller implemented in
Labview ™. Temperature fluctuations observed at the test section inlet (based on a
thermocouple immersed in the fluid) were smaller when feedback for the PID controller

was provided by three thermocouples welded to the surfaces of the three heated pipes
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than when it was provided by the thermocouple immersed in the fluid at the test section
inlet. Therefore, this control scheme was used for all tests. During a typical run, the test

section inlet temperature can be controlled to within 0.1°C.

Figure 23. Preheater consisting of three heated pipes in parallel.

The locations of temperature, pressure, density, and mass flow rate measurements are
shown in Figure 19. The majority of these measurements are used for control feedback or
to verify that the experiment is operating correctly. The test section inlet pressure, test
section inlet density, test section mass flow rate, and test section outlet pressure are the
primary measurements used to characterize the flow conditions and resulting flow rate
through the orifices. Although the test section inlet temperature is measured with a

thermocouple, the test section inlet pressure and test section inlet density are used to



o1

define the test section inlet temperature for modeling purposes since these measurements
have smaller uncertainties. Test section inlet and outlet stagnation pressures are measured
with Siemens Sitrans P pressure transducers [40]. Both test section inlet pressure and test
section outlet pressure correspond to stagnation pressures as they are measured in
locations where the fluid velocity is negligible. The test section mass flow rate and inlet
density are measured with an Endress Hauser Cubemass DCI Coriolis mass flow meter
[41]. The uncertainties associated with these measurements are analyzed in the following

sections.

Figure 24a illustrates a three-dimensional model of the test section, including the flow
inlet and outlet ports. Figure 24b illustrates a three-dimensional model of the upper
flange of the test section (upside down with respect to the model of Figure 24a), within
which the orifices were secured during testing. Figure 24c illustrates a sectioned image of
the upper flange and components used to secure the orifices. The orifices were placed
inside of a drill bushing that is press fit into the upper flange. To secure the orifices
within the press fit drill bushing, a relatively smaller drill bushing and a circular
clamping plate was fastened to the upper flange with three socket head bolts. A pressure
vessel attached to the lower flange was used to achieve steady downstream stagnation

pressures.
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Figure 24. Images of the (a) full test section, (b) upper flange of test section, and (c) section
of upper flange in which orifices are secured. Orifices used for testing had diameters of 1
mm and lengths of 3.2 mm, 5 mm, and 20 mm. See Table 4 for precise measurements of the
orifice dimensions.

Figure 25a shows the schematic of the test facility, and Figure 25b shows the conditions
at each point within the test facility for a typical experiment on a temperature-specific
entropy diagram. The inlet conditions to the test section are held constant throughout a
test at the desired orifice inlet condition in the supercritical region, represented by point 1
in Figure 25. There is a reduction in the pressure and temperature as the CO, flows
through the orifice within the test section from the inlet (point 1) to the outlet (point 2) of
the test section. The pressure at point 2 is controlled with the valves at the outlet of the

test section. Another reduction in the pressure and temperature occurs from point 2 to
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point 3 across the valves used to control the test section outlet pressure. Between point 3
and point 4, the CO, from the test section loop and the CO, from the bypass loop mix
causing the CO, entering the compressor at point 4 to be in liquid phase under many
conditions, as shown in Figure 25b. The compressor is designed to take in single-phase
(either liquid or gas) or two-phase CO,. From point 4 to point 5, the CO, is compressed
and mixed with high temperature CO, from the buffer tank (point 6), which results in an
increase in both the pressure and temperature of the CO,. The pressure and temperature
of the CO;, is reduced as it passes through the restriction valve at the entrance to the test
section loop, and the temperature is further reduced in the precooler, resulting in point 7
shown in Figure 25b. Finally, the temperature is increased to the desired test section inlet
temperature (point 1) in the preheater. Figure 26 shows a photograph of the test facility

with the components labeled.
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Figure 25. (a) Schematic of the test facility and (b) conditions at each point within the test
loop during a typical experiment on a temperature-specific entropy diagram.

1-Compressor
2-Buffertank
3-Precooler
4-Preheater
5-Coriolis flow meter
6-Pressure transducers
7-Test section

8-CO, supply tank
9-Reservoir tank

Figure 26. Test facility with components labeled.
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3.2 Instrumentation and Measurement Uncertainties

Measurements of the test section mass flow rate, test section inlet density, test section

inlet pressure, and test section outlet pressure were used to create and validate models for
the flow of S-CO, through orifices based on experimental data. Therefore, it is important
to quantify the uncertainties in these measurements. Two types of uncertainties (accuracy

and precision) were considered.

3.2.1 Accuracy Uncertainties

Accuracy uncertainties are based on shifts in measurements from their true values; this
type of uncertainty can be analyzed in the design stage, before physical measurements
are available. Therefore, accuracy uncertainties are based on estimates for the
uncertainties associated with the equipment used for collecting measurements. The
accuracy uncertainties considered for this experiment are based on the instrument
uncertainties reported by the manufacturers, the uncertainty associated with converting
the instrument outputs from currents to voltages, and the uncertainty associated with the

resolution of the data acquisition system.

Table 1 summarizes the instruments used for measuring the test section mass flow rate,
test section inlet density, test section inlet pressure, and test section outlet pressure. Each
instrument has a maximum measured instrument error reported by the manufacturer in
various forms. The maximum measured error for the pressure transducers is provided as
a percentage of the instrument reading that varies linearly between zero and the

maximum span of the instrument. The maximum measured error for the Coriolis flow
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meter for density measurements is 1 kg/m°. Finally, the maximum measured error for the

Coriolis flow meter for mass flow rate measurements is 0.1% of the instrument reading.

The resolution uncertainty is based on the resolution of the equipment used for data
acquisition. The smallest voltage that the data acquisition system is capable of reading is
based on the voltage input range and the number of bits of the system. The resolution
uncertainty is defined by Equation (64). A National Instruments (NI) 9205 Data
Acquisition (DAQ) system was used for data collection. The NI 9205 is a 16 bit system
with an input voltage range of 20 V (+/- 10V).

Rangey Maxspaniy,
%
2Nda Rangey, (64)

N————_—

smallest voltage

that system can
read

Table 1. Instruments used for measurements.

unc, =

Maximum measured Outout
Measurement Instrument MaxSpan;, error (from R b
ange
manufacturer)
. <0.1%
Inlet pressure S_lemens 17.2 MP_a Linear from O to 4-20mA
Sitrans P (2500 psia)
MaxSpan;y
Siemens 0-17.2 MPa =0.1%
Outlet pressure . P Linear from O to 4-20mA
Sitrans P (2500 psia)
MaxSpan;y
Endress
Inlet density Hauser 1000 kg/m® 1.0 kg/m® 4-20mA
Cubemass DCI
Endress
Mass flow rate Hauser 0.10 kg/s 0.1% of reading 4-20mA
Cubemass DCI

All three of the instruments used for measurements have a current output range of 4-
20mA. In order to convert the outputs to voltages for data acquisition, the current outputs

of each instrument were passed through 250€ resistors, and the voltage across the




S7

resistors was measured with the data acquisition system. Therefore, the output range of
each instrument was converted from 4-20mA to 1-5V. The resistances of the resistors
were measured with a Hewlett-Packard 34401A Multimeter [42]. The uncertainty of the
resistance measurements based on the error of the multimeter reported by Hewlett-
Packard is the sum of 0.01 percent of the resistance reading and 0.004 percent of the span
of the multimeter for the setting used (1k<2). Table 2 shows the measured resistances and
measurement uncertainties associated with the resistors that were used to convert
instrument outputs from currents to voltages. The resulting voltage output ranges for

each instrument are also shown.

Table 2. Measured resistances and uncertainties associated with the resistors that were used
to convert instrument outputs from currents to voltages and the resulting voltage output

ranges.

Measurement | Instrument Remstgnceof Uncer_talntyln Rangey.

Resistor Resistance ins

Inlet Pressure | Slemens 249550 0.065Q 0.9982V-4.991V/
Sitrans P

Outlet Pressure | Slemens 249,080 0.065Q 0.9963V-4.981V/
Sitrans P
Endress

Inlet Density Hauser 250.15Q 0.065Q 1.0006V/-5.003V
Cubemass
DCI
Endress

Mass Flow Hauser 249.25Q) 0.065Q 0.9970V-4.985V
Rate Cubemass
DCI

The uncertainties in the resistance measurements can be translated into uncertainties in
pressure, mass flow rate, and density measurements. Calculations were performed for the
maximum instrument outputs (20mA) where the uncertainties are the largest, as shown in

Equation (65).
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uncq = (0.0650)(0.024) Ra

MaxSpan;,

eVins

(65)

The instrument uncertainties associated with the test section inlet pressure, test section

outlet pressure, and the mass flow rate vary with the readings of the instruments.

However, it is useful to look at the total accuracy uncertainty for each instrument for the

worst case scenario in which the instrument reading is a maximum. The instrument,

resistance, and resolution uncertainties are combined using the root sum-square (RSS)

method to give the total accuracy uncertainty, as shown in Equation (66).

UNCquee = \/

unc?

mns

+ uncd + unc?

(66)

Table 3 shows the instrument, resistance, resolution, and total accuracy uncertainty for

each measurement for this scenario. The results show that the accuracy uncertainty is

almost entirely due to the instrument uncertainty for every measurement.

Table 3. Instrument, resolution, and total design stage uncertainties for each measurement.

Measurement

UNCjys uncg unc, UNC,ec
Inlet pressure 17.24 kEa 5.61 sz_a 1.30 kP_a 18.18 kI_Da
(2.50 psia) (0.814 psia) (0.19 psia) (2.63 psia)
Outlet Pressure 17.24 kEa 5.62 sz_a 1.30 kP_a 18.18 kI_Da
(2.50 psia) (0.816 psia) (0.19 psia) (2.63 psia)
Inlet density 1.0 kg/m® 0.325 kg/m® 0.076 kg/m® 1.05 kg/m®
Mass flow rate 1.0e-4 kg/s 3.3e-5 kg/s 7.6e-6 kg/s 1.06e-4 kg/s

The previous analysis is useful for determining the maximum accuracy uncertainty

during the design stage in order to choose the appropriate instruments. However, once an

instrument is chosen and purchased, there are a number of methods for decreasing its
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accuracy uncertainty. One such method involves calibrating the instrument using another
instrument with a very small (preferably negligible) accuracy uncertainty. The pressure
transducers used for measuring the upstream and downstream stagnation pressures were
calibrated using a dead weight tester, which allows for a pressure, known to a high
degree of accuracy, to be applied to the pressure transducers. The pressure is applied by
stacking plates on top of a spindle that is suspended in incompressible oil; the oil column
transmits the pressure to the pressure transducer, as shown in Figure 27a. The measured
masses of the cylindrical plates and the diameter of the spindle upon which they stacked
are provided by the manufacturer of the dead weight tester. Therefore, the pressure
applied to the pressure transducers when they are installed in the dead weight tester can

be calculated to a high degree of accuracy.

Pressure Transducer

Spindle

(a) oil

Figure 27. Dead weight tester used for calibrating pressure transducers.

Pressures ranging from 60 psia to 1861 psia were applied to the pressure transducers with

the dead weight tester. For each applied pressure, the pressures measured by the pressure
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transducers were recorded as an average of 1000 samples collected at a rate of 1000 Hz.
Figure 28 shows the calibration curve for the upstream pressure transducer and the data
used to construct the calibration curve. The actual pressure is defined as the pressure
applied by the dead weight tester and the measured pressure is defined as the pressure
measured by the upstream pressure transducer. A line was fit to the data points using
EES [13], which provides the actual pressure as a function of the pressure measured by

the upstream pressure transducer over the entire calibration range.
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Figure 28. Calibration curve for upstream pressure transducer.

The accuracy uncertainty that remains after the calibration process is based on the

deviation of the measured data points from the calibration curve. The standard deviation
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based on this definition is shown in Equation (67), where Pysyq;; 1S the pressure

calculated with the calibration curve for a given measured pressure, Pyeqsured,i-

2
\/2?’=1(Pactual,i - Pmeasured,i) (67)
Saccear = \/N

Assuming that the errors are normally distributed, the uncertainty for a finite sample size

is defined based on a given confidence interval as the product of the standard deviation
of the sample and the appropriate value (based on the degrees of freedom) from the
Student’s t-distribution, as shown in Equation (68) for a 95% confidence interval.

(68)

UNCqccoy; = Sacclvgg

The uncertainty associated with the accuracy of a pressure measurement based on
calibration is 2.28 psia for the upstream pressure transducer and 3.59 psia for the
downstream pressure transducer. It is interesting to note that the uncertainty associated
with the downstream pressure transducer based on calibration is greater than the
maximum error specified by the manufacturer. This could be due to drift of the
transducer over time. The uncertainty associated with the accuracy of a pressure
measurement based on calibration is combined with the uncertainty associated with the
precision of the pressure measurement in order to determine the overall uncertainty, as

discussed in the following section.
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It is not standard practice for users to calibrate Coriolis flow meters prior to using them
for measurements. Therefore, the accuracy uncertainty of mass flow rate and density

measurements are based on the instrument, resistance, and resolution uncertainties.

3.2.2 Precision Uncertainties

Precision uncertainties are based on the statistics of a sample of measurements, and can
therefore be determined only after measurements are available. In this study, steady state
for the experiment was defined as a period of 60 seconds during which the downstream
pressure fluctuated by no more than 20.7 kPa (3 psi) and the upstream temperature, based
on the thermocouple immersed in the fluid at the test section, fluctuated by no more than
0.1°C. Although the experiment had reached steady state at this point in time,
fluctuations associated with the operation of the experiment and changes in the ambient
environment remained. Therefore, once steady state was reached, data points were
collected for 30 seconds in order to analyze these remaining fluctuations. During the 30
seconds of data collection, measurements of the test section mass flow rate, test section
inlet density, test section inlet pressure, and test section outlet pressure were sampled by
the NI DAQ at a rate of 1000 Hz. One data point was recorded each second, and the
value of the recorded data point was the average of the 1000 measurements sampled
within that second. Therefore, for one steady state condition, 30 data points were
recorded for the test section mass flow rate, test section inlet density, test section inlet
pressure, and test section outlet pressure. Although there were statistical uncertainties
associated with the scatter of the 1000 points that were averaged each second, these

uncertainties were much smaller than the statistical uncertainties associated with the
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steady state fluctuations of the experiment. Therefore, the precision uncertainty was
defined as the statistical uncertainty observed in the 30 data points collected over 30
seconds of steady state operation. The statistical uncertainty associated with a finite sized
sample is dependent on the standard deviation of the sample, which is defined by
Equation (69) for a sample of pressure measurements, where P is the average of the

sample. The same method applies to mass flow rate and density measurements.

/ iz (P — P)? (69)

Sprec = \/N

Assuming that the errors of the sample are normally distributed, the uncertainty

associated with the precision of a measurement is defined for a given confidence interval
as the product of the standard deviation of the sample and the appropriate value (based
on the degrees of freedom) from Student’s t-distribution, as shown in Equation (70) for a
95% confidence interval.

(70)

UNCprec = Spreclvgs

3.2.3 Combining Precision and Accuracy Uncertainties

There are a variety of methods for combining the precision and accuracy uncertainties in
order to determine the overall uncertainty of a measurement. For the test section inlet and
outlet pressure measurements, an overall uncertainty is defined by combining the
accuracy uncertainty (based on calibration) and the precision uncertainty (based on

steady state fluctuations) using the RSS method, as shown in Equation (71). In order to
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combine the two uncertainties, it is necessary that they are calculated for the same

confidence interval, in this case 95%.

uncoverall,P - uncacc,cal uncprec

Combining the precision and accuracy uncertainties for the measurements of the mass
flow rate and the density is accomplished using a slightly different technique because the
Coriolis flow meter was not calibrated. The range of mass flow rates measured with the
experiment varied from approximately 0.01 kg/s to 0.04 kg/s. The accuracy uncertainties
based on the instrument, resistance, and resolution uncertainties associated with these
flow rates are 1.3x10™ kg/s and 4.1x10° kg/s, respectively. The precision uncertainties
associated with mass flow rate measurements for all tests conducted varied from
approximately 1.0x10 kg/s to 4.0x10™ kg/s, depending on the test conditions. Therefore,
the accuracy uncertainty associated with mass flow rate measurements was neglected
since it was an order of magnitude less than the precision uncertainties observed. The
overall uncertainty associated with mass flow rate measurements was assumed to be
completely due to precision uncertainties from steady state fluctuations within the

experiment.

The accuracy uncertainty associated with density measurements is on the same order of
magnitude as the precision uncertainties that were observed during testing. Therefore, it
IS necessary to consider both uncertainties in the overall uncertainty. Although the

accuracy uncertainty for density measurements based on the instrument, resistance, and

resolution uncertainties is not necessarily associated with a 95% confidence interval, it
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was still combined with the precision uncertainty using the RSS method in order to
estimate an overall uncertainty associated with density measurements, as shown in

Equation (72).

_ 2 2 (72)
uncoverall,p = [UNCgcc + uncprec

3.3 Orifice Geometries

Orifices with diameters of 1 mm were used for all experiments reported in this paper.
Two orifices with small L/D were tested in order to gain an understanding of form losses,
and one orifice with a large L/D was tested in order to gain an understanding of major
losses. Accurate measurements of the diameters, lengths, inlet and outlet curvatures, and
roughness were necessary in order to connect the data to a specific physical geometry.
Precise knowledge of the geometry is essential for the creation and validation of one-

dimensional and multi-dimensional models.

Images of each orifice were captured using a microscope with a resolution of 0.90
microns. The ImageJ software package developed by the National Institutes of Health
[43] was used to manually fit circles to the images in order to determine the diameters of
the orifices. Images were captured with the light source directed from beneath the orifice
and at the top of the orifice as shown in Figure 29a and Figure 29b, respectively.
Positioning the light source beneath the orifices resulted in better lighting near the edges
of the orifice, so this method was used for diameter measurements. The length of each

orifice was measured with a micrometer with a resolution of 1.3 microns. Table 4
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summarizes the measurements of the lengths and diameters of the three orifices used for

testing.

Figure 29. Images of Orifice B taken with a microscope with (a) bottom lighting and (b) top
lighting.

Table 4. Measurements of diameters and lengths of the orifices used for testing.

Orifice Label | Diameter (mm) Length (mm) Length to ?I_I?Er)]; eter Ratio
A 1.014 3.233 3.188
B 1.006 5.011 4.981
C 1.009 20.015 19.847

In order to accurately represent the geometries of the orifices, especially as required for a
detailed computational fluid dynamics (CFD) model, the sharpness of the inlet and outlet
edges of Orifice B and Orifice C were measured. To quantify sharpness, a Zygo
NewView ™ white light interferometric microscope [44] was used. The curvatures of the
inlet and outlet edges of Orifice A could not be measured with the interferometric
microscope due to uncertainties caused by light scatter from the rough surface (this was
not discovered until after flow data were collected using Orifice A). The inlet and outlet

edges of Orifice B and Orifice C were therefore polished prior to data collection,
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allowing the interferometric microscope to measure the curvatures of the inlet and outlet
edges after testing. Figure 30 shows three-dimensional models of the surface of Orifice B
captured by the white light interferometric microscope for two different magnification

settings.

4B Zugo 3D Model

Figure 30. Three dimensional models of the surface of Orifice B from the Zygo NewView ™
white light interferometric microscope for two different magnification settings.

Figure 31a illustrates a diagram of an orifice with the inlet edge of the orifice circled,
highlighting one portion of Orifice B for which sharpness was quantified. Data points
representing the curvature of the inlet edge of Orifice B (highlighted in Figure 31a) at a
single circumferential location are shown in Figure 31b (note that the axes are scaled
differently). The figure shows that the inlet edge of Orifice B is very sharp. Mass flow
rate and discharge coefficient results for Orifices A and B were very close for the inlet
conditions tested. Therefore, although the curvatures of the inlet and outlet edges of
Orifice A were not measured, the geometry of Orifice A is thought to be similar to that of
Orifice B. Curvature data for two circumferential locations for both the inlet and outlet
edges of Orifice B and Orifice C are provided with the experimental data as an electronic

supplement to this document.
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Figure 31. Diagram of (a) region of interest for curvature measurements and (b) measured
data for the curvature of the inlet edge of Orifice B at a single circumferential location.

The surface roughness of Orifice C was also measured since it is required to accurately

predict the frictional pressure losses in CFD simulations and one-dimensional models

utilizing correlations for the friction factor which account for the surface roughness. The

Zygo NewView ™ white light interferometric microscope [44] was used to make this

measurement. After data was collected, Orifice C was modified in order to provide

optical access to the channel surface, as shown in Figure 32. The measured surface

roughness was 3.005 microns.



69

Filled Plot

—1!3.92113m

Figure 32. (a) Orifice C after modifications were made for surface roughness measurements
and (b) a contour plot of the surface of the channel of Orifice C obtained from the white
light interferometric microscope.

3.4 Test Conditions

The objective of this study is to collect data over a wide range of test section inlet
conditions that span the supercritical region. Figure 33 shows the density of CO, as a
function of temperature for various pressures in the supercritical region. The square
points represent the test section inlet conditions at which data were collected for each
orifice. Figure 34 shows the test section inlet conditions plotted on a temperature-specific
entropy diagram. The pseudo-critical line is also shown in both figures. Data collected at
these orifice inlet conditions provide insight into single-phase and two-phase flow of CO,
over a wide range of densities, pressures, and temperatures near the critical point and the

pseudo-critical line.
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Figure 33. Density of CO, as a function of temperature for various values of pressure. The
test section inlet conditions at which data were collected are shown as square points.



71

80,

® Test Section Inlet Conditions /
70; ---- Pseudo-critical Line 11MPa

60|
50|
40|

30|

Temperature (°C)

20|

-1750 -1500 -1250 -1000 -750
Specific Entropy (J/kg-K)

Figure 34. Temperature-specific entropy plot for CO, with the test section inlet conditions
shown as squares.

3.5 Data Collection Procedure

Figure 35 shows the measured mass flow rate for a typical data set collected for the flow
of S-CO;, through a specific orifice at a given inlet condition. In Figure 35, the measured
mass flow rate is shown as a function of the pressure ratio; pressure ratio is defined as the
ratio of the test section outlet pressure to the test section inlet pressure. For each data set,
the test section inlet condition was held constant and data were collected as the test
section outlet pressure was incrementally increased from an initial value that
corresponded to a pressure ratio of approximately 0.3. At each outlet pressure, the
experiment was allowed to reach steady state and data were collected for 30 seconds.

Steady state was defined as a period of 60 seconds during which the downstream
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pressure fluctuated by no more than 20.7 kPa (3 psi) and the upstream temperature, based
on the thermocouple immersed in the fluid at the test section inlet, fluctuated by no more
than 0.1°C. In Figure 35, each data point represents the average measured mass flow rate
for data collected over the 30 seconds at a rate of 1000 Hz while the experiment was at
steady state. Note in Figure 35 that more data are collected in the region where the flow
becomes critical in order to capture the critical pressure ratio and critical mass flow rate
accurately. The method used for determining this critical point will be discussed in the

following section.
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Figure 35. Measured mass flow rate of CO, through Orifice B as a function of pressure
ratio for an upstream stagnation pressure of 9 MPa and an upstream stagnation density of
372 kg/m®.
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4 Results

4.1 Critical Pressure Ratio and Critical Mass Flow Rate

As described in previous sections, analysis of pipe bursts, valves, and turbomachinery
seals require an understanding of the critical pressure ratio and the critical mass flow rate
for a given orifice geometry and set of inlet conditions. Therefore, a method for precisely
determining the critical pressure ratio and the critical mass flow rate was developed and
applied to each set of data. Initially, a sixth order polynomial curve is generated to
represent the measured mass flow rate as a function of the measured pressure ratio as
shown in Figure 36. The critical pressure ratio is defined as the point at which the mass
flow rate no longer changes with pressure ratio; therefore, for analysis of the
experimental data, the critical pressure ratio is estimated as the point at which the
derivative of the polynomial curve fit with respect to the pressure ratio first reaches zero.
The tolerance associated with the point at which the curve fit is said to have reached zero
is based on the fluctuations and offset from true zero of the curve fit observed at low
pressure ratios when the flow is known to be critical. Figure 37 shows the derivative of
the polynomial curve fit of Figure 36 (the sign is flipped in order to provide a better
illustration of the concept) with respect to the pressure ratio as a function of the pressure
ratio. An accurate estimate of the pressure ratio at the onset of critical flow was
determined using this data analysis technique. Finally, the critical mass flow rate was
calculated for each data set by substituting the value for the corresponding critical
pressure ratio into the polynomial curve fit. Three tests were performed with Orifice A

for orifice inlet conditions in the ideal gas region in order to verify that the
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instrumentation for the experiment was functioning properly. The critical pressure ratio
for an ideal gas with the properties of CO; flowing through an orifice is between 0.56
and 0.57. The value of the critical pressure ratio for all three of the tests performed in the

ideal gas region was 0.5604 (determined using the method that was just discussed).
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Figure 36. Measured mass flow rate of CO, through Orifice B as a function of pressure
ratio with a polynomial curve fit to the data for an upstream stagnation pressure of 9 MPa
and an downstream stagnation density of 372 kg/m?®.
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Figure 37. Derivative of the polynomial curve fit shown in Figure 36 with respect to
pressure ratio as a function of pressure ratio for the flow of CO, through Orifice B with an
upstream stagnation pressure of 9 MPa and an upstream stagnation density of 372 kg/m®.

4.2 Repeatability Experiments

During the early stages of testing, it was observed that the data being collected were not
repeatable. The cause of the issue was determined to be inconsistent leakage around the
outer edges of the orifice through the metal-to-metal interfaces between the orifice and
the drill bushings on either side of it. A variety of sealing methods were tested, including
soft and hard Buna-N O-rings and high temperature RTV sealant. The sealing interfaces

are shown in Figure 38.
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Figure 38. Schematic of the orifice clamping assembly with the sealing interfaces labeled.

Repeatability tests were performed with Orifice A for an upstream stagnation pressure of
10 MPa and an upstream stagnation density of 372 kg/m?®. Figure 39a shows the
measured mass flow rate as a function of pressure ratio for the various sealing methods.
The repeatability of the data is more visible in Figure 39b, which shows the discharge
coefficient as a function of pressure ratio for the various sealing methods. The discharge
coefficient is defined as the ratio of the measured mass flow rate to the isentropic mass
flow rate, calculated with the single-phase isentropic model for single-phase outlet
conditions and with the isentropic HEM for two-phase outlet conditions. The results
show that all three sealing methods are sufficient to provide repeatable data. The high
temperature RTV sealant was chosen for its ease of application and resistance to high

temperature degradation for extended periods of time.
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Figure 39. Measured mass flow rate as a function of pressure ratio for various sealing
techniques (a) and the resulting discharge coefficient as a function of pressure ratio (b). All
tests were performed with Orifice A for an upstream stagnation pressure of 10 MPa and an

upstream stagnation density of 372 kg/m®.

4.3 Form Loss Results

Data were collected with Orifice A and Orifice B for 12 inlet conditions in order to
develop and validate models for form losses. For simplicity, the data sets that were
collected with the 12 inlet conditions will be referred to by the single letter labels shown

in Table 5. The geometries of Orifice A and Orifice B are summarized in Table 4.
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Table 5. Labels for inlet conditions, defined by stagnation pressure and stagnation density,
for which data were collected.

Label Upstream Stagnation Pressure Upstream Stagnation Density
(MPa) (kg/m®)
A 7.7 372
B 1.7 498
C 7.7 630
D 9 372
E 9 498
F 9 630
G 10 372
H 10 498
I 10 630
J 11 372
K 11 498
L 11 630

The data collected with Orifice A and Orifice B were very similar. This was expected,
since form losses are dominant for orifices with small L/D. Therefore, the figures used
for explanations of form loss results are primarily based on data collected with Orifice B.
However, ultimately, the models that were developed and validated for form losses were

based on data from Orifice A and Orifice B.

Figure 40 shows the inlet conditions and approximate orifice outlet conditions for data
sets A, B, and C collected with Orifice B on a temperature-specific entropy diagram. The
inlet conditions (squares) are defined by the measured upstream stagnation pressure and
the measured upstream stagnation density. The approximate orifice outlet conditions
(circles) are defined by the measured downstream stagnation pressure and the upstream
specific entropy. Therefore, the outlet conditions shown in the figure are approximate,
since the isentropic assumption was applied. The approximate orifice outlet conditions

for each test represent the downstream conditions at which data were collected for
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subcritical flow. For pressure ratios lower than the critical pressure ratio (determined

using the method discussed in the previous section), the orifice outlet conditions are

constant and independent of the measured downstream stagnation pressure. Although

data were collected for downstream stagnation pressures corresponding to pressure ratios

below the critical pressure ratio, these conditions are not shown on the temperature-

specific entropy diagram since they do not describe the conditions at the orifice outlet.

Therefore, the outlet condition with the lowest pressure and temperature for each data set

in Figure 40 approximately corresponds to the critical pressure ratio for the respective

data set.
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Figure 40. Inlet conditions and approximate outlet conditions for data sets A, B, and C

collected with Orifice B on a temperature-specific entropy diagram.
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Figure 41 shows the upstream stagnation conditions and downstream stagnation
conditions for data sets A, B, and C collected with Orifice B on a temperature-specific
entropy diagram. In this case, the downstream stagnation condition is defined by the
measured downstream pressure, and the upstream stagnation enthalpy. Therefore, the
downstream stagnation condition corresponds to the condition in the pressure vessel at
the test section outlet rather than the condition at the orifice outlet. For the remainder of
this chapter, temperature-specific entropy diagrams showing the approximate orifice
outlet conditions (i.e., isentropic assumption is applied as shown in Figure 40) will be

used for discussion.
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Figure 41. Upstream stagnation conditions and downstream stagnation conditions for data
sets A, B, and C collected with Orifice B on a temperature-specific entropy diagram.

Figure 42 shows the experimentally measured mass flow rate as a function of pressure
ratio for data sets A, B, and C collected with Orifice B. For each data point, the measured
upstream stagnation pressure, measured upstream stagnation density, measured
downstream stagnation pressure, and orifice diameter were used to calculate the
isentropic mass flow rate., The single-phase model for isentropic expansion of a fluid
was used for single-phase outlet conditions. For two-phase outlet conditions, the
isentropic Homogeneous Equilibrium Model (HEM) and the isentropic Separated Flow
Model (SFM) were both used. For data sets A, B, and C, the upstream stagnation
pressure was 7.7 MPa, which is close to the critical pressure (7.39 MPa). As a result, all

data collected experienced two-phase outlet conditions, as shown in Figure 40. The
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isentropic HEM mass flow rate and the isentropic SFM mass flow rate as functions of

pressure ratio are also shown in Figure 42.

Moody’s [21] and Fauske’s correlations for the slip ratio [23] both provide accurate

predictions of the behavior of the data, which will be discussed later on. SFM results

shown in the figures were determined using Moody’s correlation.
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Figure 42. Measured mass flow rate, isentropic homogeneous equilibrium model (HEM)
mass flow rate, and separated flow model (SFM) mass flow rate as functions of pressure
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ratio for data sets A, B, and C collected with Orifice B.
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A discharge coefficient is defined for each data point as the ratio of the measured mass

flow rate to the isentropic mass flow rate. For two-phase outlet conditions, discharge

coefficients were calculated using both the isentropic HEM and the isentropic SFM.

Figure 43 shows the discharge coefficient, defined with the isentropic HEM and the

1
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isentropic SFM for two-phase outlet conditions, as a function of pressure ratio for data
sets A, B, and C collected with Orifice B. In general, variations in the discharge
coefficient with respect to pressure ratio are due to improper predictions of the physics of
the flow by the isentropic model. For example, the shapes of the isentropic HEM mass
flow rate curves are noticeably different than the shapes of the measured mass flow rate
curves in Figure 42. As a result, there are variations in the discharge coefficients defined
with the isentropic HEM with respect to pressure ratio in Figure 43. As the outlet
conditions falls further into the two-phase region (i.e., pressure ratio decreases), the
discharge coefficient defined with the isentropic HEM increases until the critical pressure
ratio is reached. On the contrary, the shapes of the isentropic SFM mass flow rate curves
match the shapes of the measured mass flow rate curves in Figure 42 quite well. As a
result, the discharge coefficients defined with the isentropic SFM remain constant with
respect to pressure ratio for tests A, B, and C, as shown in Figure 43. This observation is
useful, as it allows for the data to be predicted accurately, independent of pressure ratio
and inlet conditions with a single value for the discharge coefficient applied to the

isentropic SFM with Moody’s slip ratio.
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Figure 43. Discharge coefficient, defined with isentropic HEM and isentropic SFM for two-
phase outlet conditions, as a function of pressure ratio for data sets A, B, and C collected
with Orifice B.

The only assumption that differentiates the isentropic HEM from the isentropic SFM is
that of equal velocities between the liquid and vapor phases. Therefore, the inability of
the isentropic HEM to capture the physics of data sets A, B, and C is likely due to a
difference in the velocities of the phases. Figure 44 shows the slip ratio for data sets A,
B, and C, defined as the ratio of the velocity of the vapor to the velocity of the liquid, as
a function of pressure ratio, determined with Moody’s [21] and Fauske’s [23]
correlations. The correlations follow the form of Equation (73), where n is 1/3 for
Moody’s correlation and 1/2 for Fauske’s correlation. As the outlet condition falls further
into the two-phase region (i.e., pressure ratio decreases), the ratio of the density of the

liquid phase to the density of the vapor phase increases, and therefore the slip ratio



increases. Fauske’s correlation predicts a slightly higher slip ratio than Moody’s

85

correlation.
n
5= (p_f> (73)
Pg
2.6
24: 4 ° | ¢ | ¢ l. ° ¢ I.I =
L A A A A A 'A_,.
2.2 =
o
g °
o i w
'9 1.8: o (o] DA o] AD o O OAO DOADAQ)Q] A
n = n
1.6 A
I @
L A
1.4] b—a
; A Filled-Fauske 5
1.2 B Open-Moody =
C
1t
0.2 0.4 0.6 0.8 1

Pressure Ratio

Figure 44. Moody and Fauske slip ratios as functions of pressure ratio for data sets A, B,

Figure 45 shows the discharge coefficient defined with the isentropic SFM using both

Moody and Fauske’s correlations as a function of the pressure ratio for data sets A, B,

and C collected with Orifice B.

and C collected with Orifice B. Within the error due to experimental measurements, the

two correlations provide the same results.
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Figure 45. Discharge coefficient defined by the isentropic SFM using both Moody and
Fauske’s correlations as a function of the pressure ratio for data sets A, B, and C collected
with Orifice B.

Figure 46 shows the inlet conditions and approximate orifice outlet conditions for data
sets D, E, and F collected with Orifice B on a temperature-specific entropy diagram.
Data sets D, E, and F have a higher inlet pressure than data sets A, B, and C, which

results in more data corresponding to single-phase outlet conditions.
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Figure 46. Inlet conditions and approximate outlet conditions for data sets D, E, and F
collected with Orifice B on a temperature-specific entropy diagram.

Figure 47 shows the experimentally measured mass flow rate and the isentropic mass
flow rate as functions of pressure ratio for data sets D, E, and F collected with Orifice B.
Data were collected for both single-phase and two-phase outlet conditions. For two-phase
outlet conditions, both the isentropic SFM mass flow rate and the isentropic HEM mass
flow rate are shown. SFM results shown in the figures were determined using Moody’s

correlation.
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Figure 47. Measured mass flow rate, isentropic homogeneous equilibrium model (HEM)
mass flow rate, and separated flow model (SFM) mass flow rate as functions of pressure

ratio for data sets D, E, and F collected with Orifice B.

Figure 48 shows the discharge coefficient, defined with the isentropic HEM and the

isentropic SFM for two-phase outlet conditions, as a function of pressure ratio for data

sets D, E, and F collected with Orifice B. Figure 47 shows that for single-phase outlet

conditions, the single-phase isentropic model predicts the shapes of the measured mass

flow rate curves quite well. As a result, the discharge coefficient is constant with respect

to pressure ratio for single-phase outlet conditions (high pressure ratios), as shown in

Figure 48. For two-phase outlet conditions, the results are similar to those observed for

data sets A, B, and C. The isentropic SFM predicts the shapes of the measured mass flow

rate curves more accurately than the isentropic HEM, as shown in Figure 47. As a result,

for two-phase outlet conditions, the discharge coefficient defined with the isentropic
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HEM increases as the outlet condition falls further into the two-phase region (i.e.,

decreasing pressure ratios) while the discharge coefficient defined with the isentropic

SFM remains constant with respect to pressure ratio, as shown in Figure 48. Once again,

this is useful, as it allows for the data to be predicted accurately independent of pressure

ratio and inlet conditions with a single value for the discharge coefficient applied to the

single-phase isentropic model or the isentropic SFM with Moody’s slip ratio depending

on the outlet conditions. Also, to within the error associated with experimental

measurements, this constant value for the discharge coefficient is equivalent to the value

that was observed for data sets A, B, and C.
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Figure 48. Discharge coefficient, defined with isentropic HEM and isentropic SFM for two-
phase outlet conditions, as a function of pressure ratio for data sets D, E, and F collected

with Orifice B.
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Figure 49 shows the slip ratio for data sets D, E, and F, defined as the ratio of the
velocity of the vapor to the velocity of the liquid, as a function of pressure ratio,
determined with Moody’s and Fauske’s correlations. For single-phase outlet conditions,
the slip ratio is one. As the outlet condition enters and falls further into the two-phase
region (i.e., pressure ratio decreases), the ratio of the density of the liquid phase to the

density of the vapor phase increases, and therefore the slip ratio increases.
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Figure 49. Moody and Fauske slip ratios as functions of pressure ratio for data sets D, E,
and F collected with Orifice B.

Figure 50 shows the discharge coefficient defined by the isentropic SFM for two-phase
outlet conditions using both Moody’s and Fauske’s correlations as a function of the
pressure ratio for data sets D, E, and F collected with Orifice B. Within the error due to

experimental measurements, the two correlations provide the same result.
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Figure 50. Discharge coefficient defined by the isentropic SFM using both Moody and
Fauske’s correlations as a function of the pressure ratio for data sets D, E, and F collected

with Orrifice B.

Figure 51 shows the inlet conditions and approximate orifice outlet conditions for data

sets G, H, and I collected with Orifice B on a temperature-specific entropy diagram. The

majority of the data that were collected for these sets correspond to single-phase outlet

conditions.
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Figure 51. Inlet conditions and approximate outlet conditions for data sets G, H, and |
collected with Orifice B on a temperature-specific entropy diagram.

Figure 52 shows the experimentally measured mass flow rate and the isentropic mass
flow rate as functions of pressure ratio for data sets G, H, and | collected with Orifice B.
For two-phase outlet conditions, both the isentropic SFM mass flow rate and the
isentropic HEM mass flow rate are shown. SFM results shown in the figures were
determined using Moody’s correlation. However, the isentropic HEM and the isentropic

SFM results are indistinguishable.
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Figure 52. Measured mass flow rate, isentropic homogeneous equilibrium model (HEM)
mass flow rate, and separated flow model (SFM) mass flow rate as functions of pressure
ratio for data sets G, H, and | collected with Orifice B.

Figure 53 shows the discharge coefficient, defined with the isentropic HEM and the
isentropic SFM for two-phase outlet conditions, as a function of pressure ratio for data
sets G, H, and I collected with Orifice B. The figure shows that for single-phase outlet
conditions, the discharge coefficient remains fairly constant with respect to pressure
ratio. For two-phase outlet conditions, the discharge coefficient also remains constant
when it is defined with both the isentropic HEM and the isentropic SFM. This is due to
the small ratios of the density of the liquid phase to the density of vapor phase and the
resulting insignificance of slip between the phases. It is interesting to note that the
critical pressure ratio for data set | occurs near the saturation point, as shown in Figure

51. There is a reduction in the discharge coefficient with decreasing pressure ratio at this
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point, as shown in Figure 53. This behavior is more prevalent in data sets J, K, and L,
and will be addressed in the discussion of these data sets. Data sets G, H, and | can be
predicted accurately independent of pressure ratio and inlet conditions with a single value
for the discharge coefficient applied to the single-phase isentropic model for single phase
outlet conditions or to the isentropic SFM with Moody’s or Fauske’s slip ratio for two-

phase outlet conditions.
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Figure 53. Discharge coefficient, defined with isentropic HEM and isentropic SFM for two-
phase outlet conditions, as a function of pressure ratio for data sets G, H, and | collected
with Orifice B.

Figure 54 shows the inlet conditions and approximate orifice outlet conditions for data
sets J, K, and L collected with Orifice B on a temperature-specific entropy diagram. The

critical pressure ratios for all three tests occur near the saturation points.
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Figure 54. Inlet conditions and approximate outlet conditions for data sets J, K, and L
collected with Orifice B on a temperature-specific entropy diagram.

Figure 55 shows the experimentally measured mass flow rate and the isentropic mass
flow rate as functions of pressure ratio for data sets J, K, and L collected with Orifice B.
Excluding the last subcritical point for each test, all of the data were collected for single-
phase outlet conditions. The final subcritical data points for tests J and K correspond to
two-phase outlet conditions. For these points, both the isentropic SFM mass flow rate
and the isentropic HEM mass flow rate are shown. However, there is no visible

difference between the two models.
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Figure 55. Measured mass flow rate, isentropic homogeneous equilibrium model (HEM)
mass flow rate, and separated flow model (SFM) mass flow rate as functions of pressure
ratio for data sets J, K, and L collected with Orifice B.

Figure 56 shows the discharge coefficient as a function of pressure ratio for data sets J,
K, and L collected with Orifice B. For all three data sets, there is an abrupt reduction in
the discharge coefficient with decreasing pressure ratio near the critical pressure ratio, as
shown in Figure 56. The magnitude of the reduction increases with inlet density (moving

from right to left on the temperature-specific entropy diagram).
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Figure 56. Discharge coefficient, defined with isentropic HEM and isentropic SFM for two-
phase outlet conditions, as a function of pressure ratio for data sets J, K, and L collected
with Orifice B.

The reductions in the discharge coefficients with decreasing pressure ratios in Figure 56
occur for downstream pressures near the saturation points. It is possible that two-phase
flow occurs within the orifice near the vena contracta in low-pressure cavitation regions
even for single-phase inlet and outlet conditions. Figure 57b shows the results of an
axisymmetric CFD simulation performed by Yuan et al. [45] for the flow of S-CO,
through Orifice A for an upstream stagnation pressure of 11MPa, an upstream stagnation
density of 372 kg/m®, and a downstream stagnation pressure of 7 MPa. The approximate
(the isentropic assumption was used) inlet and outlet conditions for the simulation are
shown on the temperature-entropy diagram in Figure 57a. The results in Figure 57b show

the quality of the CO, within the orifice. A quality of 1 indicates single-phase CO..
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Although the upstream and downstream stagnation conditions are in the single-phase
region, two-phase flow occurs near the entrance of the orifice. The same result is
observed in a simulation for an upstream stagnation pressure of 11 MPa, an upstream
stagnation density of 498 kg/m?, and a downstream stagnation pressure of 8 MPa, as
shown in Figure 58.
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Figure 57. (b) Results from a CFD simulation by Yuan et al. [45] for the flow of S-CO,
through Orifice A for an upstream stagnation pressure of 11 MPa, an upstream stagnation
density of 372 kg/m®, and a downstream stagnation pressure of 7 MPa. (a) The approximate

conditions are shown on the temperature-specific entropy diagram.
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Figure 58. (b) Results from a CFD simulation by Yuan et al. for the flow of S-CO, through
Orifice A for an upstream stagnation pressure of 11 MPa, an upstream stagnation density
of 498 kg/m?, and a downstream stagnation pressure of 8 MPa. (a) The approximate
conditions are shown on the temperature-specific entropy diagram.

Based on Yuan’s CFD results, the flow rates of the experimental data for data sets J, K,
and L for downstream pressures near the saturation points may be limited by two-phase
conditions in the vena contracta region even for single-phase inlet and outlet conditions.
However, the isentropic models used to define the discharge coefficients are only based

on the inlet and outlet conditions, which may explain the behavior observed in Figure 56.

Despite the interesting behavior of the discharge coefficients observed for data sets J, K,
and L, the data can still be predicted accurately independent of pressure ratio and inlet
conditions with a single value for the discharge coefficient applied to the single-phase
isentropic model or the isentropic SFM with Moody’s or Fauske’s slip ratio depending

on the outlet conditions.
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In summary, for the data sets collected with Orifice A and Orifice B, a constant single-
phase discharge coefficient of approximately 0.82 was observed. For two-phase outlet
conditions, a constant discharge coefficient of approximately 0.82 was observed when
the discharge coefficient was defined with the isentropic SFM with Moody’s and
Fauske’s correlations for the slip ratio. When the discharge coefficient was defined with
the isentropic HEM for two-phase outlet conditions, an increase in the discharge
coefficient with decreasing pressure ratio was observed due to the inability of the model

to capture slip between the liquid and vapor phases.

Figure 59 shows the mass flow rate predicted by applying a discharge coefficient of 0.82
to the isentropic model using the HEM for two-phase outlet conditions as a function of
the experimentally measured mass flow rate for all of the data collected with Orifice A
and Orifice B. The figure shows that this model predicts the majority of the experimental
data within five percent. However, the predictions for many of the data points
corresponding to two-phase outlet conditions are only predicted within 10% due to the

invalid assumption of equal velocities of the liquid and vapor phases.
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Figure 59. Mass flow rate predicted by applying a discharge coefficient of 0.82 to the
isentropic model using the HEM for two-phase outlet conditions as a function of the
experimentally measured mass flow rate.

Figure 60 shows the mass flow rate predicted by applying a discharge coefficient of 0.82
to the isentropic model using the SFM with Moody’s correlation for the slip ratio for
two-phase outlet conditions as a function of the experimentally measured mass flow rate
for all of the data collected with Orifice A and Orifice B. The figure shows that this

model predicts nearly all of the data within five percent.
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Figure 60. Mass flow rate predicted by applying a discharge coefficient of 0.82 to the
isentropic model using the SFM with Moody’s correlation for the slip ratio for two-phase
outlet conditions as a function of the experimentally measured mass flow rate.

The results of these experiments are obviously useful for predicting flow rates of S-CO,
through short orifices. For a given orifice geometry, upstream stagnation condition, and
downstream pressure, the mass flow rate can be predicted within five percent by applying
a discharge coefficient of 0.82 to the single-phase isentropic model for single-phase
outlet conditions or the isentropic SFM with Moody’s or Fauske’s correlation for the slip
ratio for two-phase outlet conditions. This model is also useful for predicting the form

loss at the entrance to an orifice with a large L/D.
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4.4 Major Losses Results

Figure 61 illustrates the methodology for applying the empirical form loss model to
orifices with large L/D. The isentropic model with the discharge coefficient is applied at
the orifice entrance, labeled as section A in Figure 61. Models for the friction,
acceleration, and gravity losses are integrated along the remaining length of the orifice,
labeled as section B in Figure 61. The modeling methodology for orifices with large L/D

is discussed in detail in Chapter 2.

R} p 0

Figure 61. Methodology for modeling the flow of S-CO, through orifices with large L/D.
A: Apply isentropic model with empirical discharge coefficient.
B: Apply models for major losses.

In order to validate models for the major losses and compare various correlations for the
friction factor, data were collected with Orifice C, which has a L/D of 20. Data were

collected for all of the conditions displayed in Table 5 except for C, K, and L, which
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were not collected due to time constraints and issues with the experimental facility. The
HEM assumptions were used for modeling the major losses for two-phase conditions.
After quantifying the geometry of the orifice, the upstream stagnation conditions, and the
downstream stagnation pressure, the only piece of information in the major loss models

left to vary was the correlation for the friction factor.

Figure 62 shows the inlet conditions and approximate orifice outlet conditions (estimated
using the isentropic assumption) for data sets A, E, I, and J collected with Orifice C on a
temperature-specific entropy diagram. These four data sets were selected for discussion

since they encompass a wide range of inlet conditions.
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Figure 62. Inlet conditions and approximate outlet conditions for data sets A, E, I, and J
collected with Orifice B on a temperature-specific entropy diagram.
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Figure 63, Figure 64, Figure 65, and Figure 66 show the measured mass flow rates and
mass flow rates predicted by the model with various friction factors (discussed in
Chapter 2) as functions of the pressure ratio for data sets A, E, 1, and J collected with
Orifice C, respectively. The figures show that for all four data sets, the model predicts the
data accurately when Colebrook’s correlation for the friction factor is used. Also, the
HEM assumptions appear to be valid for the major loss models, since the model
accurately predicts the behavior of the data for two-phase conditions. It is not surprising
that Colebrook’s correlation provides a better prediction than Blasius’ and Popov’s

correlations since it accounts for the roughness of the orifice, while the other two do not.
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Figure 63. Measured mass flow rate and mass flow rate predicted by model with various
friction factors as functions of pressure ratio for data set A collected with Orifice C.
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Figure 64. Measured mass flow rate and mass flow rate predicted by model with various
friction factors as functions of pressure ratio for data set E collected with Orifice C.
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Figure 65. Measured mass flow rate and mass flow rate predicted by model with various
friction factors as functions of pressure ratio for data set | collected with Orifice C.
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Figure 66. Measured mass flow rate and mass flow rate predicted by model with various
friction factors as functions of pressure ratio for data set J collected with Orifice C.

Figure 67 shows the mass flow rate predicted with the model for orifices with large L/D
with Colebrook’s correlation for the friction factor as a function of the experimentally
measured mass flow rate for all of the data that were collected with Orifice C. The figure
shows that this model predicts all of the experimental data within five percent. Once
again, this result is very useful for a variety of applications associated in which models
for the form losses and the major losses associated with flow of S-CO, through orifices

are required.



108

Mass Flow Rate-Colebrook (kg/s)

. ——-5% Error il //;

0'04_ 10% Error /// e
_ 7
-7
s

L AW
0.03 s

| A‘l4¢‘“//

46‘/"/‘//

‘ @

0.02- é/"/”?/
s
///y

L oA
0.01 /}’{//

L ////

0 ) ) ) ) ) ) ) ) ) ) ) ) ) )
0 0.01 0.02 0.03 0.04

Mass Flow Rate-Experiment (kg/s)

Figure 67. Mass flow rate predicted with the model for orifices with large L/D with

Colebrook’s correlation for the friction factor as a function of the experimentally measured

mass flow rate for data collected with Orifice C.
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5 Conclusions and Future Work

As a result of relatively high efficiencies and low capital costs, the S-CO, Brayton Cycle
is a promising technology for power production. However, the ability to predict the flow
of supercritical and two-phase CO, through restrictions must be improved in order to
analyze pipe ruptures, valves, and turbomachinery seals. To this end, the study described
herein provides a comprehensive data set for the flow of S-CO, through sharp-edge
orifices with small and large L/D over a broad range of inlet conditions for pressure
ratios both above and below the critical pressure ratio. Data were obtained for orifice
inlet pressures ranging from 5 MPa to 11 MPa and inlet densities ranging from 86.5

kg/m? to 630 kg/m®.

A model for the form losses associated with the contraction and expansion of the CO; at
the orifice inlet was developed based on the data that were collected with orifices with
small L/D. All of the data that were collected with orifices with small L/D are predicted
within five percent by applying an empirical discharge coefficient of 0.82 to the single-
phase isentropic model for single-phase outlet conditions, or to the SFM with Moody’s
or Fauske’s correlation for the slip ratio for two-phase outlet conditions. The SFM shows
better agreement with the data than the HEM when an empirical discharge coefficient is
applied for two-phase outlet conditions. This is likely due to slip between the liquid and

vapor phases.

Models for the major losses were validated with the data collected with an orifice with a
large L/D. The empirical form loss model was applied at the entrance to the orifice, and

the friction, acceleration, and gravity losses were integrated along the remaining length
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of the orifice. The HEM assumptions were used for two-phase conditions. The model
showed the best agreement with the data when Colebrook’s correlation for the friction

factor was used, in which case it predicted all of the data within five percent.

The data and models described in this study are useful for creating, validating, and
improving analytical, numerical, and empirical models of pressure losses associated with
the flow of S-CO, through orifices, and they provide a starting point for studies of more

complex restrictions such as annuli and labyrinth seals.

A variety of interesting steps could be taken to further the research conducted in this
study. Data were only collected and models were only developed and validated for sharp-
edged orifices. It would be useful to perform a study of the effects of the inlet and outlet
curvatures of orifices on the form losses. Also, the experiment used to collect data for
this study is capable of achieving a variety of inlet conditions that were not investigated.
For example, it would be possible to achieve saturated liquid inlet orifice inlet
conditions, and data collected in this region may provide a better understanding of the
flow of two-phase CO, through restrictions. Finally, it would be useful to collect data
with sharp-edged orifices with larger diameters in order to verify that the models

discussed in this study scale with diameter.
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Appendices

Computer codes, orifice specifications, and complete data sets are available with the

electronic copy of this thesis.



