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8.1 INTRODUCTION

8.1.1 Characteristics of Aircraft Engine Nacelle Fires

Serious fires in aircraft engine nacelles, sufficient to terminate a mission, usually involve liquid fuel,
either jet fuel or hydraulic fluid, supplied by a leak in its supply system. The primary types of fire are
spray fires and pool fires. Fuel sprays occur when a pressurized line develops a relatively small opening,
caused by battle or other damage, which results in a misting or atomized discharge of droplets. Fuel from
larger openings in pressurized lines may flow over the hot surfaces and ignite there, or end up in pools
below the engine contained by aircraft structure or other clutter. Typical ignition sources are electrical
sparking and hot surfaces. Because aircraft engines normally produce and reject a lot of heat, the
consequence is many and large hot surfaces on the outside of the engine. The air required to maintain
combustion is furnished by flow from the atmosphere for which the original purpose is to cool the engine.

The most likely region for fires in engine nacelles is the long, narrow, annular space between the engine
core and the outer aerodynamic skin. A large number of components are located within this region,
resulting in a complex, cluttered geometry. The nacelle design typically includes ventilation airflow,
either via an external scoop or other source, to both cool the nacelle and to avoid the build-up of
flammable mixtures. In general, this engineered airflow has sufficient momentum to dominate the
buoyancy produced by burning. The dynamics of a fire within an aircraft engine nacelle are typically
dominated by the designed airflow.

Presently, aircraft survivability and suppression system proving tests are performed under conditions
intended to replicate the nacelle airflow while the aircraft is in flight. Test fixtures, such as the Aircraft
Engine Nacelle Fire Test Simulator (AEN) at Wright-Patterson Air Force Base (WPAFB) in Dayton,
Ohio, have been constructed to represent variable geometries typical of aircraft nacelles. Extensive sets
of experiments and live-fire tests with varying degrees of complex internal geometry have been conducted
to evaluate the performance of suppression systems and new agents. These tests and experiments have
provided significant insight into the essential features of successful systems and serve as the basis for
present system acceptance. However, the results from these tests, particularly when fire extinguishment
(as opposed to merely the concentration of agent) is the criterion, are often difficult to understand given
the lack of a well-characterized flow field.

Adding to the difficulty in extinguishing fires in nacelles, especially in flight, is their cluttered interiors.
These bluff bodies create many “flame-holders” regions with various sizes and shapes downstream of the
recirculating zones into which the suppression agents have difficulty penetrating. In the case of pool fires
resulting from flammable liquid accumulating at the bottom of the nacelle, one can encounter an
unwanted situation where the pool fire is temporarily suppressed by an agent but rapidly flares up again
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after the agent is exhausted from the nacelle. The re-ignition of the liquid pool is probably due to
continuing fuel vapor generation from the pool and adjacent hot nacelle surfaces not being cooled below
the ignition point of the fuel vapor as a result of the suppression action.

A phenomenon, termed accelerated burning, has been observed in a diversity of fire suppression tests and
was witnessed in this test program as well. It resulted from slow injection of insufficient agent to
suppress nacelle engine fires. The injection transient only served to facilitate mixing of fuel vapor and air
for combustion. In these cases, the resulting fire could be more intense than if nothing had been done.
This phenomenon has been studied by Hamins et al.'

8.1.2 Summary of Suppressant Fluid Dynamics

Conventional fire suppression systems for aircraft engine nacelle protection typically consist of a pressure
vessel, in which a liquid fire suppressant is stored and pressurized with an inert gas, such as nitrogen or
carbon dioxide. The fire-suppressant is released remotely by a fast-opening valve upon the indication of
fire. The pressurized agent is ejected into the piping manifold and is distributed to the locations in the
nacelle, which have been selected by design and analysis for optimum delivery and dispersion of the
agent in order to suppress any foreseen fire. A schematic of a fire suppressant system is shown in
Figure 8-1.

The pressure vessel governs the initial conditions for agent discharge that affect the subsequent dispersion
of the suppressant. The aspects of fluid storage in a pressure vessel are related to the determination of the
thermodynamics state of the fluid in the bottle and the sizing of the bottle required to accommodate
adequate amount of agent required for fire suppression without compromising the bottle’s structural
integrity.

Nitrogen +
Agent Vapor

Liquid Agent +
Dissolved nitrogen

Agent Distribution Piping System

Figure 8-1. Schematic of Storage and Distribution System for Fire Suppression.

Once the valve is opened, the pressurized liquid agent is forced out into the distribution system (straight
pipes, bends, tees, etc.), which may be at a temperature greater than the boiling point and at ambient
pressure. This can cause a multi-component, two-phase flow, which is quite complicated to analyze and
measure.
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A gaseous suppressant can be easily dispersed throughout the protected space. If a superheated liquid
agent is released, flashing will occur, which will greatly facilitate the agent dispersion. Halon 1301, with
a boiling point of —58 °C, is an example of such a fluid. Because of its flashing characteristics and rapid
evaporation, the dispersion of halon 1301 in an enclosure, even cluttered with obstacles, is rapid and
effective.

If the suppressant has a high normal boiling point and/or is released at temperatures below its normal
boiling point, the liquid droplets formed at the discharge nozzle will persist as they flow through the
nacelle. The actual droplet size distribution delivered to the fire will be different from the initial
distribution at the discharge nozzle. After liquid droplets form, depending on the droplet number density
and droplet ballistics (velocities and trajectories) and even before they arrive at the fire zone, droplet-
droplet and droplet-surface interaction may happen in an aircraft engine nacelle due to its highly cluttered
environment. These processes may alter the initial droplet size and velocity distributions significantly.
The presence of high-speed airflow can also affect the droplet size and velocity distributions. If the
dispersing spray encounters a solid obstacle, pooling, dripping, splitting, splashing, or shattering of the
droplets will result. Dripping and pooling causes local retention of liquid on the nacelle bottom surface,
cutting or splitting of the droplet due to impact at the edge of the surface may result in smaller droplets,
and droplet splashing and shattering can generate smaller daughter or satellite droplets. The nacelle
surface temperature also plays a role in the droplet-surface interaction.

8.1.3 Scope

The NGP determined that, following the discharge of a suppressant from the storage bottle, more needed
to be understood about the behavior of the two-phase suppressant flow in the distribution plumbing and
the subsequent dispersion of the suppressant from the plumbing outlets to the fire location through the
cluttered environment in a nacelle. This chapter presents new understanding of and bases for
improvements in the storage, the distribution, delivery, and dispersion of fire suppressants in an aircraft
engine nacelle. Prior to the NGP, such a comprehensive approach to the study of fluid dispensing and
dispersion for nacelle fire protection applications had never been attempted.

The two-phase distribution flow is discussed in detail in section 8.3. A two-phase computer code, based
on a code widely used in the nuclear industries, was developed further for this application. The program
was benchmarked against transient experimental data available in the literature, as well as experiments
conducted in the NGP study.

The phenomena of liquid suppressant interacting with cluttered elements are discussed in section 8.4. In
addition, the effects of liquid boiling point, storage bottle temperature, and nacelle and airflow
temperatures on agent dispersion were examined using CF;l as a surrogate.

Sections 8.5 and 8.6 focus on the study of agent dispersion in a nacelle using computer simulations and
full-scale nacelle fire tests. Computational fluid dynamics (CFD) programs were used to simulate these
processes, to aid the design of the experiment, to facilitate the formulation of the test matrices, and to
predict the outcomes of fire-tests. CFD simulations provide detailed visualization of agent dispersion
throughout the nacelle to optimize the locations and number of agent discharge nozzles needed for
prototype fire suppression system designs. Agent concentration and agent interaction with probable flame
loci can also be predicted to determine the appropriate amount of agent to be stored and the agent
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injection duration. Such information leads to the design pressure for the storage bottle and design
guidance for efficient agent deployment and provides a high degree of confidence in using simulation
tools to guide fire protection system design for nacelles. These advances will also benefit other
applications of complex geometry where flame extinguishment must be accomplished in time frames of
the order of seconds or faster.

In section 8.7, two other potential strategies to facilitate fluid dispersion have been explored and will be
discussed. One involves the use of an electrically charged, water-mist system, and the other examines a
self-atomizing form of water employing CO, hydrates. Given the geometrical and physical constraints of
a nacelle, these two techniques have not been proven to be promising for nacelle applications.

8.2 FLUID STORAGE

When the fire suppressant is a fluid, it will most likely be stored in a pressure vessel. In most
applications, the release or discharge of the bottle content depends solely on the prevailing internal
pressure within the bottle ullage. Yang and coworkers® have developed a methodology for predicting this
pressure.

For a pure fluid, the ullage pressure will be the vapor pressure of the fluid at the prevailing temperature.
If the applications are limited to room temperature or above, fluids with high vapor pressures at room
temperature can be released at a moderate rate with adequate driving force within the bottle. However,
the discharge can become problematic at very low temperatures where the vapor pressure becomes sub-
atmospheric. The conventional way to alleviate this problem is to use a suppressant gas (e.g., nitrogen) to
enhance the ullage pressure above the vapor pressure of the fluid at room temperature. In this case, the
ullage pressure is maintained at a relatively high level, even at low temperatures, to facilitate the
discharge processes. An alterative way to address the low ullage pressure problem at low temperatures is
to use the so-called hybrid system wherein an SPGG (solid propellant gas generator), upon activation,
provides the pressure source to drive the fluid out of the bottle (see Chapter 9). The focus of this section
is on a pure fluid pressurized with a suppressant gas.

The prevailing ullage pressure is critical to the discharge of the bottle content. The pressure can be
derived from the thermodynamic state of the suppressant fluid with the pressurized gas under different
ambient conditions. The myriad ambient conditions are the result of bottle location and in-flight or on-
the-ground environments of an aircraft. The thermodynamic state of the fluid in the bottle not only
determines the initial conditions for fluid agent discharge in case of a fire, but also provides data for bottle
design in terms of its size and ability to withstand increased internal pressure at elevated temperature.

The ullage pressure in the bottle is a complex function of ambient temperature because of the temperature
dependence of the fluid vapor pressure, the partial pressure of pressurized gas in the ullage, and the
solubility of the pressurized gas in the fluid. For halon 1301, the bottle pressure-temperature relationship
and the solubility of pressurized gas nitrogen in the agent have been well characterized. By contrast, such
a relationship and solubility data are scarce or do not exist for many of the halon alternative fluids.

The thermodynamic state of the storage container can be determined by an appropriate equation of state
applicable to mixtures (fluid and pressurized gas) with empirical binary interaction coefficients.” Other
thermodynamic frameworks have also been used.® In the following, a brief discussion of the development
of a computer code, named PROFISSY, in the Technology Development Program (TDP) to calculate the
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thermodynamics state of the bottle will be presented. Detailed description of the code can be found in
Yang et al.?

PROFISSY (acronym for PRoperties Of Flre Suppression SYstems) was developed for the primary
purpose of helping fire suppression bottle designers or users to obtain temperature-pressure characteristics
of bottle contents. Simply put, given a vessel charged with agent and nitrogen at room temperature, one
would like to know what the final vessel pressure will be when the vessel is at a different temperature.
Only four pieces of input information are required to run the program: (1) agent mass, (2) vessel volume,
(3) fill temperature, and (4) either nitrogen mass needed to pressurize the vessel, or the fill pressure of the
vessel.

The program also predicts whether a liquid-full condition (i.e., the storage vessel is completely filled with
liquid with no ullage) would occur at elevated temperatures for a given initial fill density, defined as the
amount of liquid divided by the vessel volume. When the initial fill density is above the critical density
of the fluid, a liquid-full condition will result due to the thermal expansion of the liquid, to the point that
the vessel becomes completely filled as it is heated. A liquid-full condition is undesirable and must be
avoided because the internal pressure of the vessel will rise sharply with temperature once a liquid-full
condition has been reached.® This could result in rupture of the vessel.

PROFISSY incorporates a thermodynamics model known as “extended corresponding states” (ECS).’
The central idea of extended corresponding states is that all points on the PVT (pressure-volume-
temperature) surface of any fluid may be represented by scaling the PV'T surface of a reference substance.
These “scale factors” involve the critical properties of the fluid of interest and the reference fluid and may
also be functions of temperature and density. The ECS model is a powerful tool, applicable to the entire
range of fluid states, from dense liquid to dilute gas, as well as to the supercritical fluid regime. It may be
used with only minimal information on a fluid: the critical point, the normal boiling point, and the
molecular weight. Additional information on a fluid, such as vapor pressures, saturated liquid densities,
and liquid viscosities can be used to refine the model predictions.

The current PROFISSY code, running on a PC, supports thermodynamics state calculations for
halon 1301, FC-218, CF;1, HFC-125, and HFC-227ea. Experimental data have been obtained to compare
to the code predictions for these fluids.’ In general, the predictions were found to be within 10 % of the
measurements.’ The code can be easily extended to include other fluid/nitrogen systems, if desired.

8.3 FLUID TRANSPORT THROUGH PIPING

8.3.1 Introduction

As stated above, the current halon delivery systems generally consist of a suppressant vessel connected to
the delivery location by a piping network. Prior to the NGP, there was no publicly available simulation
tool for transient, two-phase flow through a complex pipe system. There is a need to determine whether
the existing piping system for halon 1301 can be used for a replacement agent. For the NGP, Tuzla and
coworkers’ have developed a computer code for two-phase fire suppressant flow in a complex piping
system.
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Since halon and its potential replacement fluids are in a vapor state at standard pressure and temperature,
at the discharge location the fluid will be a two-phase mixture of superheated liquid and vapor. Thus
significant thermodynamic and thermal non-equilibrium can be expected between the phases. Also, due
to the large pressure difference between upstream source vessel and downstream exit, continuous flashing
is anticipated as the fluid travels through the piping, and two-phase critical (choked) flow can occur at
various locations.

There has been some work conducted on modeling halon 1301 flows. In a 1988 summary of the state-of-
the-art, DiNenno and Budnick® indicated that most of the flow calculations were performed using
proprietary methods. These methods were verified against standard NFPA procedures for calculations
and by discharge testing in sealed tests. However, there were significant uncertainties in the calculations
and also in extrapolation of test results to actual configurations.

Pitts et al.” described a mathematical model for calculating the discharge of fire-suppressant fluids from a
pressurized discharge tank across an orifice at the exit and showed that the transient pressure history in
the discharge vessel calculated by the model compared reasonably well to data from experiments. Elliott
et al."’ developed a computer program called HFLOW for predicting the discharge of halon 1301 from a
discharge vessel through a piping system. The results of the program compared favorably to the results of
experiments conducted with halon 1301 in several piping arrangements. The theoretical model was based
on a homogeneous model of two-phase flow. Elliott et al.'® also modified an existing computer program
called SOLA-LOOP,"" which was originally written for steam-water flows, to be able to model halon
1301. This computer program was a non-equilibrium, non-homogeneous model of two-phase flow, using
the drift flux approach to calculate slip between the phases. It was shown that this program, modified to
account for halon 1301 properties, was able to capture the physics of the agent discharge more accurately
than its predecessor.

The methods described by Yang et al.> and Elliott et al.'” appear to be the only methods available in the
public domain for calculating performance of fire-suppressant fluid delivery systems. One way to
develop a general, flexible computer program that would be able to model a variety of piping networks
and handle several candidate fluids would be to extend this work by modifying these methods. Another
approach is to take advantage of the advances in two-phase flow modeling that have taken place in the
nuclear power industry, which have resulted in several computer codes available in the public domain.
The development of the computer code described here followed the latter approach.

Hence, to predict the performance of the delivery system accurately, a computer code should be a
transient two-phase code, which allows for phase non-equilibrium. The short delivery times require fairly
high flows, which promote homogeneous two-phase flow, i.e., little slip. However, in imbalanced piping
networks, with side tees and other fittings, some separated flow could occur (stratified flows, slug/plug
flow, etc.). Hence, the code should be able to predict slip between phases and the corresponding effect on
pressure drop. This can be especially important when separated flow encounters directional change, such
as at a side tee. The ability to predict the transport of non-condensable gas is also important. The fluid,
pressurized with a driver gas, is initially saturated with the gas. During the delivery, as the system
depressurizes, the driver gas comes out of the solution and expands. This gas evolution phenomenon
needs to be accounted for. One additional requirement is that the code should be useful for estimation of
the transient hydrodynamic loads in the piping network. Thus, the momentum equations need to be
sufficiently detailed to estimate the unbalanced force in piping sections between locations of elbows and
other fittings.
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A key technical approach in the present program was utilization of advancements made in other
applications that deal with multi-phase flows. In particular, the highly sophisticated computer codes that
have been developed for thermal-hydraulic analysis of nuclear power systems have all the characteristics
required for analysis of fire suppressant systems. These include models that account for relative slip
between liquid and vapor phases, thermodynamic non-equilibrium between the phases, changes in two-
phase flow regimes, critical choke flows, and transport of non-condensable gases. Such codes are also
structured for numerical analysis of fast transients, well capable of the transients anticipated for
suppressant systems.

Since the fluids being considered for use in fire suppressant systems are different from the water/steam
system of nuclear power systems, physical property packages need to be modified and expanded. Here
again, the NGP leveraged existing technology by borrowing from existing property packages.
Specifically, the REFPROP package, developed by NIST'?, covers many refrigerant fluids, including
those that are potential candidates for the fire suppressant systems.

The effort contained an experimental task to obtain data needed to assess the code. The experimental
program utilized a discharge loop using several proposed fire suppressants. Major flow parameters,
which have not been measured heretofore, were successfully measured. These include measurements of
instantaneous discharge flow rate, fluid temperature, and void fraction at various locations along a
discharge pipe.

The program is based on a one-dimensional, two-fluid model of two-phase flow. In this model, separate
conservation equations are written for the liquid and gas phases for mass, momentum, and energy.
Constitutive relationships are specified for interphase transport of mass, momentum, and energy. Heat
transfer between the fluid and passive structures such as pipe walls are modeled. The program also
contains built-in models for wall friction and two-phase critical flow. The transport of non-condensable
gas in the system, namely the nitrogen fill gas, as well as the nitrogen released from solution during agent
discharge, is modeled via separate mass conservation equations, with constitutive relations to specify the
rate of gas release. The conservation equations are solved using a semi-implicit numerical method, with
user-supplied boundary and initial conditions.

The program was deliberately made flexible in terms of types of fluids and piping layout. The current
version of the program allows the user to select any one of five fluids: water, halon 1301, CO,,
HFC-227ea or HFC-125. Modules are available in the program with which the user can model a delivery
system, including one or more supply tanks and a combination of piping networks. The user can also
model valves in the system, with specified valve opening times if needed.

The suppressant discharge is a highly transient process, generally lasting from less than a second to a few
seconds. The program was benchmarked against transient experimental data available in the literature, as
well as experiments conducted as a part of this project, on the discharge of HFC-227ea and HFC-125 in a
specially prepared discharge loop. The present experiments lasted between 1.5 s to 6 s. In addition to
transient system pressure at various points, these experiments also measured critical parameters, such as
the transient mass discharge history, fluid temperature, and the void fraction near the exit. These are the
first dynamic measurements of mass flow, fluid temperatures, and void fraction during suppression
discharge. These new data allowed a more comprehensive assessment of the computer program than
possible with previously available experimental data. The results of the assessment showed that the
program is capable of predicting the performance of various delivery systems with several fluids.
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Detailed description of the development of the computer code can be found in Tuzla et al.”, which
comprises two volumes. The first volume provides a detailed description of the experimental work and
discussion of the results. It also includes a brief description of the theory and numerical solution method,
instructions for installation on a personal computer with the WINDOWS operating system, and
instructions on preparation of the input needed to describe the system being analyzed. The second
volume consists of three appendices: (a) an input manual for the computer program, (b) information on
the experimental data, and (c¢) comparison of the present data to predictions of the computer program. A
copy of the computer code can be found in the CD-ROM enclosed in that report.

8.3.2 Previous Work

To fully test the computer code developed in this research, comparisons of code predictions against
experimental data were made. A literature survey was conducted to find possible sources for
experimental data for transient two-phase flows. One widely referenced study is “The Marviken Tests,”
conducted using water/steam for the nuclear reactor industry and documented in the two reports.'>!*
These tests used a liquid/vapor-filled vessel under high pressure and measured the vertical discharge
characteristics as this system was released to atmospheric conditions. A similar test was carried out by
Edwards and O'Brien'”, but focused on the effects of a horizontal discharge. Even though the Marviken
and Edwards tests were conducted with water/steam systems, they still provide some means for assessing
portions of the code, which use mechanistic models for predicting non-homogeneous, non-equilibrium
two-phase flows. These mechanistic models are fluid-independent and can be invoked for all fluids.

Three studies, which more closely reflect the intentions of the current study, have used fire suppressants
as their test fluids, rather than water and steam. The work undertaken by Elliot et al.'” in 1984 includes
both theoretical and experimental investigations. In this work, halon 1301 was used as the suppressant
fluid. The tests discharged halon under nitrogen gas pre-pressure, resulting in flow of a liquid/vapor/non-
condensable-gas mixture through a configuration of piping and an end nozzle. This study provides data
on pressure decay as a function of time, allowing for the estimation of discharge flow rates, which are
useful for accessing code predictions. This study also provides observations of experimental phenomena
as the discharge proceeded. An example is the phenomenon of evolution of the dissolved nitrogen from
the liquid halon, which causes an increase in the pressure of the discharge vessel and an increase in the
driving force propelling the discharge of the fluid.

The most comprehensive tests conducted to this date were launched in the mid 1990s by the National
Institute of Standards and Technology (Yang et al.” and Pitts et al.”). Their tests not only utilized
halon 1301 as a test fluid, but also utilized HFC-125, HFC-227ea, and CF;l. They conducted several
experimental runs with each fluid, providing extensive data for various pipe configurations and operating
conditions. Experiments with different initial fill volumes, pressures, and temperatures were performed to
determine their effects on the two-phase system. Their findings provide important information about the
characteristics of the two-phase transient flow as it discharges from the source vessel and through the
piping. The pressure histograms from this earlier program are used as a benchmark in gauging the
effectiveness of the code being developed in the current program.

These prior studies provided the beginning of an experimental database. However, there were no data on
several key parameters important to computational code assessment. Primary among these is the
instantaneous mass discharge rate and void fraction, both at the exit of the source vessel and at the exit of
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the distribution pipe. Such parameters reflect the mechanisms of phase change (vaporization) and
interfacial momentum transfer (slip velocity) that must be correctly modeled in the computer code.
Without specific experimental measurements of such key parameters, it is impossible to fully assess the
validity of any prediction. This is the reason why the current experimental program was structured to
obtain a number of additional measurements, above and beyond the usual measurement of pressure decay.

Two-phase flow calculations require thermodynamic and transport properties of the fluid. These
properties are required for single-phase liquid, for single-phase vapor, and for saturated vapor/liquid
mixtures. The following thermodynamic properties are needed as functions of absolute pressure:

Saturation temperature

Specific heat for gas and liquid phases

Thermal expansion coefficient for gas and liquid phases

Isothermal compressibility for gas and liquid phases

Specific volume for gas and liquid phases

Specific entropy for gas and liquid phases

In addition, the following transport properties are also required for two-phase flow calculations:

e Dynamic viscosity for gas and liquid phases

e Thermal conductivity for gas and liquid phases

e Surface tension
Most fire suppressants are also used as refrigerants. The refrigerant property package REFPROP
developed at NIST by Gallagher et al.'* covers most of the fire suppressants. For example, it contains
properties of halon 1301, and present fire suppressant candidate HFC-227ea. After evaluation, it was

found that REFPROP was a suitable package for determining the properties required by the new code for
two-phase flow calculations with suppressant fluids.

8.3.3 Base Code Selection

Desired Feature of the New Code

The base code was developed with some specific features in terms of its technical ability to model the
basic phenomena of two-phase flows. In addition, user convenience and ease of development were also
desirable features. The present development sought to include the following features in the new code.
Required features:

e Non-proprietary, publicly available

e Portable to various computer and operating systems

e Ease of development (well-documented, flexible architecture)
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Desired features:
e Non-homogeneous two-phase flow accounting for relative slip between phases
e Non-equilibrium two-phase flow, allowing for metastable conditions during flashing
e  Choking under single and two-phase conditions
e Non-condensable (dissolved gas) transport
e  Multi-component mixtures (liquids, gases, powders)
¢ Flexible system modeling capability (choice of piping components and layout)

e Robust set of equations, for simulation of fast transient two-phase flows (for example,
momentum equation to include frictional losses, energy equation to include dissipation)

e Demonstrated ability to model representative systems (assessment against experiments)

e Ease of application (user-friendly inputs)

There are other intangible features that have also been considered, such as the existence of an active user
group, which would facilitate future modifications and developments.

Two-phase Codes Considered

The relevant codes are those used in the nuclear industry for loss-of-coolant accident analyses (LOCA).
These codes address the major phenomena of interest (non-homogeneous, non-equilibrium two-phase
flows, choking conditions, fast transients). The survey was limited to codes developed and available in
the United States and consisted of RELAPS5, RETRAN, TRAC-P, TRAC-B and GOTHIC. Codes
developed in other countries that could be used (ATHLET, CATHARE) were not considered because
easy access to these codes may not be available.

All these codes have many of the required and desirable features for the present application. They are all
based on a two-fluid model of two-phase flow, with constitutive equations to specify the interfacial
transport terms. Although some of them have multi-dimensional modeling capability, they are
predominantly used in a one-dimensional mode. A brief history of these codes is presented below, with
some relevant information:

RELAPS5. The version examined of this code was RELAP5/MOD3, version 3.2, available since 1995,
RELAP5/MOD3 Code Manual.'®"” This code was developed at the Idaho National Engineering and
Environmental Laboratories (INEEL) under sponsorship of the U.S. Nuclear Regulatory Commission
(USNRC). It is used for a variety of reactor accident analyses, including LOCA analyses, for a variety of
types of reactors. It is also used in a variety of general thermal-hydraulic analyses in nuclear and non-
nuclear systems. It is non-proprietary, and is publicly available, for a transmittal fee, from the USNRC.
An active user group, including U.S. and international organizations, meets once a year. Information on
user problems, error correction, etc. is transmitted to user group members once every three months.

RETRAN. The version examined of this code was RETRAN-03, RETRAN-03 (1992).'® This code was
developed by Computer Simulations and Analysis, Inc., under sponsorship of the Electric Power
Research Institute (EPRI). It is used primarily for analyses of reactor systems, with focus on the primary
cooling system, and usually for non-LOCA scenarios. It is proprietary, and can be obtained from EPRI,
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with license fees and user group membership fees. The user group, including U.S. and international
organizations, is active and meets regularly.

TRAC-P. The examined version of this code was TRAC-PF1/MOD2, TRAC-PF1/MOD2 Code (1992)."
It was developed by the Los Alamos National Laboratory (LANL) under USNRC sponsorship. It is used
primarily for LOCA analysis of pressurized water reactors. It is non-proprietary and can be obtained, for
a transmittal fee, from the USNRC. There are a relatively small number of users and no regular user
group meetings.

TRAC-B. The version examined of this code was TRAC-BF1/MOD1, TRAC-BF1/MOD1 Code (1992)*
and TRAC-BF1/MOD1 Models (1992).>' It was developed by INEEL under USNRC sponsorship. It is
used for accident analyses of boiling water reactors. It is non-proprietary and can be obtained from the
USNRC for a transmittal fee. The user group is active and meets regularly.

GOTHIC. The version examined of this code was GOTHIC version 5.0, GOTHIC Containment Analysis
Package Version 5.0 (1995). It was developed by Numerical Applications, Inc., under EPRI
sponsorship. It is used primarily for analysis of reactor containments. It was developed from the
COBRA series of codes originally developed at the Pacific Northwest Laboratory under USNRC
sponsorship. The original COBRA series of codes are non-proprietary, but were not maintained by the
USNRC after the mid-1980's, and are now difficult to obtain. The GOTHIC code is proprietary and can
be obtained from EPRI for license fees and user membership fees. The user group is active and meets
regularly.

Code Selected

The documentation for each of the candidate codes was reviewed. It was concluded that all the codes
listed above have many of the required and desirable features, but none have all of them. The RELAPS
code (MOD3, version 3.2) had more of the required and desirable features than the other codes. In
addition, the code had been adapted previously for operation with a fluid other than water, and the code
architecture to accomplish this was available in the latest version of the code. This was especially helpful
for insertion of new property packages for suppressant fluids. In addition, significant operating and code
development experience with RELAPS5 had been accumulated, thus providing confidence that the
program objectives could be met successfully with this code. Based on these characteristics,
RELAPS5/MOD3, version 3.2 was selected as the base code platform for the present development.

8.3.4 Code Development Work

Scope of Program

The FSP computer code, which was derived by modifying the RELAP5/MOD3.2 computer code, is
referred to in this section as the base code or, sometimes, as RELAPS. A detailed description of the code,
particularly the numerical solution method, is not given here because the base code has been documented
extensively.'®'” Most of the RELAP5 documentation applies to the FSP code. Users interested in the
details of the solution method should refer to that documentation.

The main modifications to the base code in developing the FSP code were:



Fluid Transport Through Piping 733

1. Fluid Properties: The base code was based on water-steam systems. This was supplemented
in the FSP code by using the REFPROP fluid properties package.'> In this version of FSP,
four fluids have been incorporated, halon 1301, CO,, HFC-227ea, and HFC-125. Any of
these alternate fluids can be selected by the user. Water properties, which were the default
option in the base code, have not been removed, and hence water is also one of the fluid
options in FSP.

2. Constitutive Relationships: The code requires specification of constitutive relationships, such
as for the calculation of wall drag and interphase drag, to provide closure for the basic two-
phase flow conservation equations used by the two-fluid model. In the base code, several of
these relationships were based on experimental data from water-based systems and were
uniquely applicable to these systems. These relationships were modified in FSP to be fluid-
independent. The specific areas modified were the interphase drag models in vertical flow,
and wall heat transfer models for critical heat flux and transition boiling.

3. Release of Dissolved Gas: The base code contained transport equations for non-condensable
gas in the gas phase and also for a solute (boron) in the liquid phase. In FSP, these transport
equations were modified. The noncondensable gas transport equation was modified to
include a source term to account for release of dissolved gas. The boron transport equation
was altered to reflect transport of dissolved gas as the solute instead of boron. A sink term
was added to this equation for conserving the total amount of noncondensable gas in the
system. This approach allowed modeling the release of gas anywhere in the system based on
local conditions. New constitutive relations were added to represent the gas release rate.
This requires specification of two additional parameters, a critical bubble radius for initiating
the gas release, and a rate constant. These parameters have been implemented in FSP as user
input variables.

The above major modifications were made to the base code to develop the FSP code. There were some
additional minor modifications, primarily for making the code usable on PC-based computer platforms.
This version of FSP runs on a WINDOWS 95/98 operating system. Installation and detailed code
implementation instructions can be found in Tuzla et al.”

8.3.5 Code Theory

The base code, RELAPS, was originally written in Standard FORTRAN-77 to run on the UNIX
Operating System, but had been adapted to other operating environments. The version of RELAPS
chosen for further development is generally considered to be machine-independent and portable to a
variety of commonly used operating systems.

To run this program, the user generates an input file. This input file is essentially the description of the
problem to be executed. It contains the geometrical description of the system under analysis, the
necessary boundary and initial conditions, and other constraints imposed by the user, such as partition of
the system into control volumes (nodalization), selection of particular code options and control of the time
step used in the numerical solution.

During execution, FSP generates two files, an output file that can be read by the user, and a restart file
written in binary format. The output file provides information at time intervals requested by the user in
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the input file. The restart file contains all the information the code needs such that the user can restart the
code to run for a longer time period, with or without additional changes to the problem description, and is
also used for generating graphical output.

The RELAPS5 code also contains many user-convenient features and special models, which were
developed primarily for nuclear plant analyses, such as the definition of specific components in nuclear
systems, and code models to capture the transient behavior of nuclear fuel rods. Some of these are useful
for the intended application to fire suppressant fluids and fluid systems, and some are not. In the
development of the FSP code, most of the existing features of RELAPS were retained, although not
necessarily useful in modeling fire suppressant delivery systems.

The description of the code presented here is a brief summary, intended to provide basic information for
the user. The base code has been documented in great detail,'™'” and the user is referred to that
documentation for additional information, particularly the numerical solution method.

Governing Equations

The thermal-hydraulic model solves eight field equations for eight primary variables as a function of time
() and distance (x). The eight primary dependent variables are pressure (P), phasic specific internal
energies (U,, Uy, vapor volume fraction or void fraction (o), phasic velocities (v,, V), noncondensable
quality (X,), and solute density (p,). Note that the noncondensable quality is defined as the mass fraction
of noncondensables in the gas phase, the remaining fraction being the mass fraction of fluid in the gas
phase. Of these eight variables, six are state variables (P, Ug, U 0y, X, ps) and two are velocities (vq, vy).
The corresponding eight field equations are the conservation equations for mass, momentum and energy
for each phase, and the conservation of mass for the noncondensables in the gas and liquid phases. The
equations are described in detail in RELAPS5-1, 1995. The simple forms of these equations are shown
below, as one-dimensional area-averaged equations, on a per unit volume basis.

Conservation of Mass:

Gas Phase:
0 1 0
a(agpg)Jrza(ocgpgng):l“g+FN (8-1)
Liquid Phase:
0 1 0
o Pt o @ =T (8-2)

The terms on the right hand side of Equation 8—1 are the interfacial vapor generation per unit volume, and
the noncondensable gas released from solution per unit volume. The terms on the right hand side of
Equation 8-2 are the corresponding terms for the liquid phase. For continuity across the interface, I'y + I,
= 0. The source term for noncondensable gas, 'y, which is the rate of dissolved gas release per unit
volume, is treated similar to an external source term. Thus, there is no corresponding term in the liquid
phase mass conservation equation. Essentially, this assumes that the liquid density is not affected by the
presence of dissolved gas.
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Conservation of Momentum:

Gas Phase:
v, 1 ov, oP
a,p,A4 tg +50LgpgA 6; =—ocha—x+agprxA—(ocgpgA)FWG(vg)
+0,A(v, —v,)-TyAv, —(a,p, AFIG(v, —v,) (8-3)
o(v, —v,) ov ov,
—Co,o,p A ——Lyy, —£_y
gfp’"[ o e gax}
Liquid Phase:
o, 1 Gv; OP
afpfA?wLEafpf E=—aan+afprxA—(afpfA)FWF(vf)
+0, AV, —v,)—(a;p, AFIF(v, -v,) (8—4)
ov,-v,) ov, ov
—Ca,a,p Al —— "4y — Ly ¢
1% P { ot ¢ oax ax}

On the right hand side of Equation 8-3, the second term is the body force and the subsequent terms are
the wall friction, momentum transfer due to mass transfer (from vapor generation as well as dissolved gas
release), interfacial frictional drag and force due to virtual mass.

Conservation of Thermal Energy:

Gas Phase:
0 10 oa, P o
—(a,p,U)+——(a,p, Uy, A)=—P—--——(a,v, A
81‘( ePeUs) A@x( #PsUsVe ) ot A&x( Vs 4) (8-5)
ng +Qig +thg +rNhN _ng +D]SSg
Liquid Phase:
0 10 da, P o
—(a,p,U )+——(a,p,Uv,A)=—P—————(a,v, A4
6t( PUy) Aax( PUveA) o Aax( VA (3-6)

O, +09,+Ih,+0, +DISS,

On the right hand side of Equation 8-5, the third to last terms are the wall heat transfer, interfacial heat
transfer, energy transfer due to mass transfer (vapor generation as well as release of dissolved gas),
sensible heat due to presence of noncondensables, and dissipation.

Conservation of Mass for Noncondensables in Gas Phase:

oa,p, X, 10
gétg + Za(agngnng) = 1—‘N (8_7)
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where
X,=  mass fraction of noncondensable gas in the gaseous phase
I'v= noncondensable gas generation rate

This equation conserves mass of noncondensables in the gas phase, and allows transport/distribution of
the noncondensables along with the gas phase. It is assumed that the noncondensables are transported at
the same velocity as the fluid in the gas phase, that they are in thermal equilibrium with the vapor, and
that the properties of the gas phase are mixture properties of the vapor/noncondensable mixture. The
sensible heat transfer terms due to the presence of noncondensables in the energy equations represent heat
transfer at the noncondensable gas-liquid interface. This is necessary because the interfacial terms use
saturation temperature based on the local vapor partial pressure.

Conservation of Mass for Noncondensables in Liquid Phase (Dissolved Gas):

op, 10
s - Z RY A):FS 88
o AP (5-8)
where
ps=  density of the dissolved nitrogen (solute), i.e., mass of dissolved nitrogen per unit volume
= negative of mass rate of nitrogen released per unit volume, or solute generation rate

This equation provides the means to model the release of dissolved gas at any location based on local
conditions. The gas release model itself is described in a subsequent section, along with the assumptions
used in its implementation in the code.

In the base code, it is assumed that at the gas-liquid interface, there is no storage of mass, momentum or
energy. In FSP, the dissolved gas release term is modeled similar to that for an external source. It is
assumed separately that I', + I',= 0 (similar to the base code), and that I'y + I'; = 0. Summing Equations
8-3 and 8—4 provides a relationship between the interfacial drag terms FIG and FIF. Summing
Equations 8-5 and 8—6 provides a relationship between the interfacial mass transfer and interfacial heat
transfer. These are essentially the interface jump conditions needed for closure of the conservation
equations. Note that in FSP, because of the way in which the dissolved gas release term has been treated,
the conservation of mass, momentum and energy at the gas-liquid interface is only approximately
satisfied. This is an inherent assumption in the code. The results of executing the code for typical FSP
applications have not shown significant effects due to this approximation. If new applications show
significant effects, this assumption would have to be re-visited.

To complete the equation set, several terms on the right hand side of the conservation equations need to
be specified, such as FWG, FIG, Q,, and Q,. These are the constitutive relations, described in a
subsequent section. Typically, these are based on mechanistic models and empirical correlations, and are
written in terms of velocities, thermodynamic and transport properties, and the temperatures of the liquid
and gas phases. Thus, additional relationships have to be defined to relate these to the primary dependent
variables of the code.
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Numerical Solution

To solve the above set of equations, the differential conservation equations are cast into a numerically
convenient set of finite difference equations, using a staggered spatial mesh arrangement. In this method,
mass and energy are conserved over a control volume while momentum is conserved over a cell bounded
by the mass and energy cell centers. A semi-implicit method is used for time advancement, where the
implicit terms are formulated to be linear in the dependent variables at the new time. Essentially, this
requires specification of the partial derivatives of fluid density with respect to the primary dependent
variables. Most of the source terms on the right hand side of the equations are also treated semi-
implicitly. The noncondensable dissolved gas release term is treated explicitly.

Figure 8-2 shows the staggered mesh concept used in the numerical solution. In the method, scalar
variables (pressure, internal energies and void fraction) are defined at the cell centers, at K, L, and so on.
Vector quantities (velocities) are defined at the cell boundaries, at the junctions connecting the cells, at j,
j+ 1, and so on. In this method, to define the flux terms at the boundaries of the mass and energy
conservation cells, the void fraction and fluid properties are “denoted” from the upstream cells. Similarly,
to estimate friction losses needed in the momentum conservation, “volume velocities” are estimated at
cell centers using an averaging procedure of the velocities at the junctions connecting to each cell. The
documentation of the base code (RELAPS5) provides a detailed description of the method.'®!” Here, it is
noted that the user can access “junction properties” as well as “volume properties” in developing the input
model and examining the output of the code.

The governing equations, together with the interface jump conditions, constitutive relations,
thermodynamic and transport properties, and property derivatives, as a function of the primary dependent
variables, form a closed set of equation. The code solves this set for the primary dependent variables as a
function of time and spatial location. Details of derivation of the finite difference equations and the

. . . . . 16.17
numerical solution method are described in the base code documentation.
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Figure 8-2. Staggered Mesh Numerical Method.
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State Relationships and Fluid Properties

As discussed previously, the code uses five primary dependent state variables:

P: total pressure

o gas phase volume fraction

U,: gas phase specific internal energy

Ur liquid phase specific internal energy

Xu: mass fraction of noncondensable gas in the gas phase

All thermodynamic variables are expressed in terms of the above five state variables. In addition, several
state derivatives are needed for the numerical scheme. Detailed descriptions of fluid property estimation
and calculations of thermodynamic variables for the code can be found in Tuzla et al.”

Constitutive Models

The constitutive relations include models for defining two-phase flow regimes and flow-regime-related
models for interphase drag and shear, the coefficient of virtual mass, wall friction, wall heat transfer, and
interphase heat and mass transfer. Heat transfer regimes are defined and used for wall heat transfer. For
the virtual mass, a formula based on the void fraction is used.

Note that while the FSP code contains models for wall heat transfer, these models have not been exercised
or assessed with the various new fluids that have been implemented into the code. In addition, wall heat
transfer is not expected to play a significant role in the analysis of typical suppressant delivery systems
because of the short time period of the expected transient. If a user encounters a special application of
FSP where wall heat transfer may need to be included in the model, the base code documentation contains
the needed information.'®"”

The constitutive relations needed are for the terms: I'y, I's I', FWG, FWF, FIG, FIF, C, Q,g, Ous, Oig» Oifs
Qg DISS,, and DISS;. In general, these relationships are dependent on the thermodynamic state, void
fraction, fluid properties and velocities. As shown in Figure 8-2, the thermodynamic state, void fraction
and fluid properties are defined at volume centers, while the velocities are defined at the junctions. Fluid
properties and the void fraction are “donored” to junctions, and volume velocities are estimated by
momentum flux weighting of the velocities at the junctions that connect to each volume. It is convenient
to use flow regimes to characterize the two-phase flow. This allows specifying a more mechanistic form
to the various constitutive relations, which is desirable since the code is structured to handle various
different fluids.

Four flow regime maps are included in the base code, but only two of these are relevant for applications
of FSP. The other flow regime maps will not be encountered by the user and are not discussed here. The
flow regime maps in FSP address flow regimes and transitions between flow regimes for horizontal flow
and vertical flow.

The flow regime maps are based on the work of Taitel et al.”> and Mishima and Ishii*, who have
developed flow regime classifications and mechanistic models to describe flow regime transitions.
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However, some of their transition criteria are quite complex, and further simplification has been carried
out in order to efficiently apply these criteria in the code. When wall heat transfer is not modeled, the
flow regimes and the transition criteria are dependent on hydrodynamic conditions only. When wall heat
transfer is modeled, there is a possibility that the wall may encounter the condition of critical heat flux
(CHF). In the post-CHF condition, the wall will mostly not be wetted by the liquid. This alters the flow
regime. To capture this effect, the code recognizes the effect of wall heat transfer explicitly, and if post-
CHF conditions are indicated, a separate flow regime map is used to characterize the two-phase flow
patterns. Again, note that the post-CHF regimes would be invoked only if the user models wall heat
transfer, and the local fluid and wall conditions indicate post-CHF conditions. As discussed above, wall
heat transfer is not expected to be required in most applications of the FSP code. Hence, these flow
regimes are not described here, and the base code documentation contains detailed description, if
needed.'®"”

The vertical flow regime map (for both up and down flow) is for volumes whose elevation angle ¢ is such
that 45° < |¢| < 90°. This map is modeled as nine regimes — four for pre-CHF heat transfer, four for
post-CHF heat transfer, and one for vertical stratification. As noted previously, the post-CHF regimes
will not be encountered if wall heat transfer is not modeled by the user. The pre-CHF regimes are the
same flow regimes as would exist if there was no wall heat transfer. For pre-CHF heat transfer, the
regimes modeled are the bubbly, slug, annular mist, and mist-pre-CHF regimes.

The horizontal flow regime map is for volumes whose elevation angle ¢ is such that 0° < | [0} | <45°. This
map does not distinguish between pre- and post-CHF regimes. Otherwise it is similar to the vertical flow
regime map. The horizontal flow regime map consists of horizontally stratified, bubbly, slug, annular and
mist-pre-CHF regimes.

In reviewing the base code, RELAP5/MOD?3.2, it was found that most of the constitutive relations were
structured to be reasonable for the fluids included in FSP. The only areas where correlations specific to
water were used were in the computation of interphase drag in vertical flow, and in wall heat transfer.
Thus only these calculations were modified. In the description presented below, the emphasis is on
providing the user with basic information on what is contained in FSP. Details of the various models can
be found in the base code documentation.'™'” Additional information is provided below in the specific
areas where the base code was modified. The dissolved gas release model was developed especially for
FSP, and so it is described in more detail than the other models.

Wall Friction

The relevant wall friction terms are FWG and FWF in the phasic momentum equations. Note that the
wall friction force terms include only wall shear effects. Losses due to abrupt area change are calculated
using mechanistic form loss models. Other losses due to elbows or complicated flow passage geometry
are modeled using energy loss coefficients supplied by the user in the input for junction information.’
These terms are also directly used in computing the energy dissipation terms, DISS, and DISS; in the
phasic thermal energy equations.

The approach was to first calculate an overall two-phase frictional pressure drop. This was done using a
standard two-phase multiplier method (as shown in Wallis*®). The two-phase friction was then partitioned
between the phases (Chisolm®®) to get the phasic wall friction components. A further adjustment was
made to incorporate flow regime effects, using a wetted wall fraction. This provides a more physical
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representation for certain regimes where it is clear that one phase would be more influenced by wall
friction than the other, as in annular flow, where the wall is fully wetted by the liquid phase.

The model uses the hydraulic diameter and surface roughness data provided by the user for each volume.
There is an option for the user to turn off wall friction altogether, but this is not recommended unless as a
sensitivity study to debug results from a specific analysis.

Interphase Friction

The interphase friction (or drag) per unit volume in the phasic momentum equations is expressed in terms
of a phasic interphase friction coefficient as:
Eg:agng]G(vg_vf) (8-9)

and

Fy=ap, FIF (v, ~v,) (8-10)
The magnitude of the interphase drag force per unit volume on the liquid is assumed to be equal to that on
the gas phase. This provides a relationship between FIG and FIF,

a,p, FIG=a,p, FIF (8-11)
The interphase drag force per unit volume represents the interphase momentum transfer rate and is due to

the difference between the phasic velocities. Thus, analogous to the transfer of heat or mass, it can be
expressed as:

Fy =l -v,) 12

where F; is a momentum conductance term, and can be expressed as:

F =4, B, (8-13)

where A, is the interfacial area per unit volume, and B,,is a momentum transfer coefficient.

The code uses the flow regime characterization to derive relationships for 4, and B, in terms of fluid
properties, flow geometry, phasic velocities and the void fraction. These are then related back to the
terms FI/G and FIF needed in the phasic momentum equations.

The base code, RELAP5/MOD3.2, uses mechanistic models for the above calculations, except for vertical
flow in the pre-CHF regimes. In this case, the base code uses a correlation developed empirically from
water data. In FSP, to make this independent of the fluid type, the empirical correlation (called the Drift
Flux correlation or the EPRI correlation) has been replaced with the mechanistic models. The models are
similar to what exists in the base code for the various flow regimes and therefore are not further described
here. It is noted that for the calculation of interphase drag in vertical flow in FSP, the vertically stratified
regime is not explicitly used. Vertical stratification is recognized primarily for the calculation of
interphase heat and mass transfer.

In building the input file, there is a parameter, b, that allows the user to select an optional interphase drag
modeling approach for rod bundles. In FSP, in addition to replacing the interphase drag models for
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vertical flow, this option has been essentially de-activated. Thus choosing a value of 0 or 1 for this
parameter will not have an effect. It is recommended that the user choose the default value, which is zero.

Interphase Heat and Mass Transfer

The interphase heat and mass transfer rates are related by the assumption that energy is not stored at the
interface. It should be noted that the code separately recognizes interphase mass transfer in the bulk fluid
and at an interface near the wall. This allows the code to mechanistically treat some special cases, such as
subcooled boiling. In this case, there is a radial temperature gradient within the liquid, and boiling occurs
near the wall, while there is condensation in the bulk fluid. Thus, the general treatment is:

I,=I,+L, (8-14)
where I',, is computed by the wall heat transfer models. When wall heat transfer is not modeled, this term
is zero. I';; is computed from the heat transfer at the bulk interface. The interface is assumed to be at the
saturation temperature. The heat transfer at the bulk interface is then:

0, =H,(r'-T,) (8-15)
o, =H,(r -1, (8-16)
O, + 0y +T,(h,—h,)=0 (8-17)

where h, and A, can be at saturation or at the value corresponding to the local pressure and temperature,
depending on whether the process is one of boiling or condensation.

The terms H;, and Hare the interphase heat conductance terms and are conveniently modeled as products
of the interphase area per unit volume and the interphase heat transfer coefficient. These are in turn
determined as a function of the flow regime, and modeled as a function of fluid properties, flow
geometry, velocities and the void fraction.

Wall Heat Transfer

The total wall heat flux, ¢", is modeled as a sum of heat fluxes to the vapor and liquid phases:

q" =h (0, ~T, )+, (T, - T, ) (8-18)

where &, and hy are heat transfer coefficients to the gas and liquid phases respectively (per unit wall
surface area), and 7., and T, are gas and liquid reference temperatures. The reference temperatures
can be the local gas or liquid temperature or the saturation temperature, depending on the correlation used
for the heat transfer coefficient.

A heat transfer surface concept is used, based on the heat flux, wall temperature and saturation
temperature, to decide the mode of heat transfer (such as convection to single phase liquid, bulk nucleate
boiling, condensation). Correlations are used for the heat transfer coefficients in the various heat transfer
regimes to compute the heat flux. The total heat flux is ensured to be continuous over the heat transfer-
wall temperature surface, to avoid numerical difficulties as the heat transfer regimes go through
transitions.
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Also calculated is the portion of the wall heat flux (Q;g and Q;') that contributes directly to mass transfer.
Then the interphase mass transfer due to wall heat transfer is calculated from:

0" +0" +T,(h, —h,)=0 (8-19)
where, as before, s, and % can be either at saturation conditions or at the local pressure and temperature,
depending on whether the process is boiling or condensation.

The base code, RELAP5/MOD3.2 contains generic models for the heat transfer coefficients in most of the
heat transfer regimes that can be considered to be reasonably fluid-independent. In two areas, the
correlations are more empirical and also based solely on water data. Hence, these have been modified in
the FSP code. One area is the critical heat flux (CHF). The base code uses a table look-up procedure for
calculating CHF, using data obtained for water at a variety of conditions. This was replaced in FSP by a
simpler model, based on a modification to the Zuber correlation (Zuber et al.*").

dcnr = 1'31(0'96 O )pg hfg [Gg(pf ~Pg )/pz]lM (8-20)
Zuber’s correlation has been shown to match CHF data for a variety of fluids under pool boiling
conditions. The modification to Zuber’s correlation is the term (0.96 - o) and has shown to match flow
data with water and Freon. Note that this condition of CHF is normally one that is associated with
hydrodynamic dryout of a heated surface. This is the type of CHF one may expect when wall heat
transfer is modeled with only passive heat structures, such as typical pipe walls in fire-suppressant
delivery systems. In implementing the above model in FSP, a lower limit of 1000 W/m® was imposed to
prevent negative values, at high void fractions.

The other area modified is in the correlation for wetted area fraction used for computing post-CHF heat
transfer. This correlation utilizes an exponential decay form to capture the decrease of wetted area
fraction as the wall temperature increases. The decay constant was derived as a function of flow rate and
void fraction, from water data. In FSP, the decay constant has been set to a fixed value. This is
considered reasonable because this heat transfer regime is rarely encountered, and will provide continuity
for the heat transfer surface if encountered.

Coefficient of Virtual Mass

The last term in the phasic momentum equations is the dynamic drag term due to virtual mass effects, also
called the inertial drag force per unit volume. In the base code, in the numerical solution procedure, the
spatial dependence of the velocities in this term was neglected. Thus the term only includes the time-
dependent portion. This was a compromise, because the spatial terms were dependent on the nodalization
selected by the user to represent a particular system, and there was some user experience that suggested
that this led to numerical errors. The main intent of this term is to capture sudden accelerating flows, and
the time-dependent term provides that capability. The coefficient, C, in this term is called the coefficient
of virtual mass. It is given as:

C=05(1+20,)/(1-0y) for 0 < 0,<0.5
and,

C=0.53-20y) /0, for 0.5 <a,<1
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Release of Dissolved Gas

The liquid agent in the storage vessel is stored under pressure of a noncondensable gas (N,). It is
assumed that the agent has been stored for a long enough period for the liquid to be saturated with N,
(equilibrium condition). At equilibrium, the concentration of dissolved N, in the liquid medium is
proportional to the partial pressure of N, in the gaseous space above the liquid. This is Henry’s law:

x, =HP, (8-21)
where xjv is the equilibrium concentration (mole fraction of solute in solution), H is Henry’s constant and
Py is the partial pressure of N, above the liquid. H is usually a function of temperature and the liquid type.

As the system is depressurized, nitrogen will come out of the solution since the partial pressure decreases.
According to Henry’s law, the corresponding concentration of nitrogen in the solution must also decrease.
Hence the excess must be released. In a fast depressurization transient, the excess can still be in solution
due to surface tension. Considering a micro-bubble of dissolved gas with radius r., the difference
between the pressure inside and outside the bubble is given by

20
APyyc = - (8-22)

where o is the surface tension. As the pressure outside decreases, the pressure difference builds up until a
point where surface tension can no longer hold the bubble together, and the excess N is then released.
This initiation mechanism is similar to nucleate boiling, in which the liquid is superheated before boiling
can occur. The radius of the micro-bubble can be empirically determined by observing the point at which
N release occurs. In this model, this radius is assumed known (user input). The release pressure is then
given by

P,=P—-APy=PFP—— (8-23)
where P; is the initial system pressure.

The above determines the initiation of release. The rate of release is determined as follows. Henry’s law
determines the equilibrium concentration for given conditions. As the system is depressurized, the
corresponding partial pressure decreases. The corresponding equilibrium concentration will be less. The
solution is therefore at a state of non-equilibrium. The release is a means to achieve a new equilibrium.
Thus, the release rate is postulated to be proportional to the difference between the actual concentration
and the equilibrium concentration (dictated by Henry’s law) as follows:

L=, (xN - xN) (8-24)
where I'y is some release coefficient, xy is the actual concentration, and xjv is the equilibrium
concentration as given by Henry’s law. Thus

Lo =T, (xN - HPN) (8-25)
The release will be zero when the actual concentration approaches the equilibrium concentration, as it

should be. The release model is similar to other transfer phenomena, such as heat transfer and mass
transfer.
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The model requires that users specify, as input, the parameters . and I'y, and the initial pressure P; and
temperature 7.

The numerical implementation of the release rate model poses a problem, since the partial pressure is not
the local value, but the value above the liquid-gas interface. A compromise is made by using the local
total pressure in place of the partial pressure in calculating the equilibrium concentration using Henry’s
law. This over-predicts the equilibrium concentration, and hence under-predicts the release rate. It may
be compensated by using a larger release coefficient. Thus, the release rate is numerically implemented
as, for the & volume:

Lav=T (xN,k - HPk) (8-26)
HP, is the mole fraction of N, in solution. To convert to mass of N, per unit mass of solvent, one gets
. HPW,
Mass Fraction N, =——*—~ (8-27)
(-HRW,

where W)y is the molecular weight of nitrogen (28.0) and W, is the molecular weight of the fluid. The
actual concentration is related to the solute density as

Xy = (p—] (8-28)
ArPr ),
The solute generation rate is therefore the negative of the release rate:
HEW
L,=-Ty,=-T|[ 2] - " (8-29)
%rPyr ), (1-H R )W,

The above is only valid if the local concentration is greater than the equilibrium concentration. Otherwise
the release rate should be zero. Hence

I, =min(r, ,.0.) (8-30)
Also, the amount of release in one time step should not be more than the total amount dissolved in the
volume. Thus the maximum release rate is given by

Py
re max = 8_3 1
o = (8-31)
where At is the current time step. Hence the final expression for the solute generation term is
r,= max{min (FS k,O.O),—ZS} (8-32)
, , p

The Henry’s constant is estimated from the PROFISSY Code (see Yang et al.%) as follows. Assuming
Henry’s law to be valid, the equilibrium concentration is given by

xy=HP, (8-33)
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In PROFISSY, the concentration of nitrogen in the agent liquid (xy, mole fraction) is calculated given the
system pressure (P), temperature (7), total volume (V), and total agent mass (m,). The partial pressure of
nitrogen can be determined from

By=P-F (8-34)
where P, is the saturation pressure of the agent fluid at 7. Table 8-1 lists the output from PROFISSY, and
the calculation of H as described above. Three fluid systems are considered: HFC-227ea, HFC-125 and
halon 1301. As can be seen, the solubility of nitrogen in all three agents is very similar, and Henry’s
constant can be correlated as a quadratic function of temperature, as shown in Figure 8-3. The analytical
form of the correlation is given by

H=H,+CT+C,T? (8-35)
where H is in mol/Pa, and Tis in K and Hy=2.35 x 107, C; =-1.55 x 10°, and C, =2.96 x 107"

Table 8-1. PROFISSY Results for Henry’s Constants.

HFC-227ea/N, Halon 1301/N, HFC-125/N,

T(K) H (mol/Pa) H (mol/Pa) H (mol/Pa)
190 n/a 4.70E-08 n/a
200 n/a 4.20E-08 n/a
210 n/s 3.87E-08 3.65E-08
220 3.77E-08 3.67E-08 3.80E-08
230 3.62E-08 3.59E-08 3.37E-08
240 3.52E-08 3.30E-08 3.37E-08
250 3.47E-08 3.45E-08 3.47E-08
260 3.30E-08 3.15E-08 3.41E-08
270 3.34E-08 3.27E-08 3.25E-08
280 3.29E-08 3.28E-08 3.48E-08
290 3.29E-08 3.22E-08 3.40E-08
300 3.36E-08 3.35E-08 3.76E-08
310 3.49E-08 3.74E-08 3.90E-08
320 3.58E-08 3.96E-08 4.45E-08
330 3.79E-08 4.88E-08 5.39E-08
340 4.15E-08 n/a n/a
350 4.59E-08 n/a n/a
360 5.42E-08 n/a n/a

Figure 8-4 shows the calculated bottle pressure as a function of time for various release coefficients. The
critical radius was specified at 7.5 x 10° m. The initial concentration was estimated as 0.02916 kg N,/ kg
liquid phase. This value is comparable to the reported initial concentration of Test 146 in Elliott et al."
At about 0.1 s, as the pressure decreases to a value of about 4 MPa, there is a noticeable change in the rate
of pressure decrease. This is the pressure at which gas begins to be released from the liquid, and
experimental results generally indicate that this would happen at about the same pressure for a given fluid
type and system configuration. As discussed earlier, this pressure is controlled by the value of the critical
gas bubble radius, 7., chosen by the user. The lower the value of r. specified, the lower the pressure at
which gas release would be initiated.
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Figure 8-3. Curve Fit for Henry’s Constant.
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Figure 8-4. Effect of Release Coefficient on Calculated Pressure Response.
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The value of Iy controls the rate of gas release. At low values of Iy, the rate of release is small, and the
pressure continues to decrease monotonically below the pressure at which gas release was initiated. As
the value of Iy is increased, there is a noticeable decrease in the depressurization rate at the gas release
pressure (at about 0.1 s). This is the expected trend. Test runs of the code indicate that this method of
modeling the gas release works relatively smoothly, and the code appears to handle a wide range of
release coefficients without numerical difficulty.

One of these sensitivity cases, corresponding to a I'y of 10,000 kg/m’ s and an initial concentration of
0.02196 kg Ny/kg liquid, was used to further check out the model. Figure 8-5 compares the calculated
pressure with experimental measurements. Figure 8-6 shows the void fraction responses for the various
cells used to model the supply bottle. Volume 203-01, not shown in the figure, is at the top of the bottle,
and Volume 203-10 is at the bottom. The figure shows a relatively smooth emptying of the bottle, with
the void fractions in the lower cells increasing to 1.0 subsequent to the void fractions in the cells above
them. The void fraction in the last cell, Volume 203-10, increases to 1.0 after all the other cells, at about
1.0 s. This represents the time in the calculation when the bottle is emptied.

This calculation was also used to check out other parameters. The solute concentration profiles showed
smooth changes, following expected trends. A mass balance was carried out to ensure that the code
conserved the mass of nitrogen, between the initial amount and the additional amount released from the
liquid. Essentially, these checks ensured that the gas release model was implemented in the code as
intended, and the mechanistic gas release model produced the expected trends. There is of course some
uncertainty in how to specify the correct values for the parameters ». and I'j. However, as shown in other
sections of this report, comparisons to experiments with different fluids and system configurations
indicate reasonably good agreement between code calculations and experimental data, with these
parameters varying over a relatively narrow range. This has been useful in arriving at a range of
recommended values for these parameters. Further, from a design perspective, while variation of these
parameters causes a noticeable variation in the initial pressure history, there is not much variation in the
time required to empty the supply bottle. Hence it is believed that this gas release model, used with the
range of recommended values for . and Iy, would adequately serve the needs of a design engineer
evaluating the performance of a suppressant delivery system.

Special Process Models

This section describes certain models in the code that simulate special processes. The user can select
many of these processes via input. A detailed description of these process models can be found in the
base code documentation.'®"” The information below is a brief summary, to provide some basic
information and where appropriate, some user guidelines on the use of these models.

Choked Flow

Choking is defined as the condition where the mass flow rate becomes independent of the downstream
conditions. Choking occurs because acoustic signals can no longer propagate upstream as the fluid
velocity equals or exceeds the propagation velocity. In typical FSP applications, choking can occur at the
bottle exit, as soon as the discharge begins, and also at the discharge location from the system. The
choked flow model in FSP is by Trapp and Ransom® and is used to calculate the mass discharge from the
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system. The model can also be used to predict the existence of and calculate choked flow at interior
points in the system.

The user can select the choking model as a part of the junction control flag information in the input file.
The user can select this option at all junctions. In fact, the default option will select the choked flow
model. It is recommended, however, that the user only select this model at the system exit location(s) and
at the junction representing the exit of the supply vessel. The model should be turned off at all other
internal junctions. This is because the sonic velocity (propagation velocity) in two-phase flow can be a
strong function of the void fraction, and the choked flow model imposes an external criterion on the
code’s normal numerical solution method. This can lead to difficulties in code execution and a drastic
reduction in the computational time step.

Also note that the input for junctions allows the use of discharge coefficients for subcooled liquid,
saturated fluid and single-phase vapor. Current assessment of the code against experiments suggests that
best results are obtained by using a subcooled discharge coefficient of 1.0, a two-phase discharge
coefficient of 0.8 to 0.9, and a single-phase vapor discharge coefficient equal to the two-phase discharge
coefficient.
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Figure 8-5. Comparison of Calculated and Measured Bottle Pressure for Test 146.
Horizontal Stratification and Entrainment

Flow at low velocity in a horizontal pipe can be stratified due to buoyancy forces. The horizontal flow
regime map in the code contains a mechanistic model to predict when stratification occurs. When the
flow is stratified, the area average pressures are affected by the nonuniform transverse distributions of the
phases. The normal code equations are based on assuming uniform transverse pressure distribution. To
account for the nonuniform pressure distribution, adjustments are made to the momentum equations to
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consider area average pressures for the vapor and liquid phases, and the interfacial pressure between
them. This model is always active in the code, but becomes significant only when the code’s
stratification criterion is met. The code then calculates a liquid level in the channel (circular pipe
geometry is assumed) and uses this information to estimate the hydrostatic pressure in the transverse
direction.
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Figure 8-6. Void Fraction Responses in Lower Portion of Bottle.

Also, when the flow is stratified, the void fraction flowing in a junction may be different than the
upstream volume void fraction. A typical example would be when there is an area contraction. With
stratified conditions in the upstream volume, if the level is below the pipe centerline, the void fraction in
the junction would be significantly higher than the upstream volume. If the level is above the pipe
centerline, the junction void fraction would be lower than the upstream volume. In addition to the
formation of a level and its effect, the vapor can entrain liquid through the junction, and similarly the
liquid can pull through some gas. The code considers these possibilities, and adjusts the junction void
fraction to be different than the upstream volume void fraction when the upstream volume is calculated to
be stratified.

The user does not actively engage these models. It is part of the code’s internal structure and will
automatically be invoked as needed.

Abrupt Area Change

A general piping network system can contain sudden area changes and orifices. The code contains built-
in models for the user to access in simulating these geometries. The basic hydrodynamic model in the
code is formulated for slowly varying flow area. Hence, special models are needed when the flow area
undergoes an abrupt change, such as at an orifice.
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Basically, the user can select the abrupt area change option at any junction in the model, as a part of the
junction control flag input information. The code will calculate the energy loss coefficients associated
with the abrupt area change internally. In a case where the flow is going through a sudden contraction,
the code will also internally compute the losses associated with the formation of a vena contracta. Along
with selecting the abrupt area change option, if the user also enters form loss coefficients, these will be
added to the internally calculated form losses.

User-Specified Form Losses

In the junction control flag information card, the user can specify a junction to be a smooth or abrupt area
change junction. The user can also specify form loss coefficients at the junction. For standard
geometries, and configurations such as elbows and tees, these form loss coefficients can be obtained from
standard handbooks. If the user has frictional pressure drop data for a particular system at known flow
rates, that can be used to back out form loss coefficients.

The user can also enter flow dependent form loss coefficients. Typically, the form losses would be a
function of the Reynolds Number. The code input allows a standard form and the user has to enter the
desired constants for the Reynolds Number dependence.

Cross Flow Junction

The code’s numerical method is generally formulated using one-dimensional elements. However, there
are applications where an approximate treatment of transverse flow can provide an improved physical
simulation. The crossflow junction component provides this feature.

A typical place to use the crossflow junction would be in modeling a standard 90° tee. The crossflow
junction would be used to model the connection to the branch line, as shown in Figure 8-7. In this case,
the momentum flux in the side branch is assumed to be perpendicular to the main flow stream. Thus the
mainstream momentum flux does not contribute to the crossflow momentum formulation. Essentially, in
the crossflow junction formulation, there is no transport of axial direction momentum due to the flow in
the transverse direction.

The user selects the crossflow junction option by specifying the appropriate connection code when
describing the ‘From’ and ‘To’ volumes for a junction.

Component Models and Systems

The code contains a variety of generic components that are used to build system models. These include
components such as Single Volume, Time-Dependent Volume, Single Junction, Pipe, Valve, etc. Most of
these are self-explanatory. This section provides some additional information on building a system model
and the use of some of the components and features.

Branch

There are several ways to simulate branching flows. Several single junctions can be connected to the exit
of a single volume to simulate flow splits. A BRANCH component is also provided in the code.
Essentially, this functions no differently than a single volume to which more than two junctions are
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connected. Primarily, it is a user-convenience, which allows all the junction information to be entered
along with the volume information in one component instead of using several separate components. A
crossflow junction can be used to connect a branch component to another component. Two typical uses
are in modeling branching flows in a one-dimensional branch, and a tee branch.

A one-dimensional branch is one where more than two normal junctions connect to a volume, and where
it is assumed that multidimensional effects are small compared to system interaction effects. Typically,
this would be used in branched flows that occur in headers or plena. Fluid entering a header and then
splitting into several parallel paths would be modeled as a one-dimensional branch.

A tee branch is formed by the arrangement shown in Figure 8-7, where the crossflow junction was used.
In this case, the Volume ¥V, may be specified as a branch component, and the crossflow junction
connecting to it could be defined by the appropriate connection code, described in the input manual in
Tuzla et al.” The tee connection could also be modeled without a crossflow junction, by using a branch
component with normal junctions, as shown in Figure 8-8. This approach has the advantage that fewer
volumes are used. The disadvantage is that if the tee is really a standard 90° tee, then it may not be the
best representation of the physical process. In typical FSP applications, very little difference has been
observed between the two approaches. Hence, either approach seems acceptable.

Volume
v4
Junction J,
|
Crossflow
Volume Volume Volume
v1 VZ v3
Junction J, Junction J,

Figure 8-7. 90° Tee Model with Crossflow Junction.

Note that a volume with more than two junctions connected to it is treated by the code as a branch
component, even if it has not been defined as such in the input. What this really means is that the volume
velocity in this volume is determined as a momentum flux weighted average of the flows in the junctions
connecting to it. Also, the volume cross-sectional area is apportioned between the various streams in
proportion to the volumetric flow in these streams. The consequence is that, if one stream has a very high
velocity, there would be excess error in conserving momentum (and mechanical energy) around this
volume. One place where this has an impact is if one of the junctions connecting to the branch is the exit
junction for the system and it is choked at a high velocity. To avoid this situation, it is recommended that
the user allow some straight pipe length connected to all the junctions of a branch. It is also
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recommended that when the BRANCH component is used, the junctions of the component use the abrupt
area change option.

Volume
V3

~-—— Junction J,

Volume
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2
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Figure 8-8. Tee Model with Normal Junctions.
Valves

Valves are quasi-steady models that are used to either specify an option in a system model or to simulate
control mechanisms. They are essentially treated as single junctions and the input required to describe
them is similar. There are two categories of valves, those that open and close instantly or those that open
and close gradually. The base code contains several types of valves. Only two types are envisioned to be
useful in modeling typical fire suppressant delivery systems, and these are described here.

A Trip Valve is one that is fully open or fully closed based on a trip setting. The opening or closing will
occur in one time step following the trip signal. The trip signal can be structured to latch the valve in an
open or closed position, if desired.

A Motor Valve has the ability to control the junction flow area as a function of time. The operation of
this valve is controlled by two trips, one to open and one to close. A user-specified rate parameter
controls the rate at which the valve area changes. The abrupt area change option is normally used with
this component to allow the code to automatically compute the form loss coefficient as a function of the
valve area.

Typical use of this component in FSP applications would be to describe the junction that connects the
suppressant supply vessel to the piping system. The valve could be opened as fast as desired by the user
to simulate the initiation of the discharge transient.

Trip Systems

The Trip System consists of the evaluation of logical statements. Each trip statement has a true or false
result, and an associated variable, TIMEOF. This variable is the time in the transient at which the trip
became true and has a value of —1.0 when the trip is false. This variable can be used to set time delays
based on events during the transient. Within the code structure, the trip system only evaluates the logical
statements (such as, is the transient time greater than 2.0 s?). The decision of what action is needed based
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on the trip status resides within other models. In the above example, the trip system would assign a true
or false value to a particular trip number depending on whether the transient time was less or greater than
2.0s. If this trip number is invoked by a valve component, the valve models would decide whether to
close or open the valve, at what rate, etc. Using the trip system is fairly self-explanatory, and directions
are provided in Tuzla et al.’

Control Systems

The control system provides the capability to evaluate simultaneous algebraic and differential equations.
This allows simulation of control systems typically used in hydrodynamic systems. Another use is to
define auxiliary output quantities, which can then be extracted from the output or restart files as tables or
plots.

In typical FSP applications, no complicated trip and control logic is required. Hence, control systems are
primarily used to define auxiliary output variables. For example, enthalpy is not a normal code variable,
and if it is needed for some reason, it can be computed using several control systems (such as the SUM
and MULTIPLIER components) to calculate it from the internal energy, pressure and specific volume,
which are all normal code variables. Another example would be if a user wanted to know the Froude
Number at the system exit, for evaluating mixing characteristics in the discharge area. A variety of
control systems are provided in Tuzla et al.”

Code Architecture

The FSP code was developed from the base code RELAP5/MOD?3.2, which was written in FORTRAN 77
for a variety of 64-bit and 32-bit computers. In developing FSP from the base code, RELAP5/MOD?3.2,
the source code was obtained from the Idaho Engineering National Laboratory. This code was adaptable
to other computing environments. The code was configured to work on a PC with WINDOWS 95
operating system and tested to ensure that the code options would function properly. The hardware
chosen for installation was a laptop PC with a Pentium 233 MHz processor, 64 MB RAM and 3.2 GB
hard drive. The compiler used was the Digital™ Visual FORTRAN compiler (Standard Edition, Version
5.1) for WINDOWS 95 operating system. The coding is modular, using top-down structuring. The
various models and procedures are isolated in separate subroutines. Detailed description of the top-level
organization of the code, code installation and execution, input file processing, and graphics for output
can be found in Tuzla et al.”

8.3.6 Supporting Laboratory Data

Experiments were performed to obtain data for several baseline fire suppressants and to establish a
protocol for obtaining such data for any future candidate fluids. These data were then used in the
assessment of the product code for simulating possible suppressant delivery systems. Descriptions of
pertinent dimensions and design features of the test facility are provided below.

Experimental Test Facility

The test facility consists of a source vessel for the suppressant fluid, a quick opening discharge valve, a
holding rack, a piping network, and a collection tank. This arrangement allows the system to be operated
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as a closed loop to recycle the test fluid. A simple schematic is provided in Figure 8-9, showing the
layout of the facility. The dimensions of this test system adhere as closely as possible to standard sizes
used in present-day fire suppression systems.
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Figure 8-9. Schematic of Test Facility: Source Vessel, Discharge Piping, and Collection
Vessel.

The source vessel, one of the main components of the facility, is shown in Figure 8-10. The source vessel
has a total internal volume of 3.81 L and was initially charged with liquid to about 60 % of that volume.
The source vessel was constructed from a 2 m long piece of 5.08 cm nominal diameter stainless steel pipe
with an internal diameter of 4.93 cm and a wall thickness of 0.55 cm. Using a vessel of large length-
diameter ratio improves the accuracy of measuring liquid inventory. A pressure difference associated
with the static head of the liquid in the vessel is used to measure the liquid inventory in the vessel at any
time during the experimental run. The long length, or height, of the source vessel provides a greater
range of static head measurements, thus increasing the accuracy of determining the transient liquid
inventory. This pipe was positioned vertically and capped at both ends by stainless steel pipe flanges
approximately 2.54 cm thick. Two slip-on flanges with O-ring grooves for the pressure seals were
welded to either end of the pipe so that the top and bottom plates could be bolted in place. The top plate
has an identical outer diameter as the flanges, at 16.51 cm, and was tapped to allow for a mixing line inlet
and a fill/relief line. The bottom plate has a larger diameter of 27.94 cm for the purpose of anchoring the
vessel to the holding rack while minimizing any vibration or movement during operation. This plate was
also tapped to allow the discharge valve to be screwed into place and sealed with a crushable, tempered
aluminum gasket. Other features incorporated into the source vessel include pressure and temperature
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ports, a liquid level gauge, a mixing line, and the differential pressure transducer with fluid transmission
line for measurement of liquid inventory.
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Since tests required pressures up to (4.04 to 5.05) MPa in the source vessel, pressurization by nitrogen
was employed. As shown in Figure 8-11, for HFC-227ea, the equilibrium vapor pressure of suppressant
fluids only reaches about 0.505 MPa at room temperature, insufficient for the desired pressure without the
additional partial pressure of an inert pressurization gas such as nitrogen. A potential problem with this
method is that the total pressure in the vessel will not reach equilibrium until the liquid has become
saturated with dissolved nitrogen. In order to expedite this process, a mixing system has been
incorporated into the design, using a pump to recycle liquid suppressant from the bottom of the source
vessel to a spray nozzle located in the vapor/gas space. By spraying small droplets of liquid through the
nitrogen gas, the surface area of liquid in contact with nitrogen will increase, therefore increasing the rate
at which nitrogen can be dissolved into the liquid.

Additional ports in the source vessel include an opening near the top, which serves as the connection to
the nitrogen supply and as one leg of the transmission line for the differential pressure transducer. A
liquid level gauge made of armored glass has also been attached to the middle section of the vessel to
visually determine the liquid fill level in the vessel at the beginning of each experimental run. Also, there
are two thermocouple ports for the vapor and liquid spaces and a pressure port in the vapor space. The
last port is in the top plate, providing access for filling of the vessel and also serving as a connection for a
safety pressure-relief device.
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Figure 8-11. Pressure vs. Temperature Saturation Curve for HFC-227ea and HFC-125.

The next pertinent item in the design is the release mechanism of the source vessel, for initiating
discharge of the test agent. A quick-opening plunger valve with an inlet diameter of 3.18 cm and an exit
diameter of 4.45 cm was used for this purpose. This valve, shown in Figure 8-12, is a Model MV121KJ-2
valve made by Marotta Scientific Controls Inc. A feature of this valve is the use of the fluid pressure to
drive the plunger upon command; thereby eliminating the need for springs or motors. To set or close the
valve, the plunger is pushed up into its armed position and held in place by a small locking latch. Two
O-rings are attached to the plunger to form a pressure seal along the valve casing. Pressure must then be
provided on the inlet side of the valve for the valve to operate properly. To open the valve, an electrical
charge provided by a 20V DC power source releases the latch, allowing the fluid pressure to rapidly drive
open the plunger. This release is much faster than that of traditional solenoid valves, and is similar to that
of a burst diaphragm or explosive-charge release, which is used in present-day suppression systems. The
valve is connected to the 1/2-in discharge piping in the loop by a tapered transition piece. This transition
incorporates a flange connection to permit access to the O-ring seals on the plunger for lubrication.

The piping in the test facility consists of 1.27 cm nominal diameter stainless steel pipe with an internal
diameter of 1.39 cm and a wall thickness of 0.38 cm. There are five other pieces, including the adapter
piece described above, which make up the discharge piping system. Two of these pieces are
approximately 30.5 cm in length with flanges at either end to provide for easy disassembly. All the
flanges are machined with an O-ring groove to provide an adequate seal against the high pressures
experienced in the tests. These 30.5-cm sections will be used as access points at the beginning and end of
the piping system, as indicated in Figure 8-13. They will also be the first and last locations of the
pressure and temperature measurement ports. Ports for the pressure transducers and film thermocouples
used for these measurements required special weld fittings in order to insure a complete pressure seal in
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the loop. These fitting were specially designed to cause minimal disturbance to the flow, while allowing
for the sensor to be as close to the flow as possible. See Figure 8-14 for a schematic diagram of these
fittings.

3.18 cm

Outlet 4.45cm

Figure 8-12. Schematic of a Marotta valve.
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Figure 8-13. Top View of Test Facility; Schematic of Discharge Piping System.

The other two pieces in the piping system include a special section used for the void fraction
measurement and a long middle section of pipe. The long middle section of pipe represents the
distribution spool piece often found in fire-suppressant piping systems. Both ends are flanged and are
capped by valves, allowing for the isolation of this section when dismantling. The middle piece will be
tapped in the middle for temperature and pressure ports as described previously. This middle piece of
long discharge piping allows for easy reconfiguration to different piping schemes (i.e., inclusion of tees or
elbows). This whole piping system is then connected by a flange to the collection vessel, providing a
closed flow path from the source vessel, through the piping system, to the collection vessel.



758 Fluid Dispensing and Dispersion

Pressure

/ Transducer
[ 1

12.7 mm
Pipe
Figure 8-14. Schematic of
PRESSURE TRANSDUCER PORT Pressure Fittings for
Temperature and Pressure
Ports.

THERMOCOUPLE PORT

The collection vessel is designed to serve two purposes: to catch the test fluid for recycle and to enable
monitoring of the transient discharge pressure during test runs. The collection vessel has an internal
volume of approximately 30 L, chosen to limit the final pressure after discharge to less than 1.01 MPa to
1.212 MPa. This vessel is made of a 25.4 cm diameter stainless steel pipe with an internal diameter of
24.3 cm and a wall thickness of 1.50 cm. The bottom of the collection vessel is a hemispheric cap with a
1.27 cm port, to be used for emptying the contents. At the top end is a pair of 4.445 cm thick flanges
sealed by an O-ring. The outside flange has access holes to allow for a cooling coil, a vacuum line, and a
temperature measurement port. The cooling coil can carry either cold water or liquid nitrogen for the
purpose of condensing the spent suppressant fluid for recycling. The vacuum line is connected to the top
of the vessel for the purpose of relieving the excess pressure before the next run. The line is connected to
a knock-back condenser to prevent a minimal amount of suppressant from escaping. Additional ports in
the sides of the vessel provide connections for the piping system and a fast-response pressure transducer.

In anticipation of potentially large reaction forces during fluid discharge, a rugged framework was
designed to support the test facility. As shown in Figure 8-15, a 20.3 cm I-beam, 305 cm high, was
chosen to give a rigid backing for the source vessel while being heavy enough to dampen any vibrations
exhibited during the test runs. This rack I-beam is directly bolted to the building structure for rigidity.
The rack I-beam has three welded shelves for use in supporting the source vessel. The first is positioned
just below the middle of the beam and is used to hold the source vessel from the bottom. Since this area
experiences most of the forces during the discharge tests, the shelf in this area is bolted to the large flange
at the bottom of the source vessel. This shelf is equipped with support legs for added stability. The next
shelf is located near the top of the rack and anchors the top section of the source vessel by clamping to the
5.08 cm pipe. The last shelf, positioned lower down on the beam, is used to hold the mixing pump. The
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I-beam is also equipped with bolt holes along its face in order to add support structures for the level
gauges and mixing lines. As for the piping system, it is supported by a metal framework, which has
provisions for clamping the pipe and preventing movement in both horizontal and vertical directions. The
collection vessel is attached to a movable dolly to allow for opening of the piping system when access is
necessary. To account for substantial forces associated with the fluid discharging into the vessel, the
collection vessel is held in place by support braces attached to a building I-beam. A picture of this entire
system is shown in Figure 8-16, where the source vessel, straight piping system, collection vessel, support
structure and instrumentation can be seen.

!
38 cm
;LI [
(not to scale) °c°
308 cm Figure 8-15. Schematic of Rack Used to Hold
° o the Source Vessel.
m
T 108 cm
51 cm
»‘—L— 20 cm
Side View Front View

Pressure Sensors

The test facility is equipped to measure instantaneous pressure readings in the source vessel, along the
piping system, and in the collection vessel by means of fast response pressure transducers. Two types of
transducers were used in the experiments conducted, the Entran Model EPX-V01 with a range of (0 to
6.87) MPa-g and the Validyne Model DP15 with varying ranges from (0 to 6.87) MPa-g. The Entran
transducers were primarily used in the early runs when the temperature drop during operation was not a
concern. The Validyne transducers were used for both pressure drop measurements and absolute pressure
measurements. The Validyne transducers were used with a transmission fluid for speed of transmitting
the pressure wave in the pressure drop readings and also for insulation when the temperature drop was
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considerable, as in the HFC-125 tests. The Entran transducers have a diaphragm, which deflects
according to the difference of the pressures experienced at its front and backsides, and provides an output
through a strain gauge bridge located on the backside of the diaphragm. The Validyne transducers used a
magnetically permeable diaphragm, which when deflected caused a magnetic reluctance, which was then
interpreted by the inductance value of coils in the transducer body. In order to install these transducers at
measurement locations, special fittings had to be designed and fabricated. It is desirable to locate the
transducers as flush to the inside surface of the pipe as possible, in order to minimize disturbances to the
flow. This was accomplished with the specially designed fittings shown in Figure 8-14. With these
fittings welded into place on the pipe, the transducers can be screwed into the tapped hole, allowing an
O-ring to seal against the high fluid pressures. Bench top experiments were conducted to determine
whether the transducers had appropriate response times for the fast transient tests conducted. Both
transducers were found to have response times at acceptable level of 140 ms for pressurization and
190 ms for depressurization when operating at 2.02 MPa to 3.03 MPa. The best test for the
instrumentation was to view their performance in actual testing situations.

Figure 8-16. Picture of Test Facility: Source Vessel, Discharge Piping, Collection Vessel,
Support Structure and Instrumentation.’

Figure 8-17 shows a typical output (Run #5) from the pressure transducers installed in the test facility.
This run used HFC-227ea as a test fluid and was initially charged to a source vessel pressure of 4.22 MPa.
As shown in the figure, the pressures in the source vessel, pipe, and collection vessel remained constant
until the moment when the valve was actuated (time = 0 ms). Then the pressure in the source vessel
dropped quickly while the pressures in the rest of the facility rose. This occurred until the pipe was filled
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with fluid (time = 200 ms) and then there was a steady decrease in all of the pressures until all of the fluid
was discharged from the source vessel (time ~ 1500 ms). At this point a small pressure increase or
“bump” was prevalent in the piping pressure traces due to the exit of the remainder gas contents of the
source vessel. A set of runs with similar initial conditions was also curried out to check the repeatability

of the measurements and the reliability of the instrumentation. The operating conditions are shown in
Table 8-2.

Table 8-2. Operating Condition for Repeatability Tests.

Fill volume Ambient temperature Source vessel pressure Downstream pressure
Run (mL) O (kPa) (kPa)
#3 2358 32 4180 720
#4 2370 29 4195 525
#5 2388 31 4220 720
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Figure 8-17. Pressure Traces for Experimental Run #5.

All the tests used HFC-227ea. The repeatability was very good as shown by Figure 8-18, which
compares the source vessel pressure traces of the three experimental runs. The slight discrepancies are
most likely caused by differences in the initial and environmental conditions and are believed to be not

due to the instrumentation. The transducers did a good job in tracking the pressure fluctuations during the
experimental runs.
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Figure 8-18. Repeatability of the Source Vessel Pressure Traces.

There was also a necessity to measure the pressure drop across particular sections of the piping system.
While the absolute measurements at different locations allowed us to measure the variation of absolute
pressure across the discharge pipe, there was also an interest in measuring pressure drops across fittings in
order to determine frictional losses across these piping elements. Figure 8-19 and Figure 8-20 show the
two other piping configurations tested in this study in addition to the straight pipe configuration.
Validyne pressure transducers were connected on either side of the fittings to measure the distinct
pressure drop associated with these fittings. This can be seen by the ports specifically designated to the
fittings shown on the diagrams (i.e., PT2-PT3 across a 90° elbow). A typical output from this
measurement is shown in Figure 8-21, where pressure drop versus time is displayed. This plot shows the
pressure drop across a 90° elbow from Run #9 using HFC-227ea as a test fluid and an initial pressure of
3915 kPa. There is a notable pressure drop instantly as the fluid front passes through the elbow, which
deteriorates as time passes. This continues until approximately 2300 ms when the last liquid is
discharged and the remaining gas leaves the system, denoted by the sudden drop in pressure attributed to
a reduction in the frictional component of pressure drop associated with gas flow over liquid flow.
Similar plots were made for the pressure drop across capped tees, through tees and unions. Also, a
comparison was done between the vertical branches of a through tee to study the effect of phasic
composition on the separation of the flow. With these measurements, it was possible to successfully
analyze the effects of different fittings on the pressure losses in the discharge piping.
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Figure 8-21. Transient pressure drop across a 90° elbow from Run #9.
Flow Rate Sensor

As mentioned previously, a key parameter to measure is the instantaneous mass flow rate of fluid during
transient discharge from the source vessel. This has not been successfully measured in prior experiments
due to its inherent difficulty. If fluid inventory in the source vessel could be measured as a function of
time, then the rate of discharge would be given by the gradient of inventory versus time. Because of
possible void generation in the liquid (due to gas evolution) and associated level swelling, observation of
the liquid level does not provide an indication of fluid inventory. The approach is to measure the static
head of fluid in the source vessel, as a dynamic function of time. Since frictional and kinetic terms are
negligible in the overall momentum balance for conditions in the vessel, the fluid inventory in the vessel
can be obtained directly from static head measurements:

A
M =—AP (8-36)

g
where M is the fluid inventory, 4 is the cross-sectional area of the vessel, g is gravitational acceleration,
and AP is the pressure difference from the bottom to the top of the vessel (static head). The instantaneous

rate of mass flow out of the vessel is then obtained from the time derivative:

©dM _ AdAP

"Ta g (8=37)
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In order to obtain the desired accuracy for the rate of mass flow, a precise measurement of AP is
necessary. A Validyne Model DP15 differential pressure transducer was used to obtain this static head
AP. As shown in Figure 8-10 and Figure 8-22, this transducer was connected to the vapor space and the
liquid volume at the top and bottom of the source vessel, respectively. The transmission line connecting
the vapor space to the liquid space was filled with a Meriam Red fluid with a specific gravity of 2.95 to
maximize response time. The theory behind this was that the pressure signals would be transmitted to the
transducer at the speed of sound in liquid, sufficiently fast to obtain dynamic data during suppressant
discharge and much quicker than through a compressible gas volume. Therefore, the connections to the
liquid and vapor spaces were made at the wall of the Marotta valve and the wall of the source vessel,
respectively. This allowed for an almost flush-mounted differential pressure transducer with an excellent
response time for measuring liquid inventory. Figure 8-22 shows a diagram of the setup for this
differential pressure transducer. Note that it was attempted to fill the transmission line as close to the
source vessel as possible, therefore reducing any pockets of fire suppressant vapor and making a more
accurate measurement.

Fill Level
,,,,,, -y Source Vessel
I l Side of Valve
/Diaphragm

Differential Pressure Transducer

Figure 8-22. Diagram of Transducer Setup for Mass Inventory Measurement.

This technique worked very well, as shown in Figure 8-23, a plot of the cumulative mass leaving the
source vessel versus time. This example shows the same experimental run described in the previous
section. It shows that at the point when the valve was actuated, a quick release of test fluid left the source
vessel and continued gradually until the source vessel was empty, at approximately 3.37 kg. This
corresponded with the pressure drop in the source vessel shown in Figure 8-17 and with the end of the
liquid flow and beginning of the gas flow at a time of ~ 1500 ms. This is what one would expect; the fact
that the pressure trace did not fluctuate very much indicated that there was a steady flow of fluid through
the facility. Once again, this method for measuring the instantaneous liquid inventory gave excellent
repeatability.
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Figure 8-23. Transient Mass Inventory of Run #5.
Temperature Measurement Sensors

Fluid temperatures along the discharge pipe were measured using film thermocouples. It has been
experimentally shown,” that this type of thermocouple can provide response times on the order of
milliseconds. A schematic of the film thermocouple is shown in Figure 8-24. Since the hot junction of
the thermocouple is comprised of the metallic film, it is essential to maintain a continuous electric
conductive-path through that film. Two issues are involved: compatibility of the film material to the test
fluid, and the erosive effects of the flow on the film. In past experiments, a metallo-organic paint was
used to make the film at the tip of the thermocouple. This film worked well in experiments with high
temperature steam and water. The same material was used for the junction film in the test series. A
bench setup was prepared to test the thermocouple with this film junction. After forming the film, the
thermocouple assembly was exposed to test liquids for durations of up to five minutes. Tests with the
primary test fluid, HFC-227ea, indicated that the junction film holds up well to such exposure. No bench
test for erosion of the film was attempted prior to the running of the test facility, due to the significant
effort involved. It was found that the film held up for anywhere from 5-10 experimental runs before
deterioration in the film deemed it necessary to remove the thermocouple from the facility and reapply the
metallic film. The need for reapplication of the metallic film was determined by an increased fluctuation
in the output signal of the thermocouple or in some cases a loss in the signal altogether. Many of the
failures in the thermocouple were not attributed to the metallic film at all, but to the disintegration of the
inner wiring of the thermocouple. This was most likely due to the vibration encountered in the test
facility when the experimental runs were conducted and the tight seal on the thermocouple casing needed
to hold the thermocouple in place during testing.



Fluid Transport Through Piping 767

N \
N\
N
~ N\
AN
NN
N\
AN

777777777777777 q
‘ Conductive Paint (Metallic Film) |
| — |
| %z l
| l
| l
| l
| l
\ l
| 7 |
\ l
\ l
} Insulators | Positive Lead :
‘ Negative Lead |
L - - - - N

Figure 8-24. Schematic of Thermocouple Construction.

An example of a typical output from the four film thermocouples located throughout the test facility is
shown in Figure 8-25. The top set of data is the signal from the film thermocouple located in the vapor
space of the source vessel. The next three sets are from the film thermocouples in pipe positions #3, #2,
and #1, respectively from top to bottom. This plot shows no significant temperature change in the vapor
space, which is due to the fact that there was only a gas expansion involved in this region. While an
adiabatic gas expansion from a volume of 1.5 L to 34 L should have resulted in a large decrease in
temperature, this was not an adiabatic expansion due to the availability of a large heat sink in the stainless
steel walls. With the considerable warming from the facility walls and the thermocouple’s location at the
top most portion of the entire facility, the only temperature drop experienced is minimal. As for the other
set of thermocouple traces, it is believed the most significant reason for the difference in temperature drop
along the pipe is also due to the warming effects.
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Figure 8-25. Transient Temperature Trace from Film Thermocouples of Run #5.

There were also two standard 0.79 mm diameter, shielded thermocouples in the source and collection
vessels. Figure 8-26 shows a typical temperature trace from these thermocouples, again from Run #5.
The two traces shown in this diagram are significantly different from each other. The collection vessel
temperature does a quick dip and then warms back up to room temperature. This is due to the filling of
the vessel with cold fluid, which is probably still going through the process of dissolution of nitrogen
from liquid suppressant. Also, there is an energy loss associated with the phase change of the suppressant
fluid as it goes from liquid in the pipe to gas in the collection vessel. This goes on until the collection
vessel reaches the saturation pressure of the suppressant fluid, and then the vessel begins to heat up due to
compression of the gas in the volume. On the other hand, the thermocouple located at the bottom of the
source vessel initially does not change much since it is submersed in liquid suppressant. Then as the
liquid in the source vessel runs out, it experiences the vaporization of the suppressant fluid on its surface
and the expansion of the remaining gas in the system. To fully understand the complete picture of the
changes of phase taking place in the experimental runs, a representation of the void in the facility is
needed, which is described below.
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Figure 8-26. Transient Temperature Trace from Shielded Thermocouples of Run #5.
Void Fraction Sensor

One of the major flow variables for two-phase flow is the void fraction. Many flow parameters, such as
thermodynamic quality, vapor and liquid mass fluxes, and transport properties of vapor and liquid affect
the void fraction. In turn, the void fraction strongly affects pressure drop, holdup inventory, and flow rate
for any given operating condition. Thus, it is desirable to experimentally measure the void fraction during
the transient discharge of suppressant. Once again, this is a difficult measurement in two-phase flows and
was not attempted in prior experiments of suppressant flow. In the present work, an attempt was made to
measure the transient void fraction at the end of the discharge pipe. The desirable features of a sensor for
void fraction are:

e No disturbance on flow
e Integrate the void fraction over the cross-section
e Fast response

Based on previous experience, a capacitance sensing method for this measurement was selected, in
expectation that this method would satisfy all of the above desirable features.

A number of different capacitance probes were designed, fabricated, and bench tested. The final probe
configuration is shown schematically in Figure 8-27. As indicated the probe consists of a positive
electrode and a ground electrode, both placed on the outside surface of the discharge pipe. The section of
the discharge pipe at this location needs to be electrically nonconductive to allow capacitance
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measurements. For the purpose of these bench tests, a glass tube was used as the pipe material. The
positive electrode is a strip of copper in contact with the outer surface of the pipe. The electrode span is
as wide as the ID of the pipe. The ground electrode is placed on the opposing side of the pipe. When
powered by a high-frequency voltage, this probe would measure an overall capacitance between the two
electrodes, which includes the whole cross-section of the tube. This capacitance can then be calibrated to
give the void fraction of the vapor/liquid mixture in the pipe. There is a guard electrode around the
positive electrode to prevent/reduce stray capacitance.

BNC connector

Guard electrode (+)
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Positive Probe »

20 mm

| T
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Ground electrode (-) / ‘ By
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Figure 8-27. Schematic of Capacitance Probe for Bench Setup.

This probe was tested on a bench loop with water and HFC-134a. The schematic of the bench setup is
shown in Figure 8-28. The test started with the glass tube filled with water. During the test, the tube was
emptied from the bottom so that the liquid level receded with a constant speed. The recorded signal from
the capacitance sensor was compiled as a voltage signal from the capacitance meter and then reduced into
void fraction with a calibration using the signals associated with all liquid and all vapor. An example of
the output from this test is shown in Figure 8-29. It is seen that initially the probe senses 100 % liquid in
the tube. As the liquid level approaches the top edge of the sensor, the signal slowly starts to show some
void in the sensing volume (edge effect). When the liquid level is within the sensing volume, the
variation of measured void fraction is linear with liquid level. Again, there is an edge effect when the
liquid level is close to the bottom edge of the sensing volume. Later, when the liquid level falls clear of
the sensing volume, the probe senses all air in the tube. Despite the fact that the sensing area is guarded,
there are some edge effects in the axial direction. The above test was repeated with HFC-134a under
pressure and similar results were observed.
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The biggest problem with changing this design to fit the conditions experienced in the experimental test
facility was to contain the higher pressures. In the previous bench examples, only low-pressure systems
were dealt with and in the present application the system pressure was as high as 1250 kPa at the location
of the void probe. The other difficulty was that an electrically conductive surface between the probe and
the tested medium was not allowed. Due to these limitations, a design that would be constructed on the
inner surface of the pipe was developed, as shown in Figure 8-30. There were three main pieces to this
design; the first was the electrical plug welded to the metal pipe, which served as a pressure seal and as an
electrical connection to the capacitance meter. The next two pieces were the guard and the probe
separated by a small layer of insulation. To insure that these pieces were not washed away in the flow
during the runs, they were covered in a thin layer of epoxy. This capacitance probe used the pipe wall as
its ground creating an electrical field similar to the one shown in Figure 8-31.
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While the orientation of this design was horizontal as compared to vertical in the bench test setup, it was
believed that the results were similar. An in situ calibration by filling the area with all liquid suppressant
and then letting it run out so that only suppressant vapor remained was conducted.

An example of the final output of an actual experimental run is provided in Figure 8-32, where void
fraction versus time for Run #5 is shown. The signal initially starts out at a void fraction of 1.0 (all
vapor) and then shoots down to approximately 0.4 as the area is flooded with the transient flow of two-
phase fluid. The signal fluctuates as the mixture of the two phases changes depending on the speed and
location of the dissolution of the nitrogen from the liquid suppressant. As the flow slows down, so do the
fluctuations in the capacitance signal, until the liquid runs out (time = 1700 ms), and the remaining gas is
vented into the collection vessel, causing the signal to abruptly go back to the 1.0 region. The largest
problem with the capacitance signal resulted from the static charge build up of the fast moving dispersed
flow. It caused the signal to jump out of range and required a significant filtering effort to be conducted.
This is also the reason for the offset in the final value at the end of the run. Despite these slight problems,
it was felt that the capacitance probe design gave an excellent representation of the void fraction values
experienced during the experimental runs.
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Figure 8-32. Transient Void Fraction of Run #5.

Test Matrix Performed in Study

After the completion of the test facility, it was necessary to choose the appropriate initial conditions in
which to conduct the experimental runs. The main goal was to encompass a wide variety of test
parameters while keeping the total number of runs at a minimum to lessen the wear on the
instrumentation. Table 8-3 shows the experimental runs conducted in this study. HFC-227ea was used as
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the primary test fluid since it was recommended at the time as the alternative fire suppressant with the
best fire-retarding ability. HFC-125 was also used since it had been studied recently, and there was some
test data that could be used for future comparison. In the preliminary experiments, water and carbon
dioxide were used to test the new instrumentation after installation. For example, Run #19 used water as
a test fluid and was undertaken to test the capacitance sensor and film thermocouple without exposing
them to high pressure or a corrosive fluid. Run #18 also used water and had the intent of testing the mass
flow sensor response and all of the thermocouples in the facility. In a similar manner, Runs #20 and #21,
which used CO,, were used to measure the response of the film thermocouples to a sudden drop of
temperature as low as —40 °C, while also allowing us to gauge the error encountered by the pressure
transducers at this temperature. These four runs utilized the straight pipe configuration in the test facility
shown previously in Figure 8-13. The HFC-125 Runs (#14-#17) were conducted with only one objective,
to test the influence of changing the source vessel pressure. The four runs were carried out at source
vessel pressures varying from 2050 kPa to 5000 kPa. It must also be noted that any runs using source
vessel pressures with initial conditions using low pressures were conducted at fill levels between 85 %
and 90 %. This was done in an attempt to facilitate as much vaporization during the flow discharge as
possible since the downstream pressure would remain at a lower pressure with the smaller amount of
nitrogen gas available to expand.

The majority of the experimental runs used HFC-227ea as a test fluid and was broken into three main
piping configuration groups. First, there were the tests using the straight pipe configuration. These tests
had three different goals: (1) to test the repeatability of the instrumentation, (2) to observe the effect of
changing the source vessel pressure, and (3) to determine the effect of a heat source or “hotspot” along
the piping system. The repeatability Runs (#3 to #5) were conducted at an initial source vessel pressure
of about 4.242 MPa. The result of the source vessel pressure trace is shown in Figure 8-18. While the
“hotspot” Run (#7), was conducted at a similar starting pressure with a foot long section at 55 °C between
the 2" and 3™ instrumentation ports on the pipe, only one such run was needed since it was determined
that a minimal effect resulted from the heat addition under such rapid transient conditions. The third goal
was to observe the effect of varying the initial source vessel pressure from 2125 kPa to 4910 kPa (Runs
#1 to #6). The second main piping configuration group used the piping configuration shown in
Figure 8-19, where a vertical “U” turn was built into the piping system to allow the measurements of the
effect of pipe fittings on the pressure loss in the system. The pressure drops across a capped tee, 90°
elbow and union were measured with varying initial source vessel pressures from 2120 kPa to 4910 kPa
in Run #8 to Run #10. The third piping configuration group used a complete vertical split as shown in
Figure 8-20, where the tee was no longer capped but used to join two symmetric piping sections. The two
sections were identical to the one used in the previous grouping although this time the pressure drop
across the split was measured. A sensor was placed before the tee and after the 90° elbows on either arm
of the split to test whether there was an effect from the splitting of the flow. These tests were also
conducted at three varying initial source vessel pressures from 2140 kPa to 4910 kPa in Run #11 to Run
#13. These tests examined the effects of changing the initial source vessel pressures, changing the test
fluids, changing the piping configurations and the repeatability of the instrumentation.

A Typical Experimental Run

First the plunger in the Marotta valve is set into the closed position using the arming tool. Once the valve
is closed, the next task is to recycle any fluid remaining in the collection vessel back to the source vessel
using a magnetically driven centrifugal pump. If there is not enough test fluid in the collection vessel to
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reach the desired initial fill level for the next run, then the recycle line is closed and a line to a fresh-
supply tank above the test facility is opened, allowing the remaining liquid needed for the run to be
pumped into the source vessel. Once this is accomplished, the supply line is closed and a circulation line
is opened allowing the liquid at the bottom of the source vessel to be pumped to a spray nozzle at the top
of the vessel. The spray nozzle then creates a fine mist of liquid to float through the vapor space of the
vessel before joining the rest of the liquid. At this point, nitrogen gas is slowly added to the source vessel
through a connection at the top of the vessel. The circulation pump is continuously run until the liquid is
saturated with nitrogen. This is recognized by a constant pressure in the source vessel, which usually
takes about 120 min. The circulation pump is then turned off, and the contents of the source vessel are
allowed to settle and cool down to room temperature. The data acquisition system is initiated and run for
500 ms before the Marotta valve is actuated. This allows for the collection of the initial conditions of the
system. Once the valve is actuated, the contents of the source vessel discharge through the Marotta valve
into the piping system and finally collect in the collection vessel.

Table 8-3. Matrix of Experimental Runs Conducted.

Fill Volume Psvo Pcvo Temperature
Run # Test Fluid Piping Configuration (mL) (kPa) (kPa) ©O)
1 HFC-227ea Straight Pipe 3571 2125 10 32
2 HFC-227ea Straight Pipe 2340 3235 635 33
3 HFC-227ea Straight Pipe 2358 4180 720 32
4 HFC-227ea Straight Pipe 2370 4195 525 29
5 HFC-227ea Straight Pipe 2388 4220 720 31
6 HFC-227ca Straight Pipe 2150 4910 715 31
Straight Pipe

7 HFC-227¢a w/ Hotspot @ 55°C 2200 4230 710 27
8 HFC-227ea Capped Tee (Config. #1) 3420 2120 125 21
HFC-227ea Capped Tee (Config. #1) 2500 3915 575 24

10 HFC-227ea Capped Tee (Config. #1) 2450 4910 615 25
11 HFC-227ea Through Tee (Config. #2) 3507 2140 600 26
12 HFC-227ea Through Tee (Config. #2) 2400 3935 655 24
13 HFC-227ea Through Tee (Config. #2) 2460 4910 615 25
14 HFC-125 Straight Pipe 2900 2050 110 26
15 HFC-125 Straight Pipe 2363 3635 175 26
16 HFC-125 Straight Pipe 2400 4245 165 26
17 HFC-125 Straight Pipe 2467 5000 125 24
18 Water Straight Pipe 3585 2875 120 28
19 Water Straight Pipe 3100 4150 100 23
20 CO, Straight Pipe ~1000 5215 100 20
21 CO, Straight Pipe ~1000 5360 100 20

To fully understand the output from a single run, a typical experimental run (Run #5) will be examined in
more detail. The pressure traces can be seen in Figure 8-17 where the traces go from the source vessel at
the top, to the collection vessel at the bottom, and the pipe ports in the middle. Specifically, the black line
(diamond) is the source vessel trace and the green (circle), red (square) and blue (triangle) traces are the
first, second and third pipe positions, respectively, with the orange (cross) line being the trace for the
collection vessel. Initially the source vessel is at 4220 kPa and the pressure downstream of the closed
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valve is at 720 kPa. After the valve is opened, the pressure in the source vessel quickly drops as its
contents fill the piping system, explaining the sudden rise in pressure there. At the point when the pipe is
completely filled, = 200 ms, there is a consistent drop in pressure as the fluid empties into the collection
vessel. At = 1600 ms, the fluid begins to run out and the flow in the system is predominately vapor. This
quickly causes the entire system to equilibrate to the same ending pressure, ~ 1100 kPa.

Not only can the pressure traces be followed for the discharge, but the temperature change also can be
followed throughout the system. Figure 8-25 shows the output of the highly sensitive film thermocouples
placed at the top of the source vessel in the vapor space and along the bottom of the piping system at the
three port locations. The same color and symbol scheme is used as in the pressure traces with the source
vessel being on top, followed by the third, second, and first pipe positions, respectively. There was little
temperature change experienced in the fluid flow portion of the discharge since there was little flashing of
the suppressant. The main temperature drop occurs at the point when the vapor discharge begins
(= 1600 ms). This is due to the sudden expansion of the remaining nitrogen gas and falls as low as 10 °C
at the first pipe position. There are lesser temperature drops farther down the pipe due to the increased
distance from the initial point of expansion and the warming of the vapor by the system walls. There
were also two 0.79 mm shielded thermocouples placed in both the source vessel and collection vessel.
The outputs of these are shown in Figure 8-26, where the black (diamond) symbols are for the bottom,
fluid space of the source vessel, and the orange (cross) symbols are for the top, vapor space of the
collection vessel. There is a small dip in the temperature of the collection vessel as the fluid initially
reaches the large volume of the vessel and then it warms back up to room temperature rather quickly. As
for the source vessel temperature, this thermocouple experiences a temperature drop due to the expansion
of the gas that the film thermocouple in the vapor space did not. This is most likely due to the fact that
the film thermocouple at the top of the vessel is in contact with stagnant gas and did not have enough time
to sense its temperature, while the lower thermocouple experienced the shock of the quick expansion from
the fast flowing gas.

The next insight derived from this study was provided by the differential pressure transducer, which
measured the mass flow rate of the discharge. As seen in Figure 8-23, this instrumentation allowed for
the measurement of the cumulative mass of liquid leaving the system. This provides a good estimate of
how much liquid has left the source vessel and might possibly land on the desired destination, in this case,
into the collection vessel. Ideally, one would have liked to locate such a sensor near the desired
destination, but since an accurate, quick response method of measuring the collected fluid could not be
developed, this seemed the most suitable alternative. Figure 8-23 verifies what has been already observed
from the previous measurements of pressure and temperature. At first there is a primarily liquid flow,
starting rapidly and slowly dying out as the inventory is relinquished to the piping system, until no liquid
is left at ® 1600 ms. Along with this additional measurement to backup other assessments, the void
fraction leaving the pipe was also measured by use of a capacitance sensor located at the end of the pipe.
This instrument obtained an electrical signal, which pertained to a capacitance measurement of the flow
passing through this section. This signal was then converted into a measurement of void fraction through
a previous calibration where a value of 0.0 denotes all liquid flow and a value of 1.0 denotes all vapor
flow with everything in the middle being a mixture of the two. Figure 8-32 shows the output from this
sensor during the experimental run. Once again, the main liquid flow seems to end in the 1600 ms to
1800 ms range. The slight discrepancy between this measurement and the mass inventory measurement is
most likely caused by the fact that they are on either ends of the pipe. This trace shows that at the
beginning there is a flow of predominately liquid, void fraction of 0.4-0.2, which slowly rises to a more
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consistent value of 0.5 until the liquid runs out and the value jumps back up to an all vapor level. There
are many peaks in the trace due to the fact that the flow is highly turbulent at this period in the flow, with
the phasic composition changing with the rate of nitrogen coming out of the solution. The flow slows
down a little near the end, and the trace smoothes out until the end when there is no more flow. These
four different methods of taking measurements indicate that the transport processes occurring during the
rapid transient phase of the experimental runs can be adequately assessed. The detailed output of all of
the experimental runs conducted in this study can be found in Appendix B of the report by Tuzla et al.”

Observations and Conclusions

The analysis of the full range of experiments conducted in this study provided many findings and
observations. The most exciting developments in this study pertained to the previously unsuccessful
measurements of mass flow, void fraction, and local temperature. The transient fluid inventory method
gave excellent results, providing not only another check for the computer code developed in this work,
but also an innovative technique currently unavailable in two-phase flow experiments. The void fraction
measurement using a capacitance sensor has been used in other applications, but never in such a rapid-
transient setting. In addition, most methods used in previous studies required the probe to extend out into
the measured flow, which causes obstruction to the flow and obvious changes in the resulting flow
characteristics. The current method provides a quick, accurate signal with minimal disturbance to the
flow, resulting in the measurement of more realistic flow characteristics. Last, the film thermocouples
used in this study also allowed measurements to be made without disturbing the fluid flow. In previous
studies, thermocouples were always extended into the middle of the pipe in order to get the most accurate
representation of the local temperatures, causing them to break and deflect the fluid as it flowed. These
techniques had another shortcoming of not allowing a fast response due to the thermocouple sheathing.
In the current case, only a paper-thin layer was present to shield the thermocouple junction from the flow
while having no effect on the flow, due to their flush-mounted design. These techniques allowed this
study to provide a more comprehensive data set for the computer code simulations to be tested against.

The experiments in this study primarily focused on the use of HFC-227ea as a test fluid. The first set of
experimental runs examined the effect of changing the initial source vessel pressure on the flow
characteristics through a straight, 12.7 mm nominal diameter pipe, see Figure 8-13. The main difference
between these runs was the speed at which the source vessel discharged its contents into the piping
system and hence, into the collection vessel. All the runs exhibited the same basic phenomena as seen in
Figure 8-17: (1) a quick pressure drop as the pipe filled, (2) a continuous drop in the pressure as the
source vessel discharged its remaining fluid, and (3) a slight pressure “bump” in the pressure
measurements in the pipe due to the venting of the remaining gas and vapor in the source vessel. Similar
behaviors are evident when examining the void fraction and mass flow measurements. The lowest void
fraction is seen at the beginning of the runs (Figure 8-32) when the liquid content in the flow is the
greatest. Near the end of the run, a marked increase in the void fraction is observed as more nitrogen
comes out of solution causing it to rise. The corresponding mass flow measurement (Figure 8-23) shows
the fastest discharge at the beginning of the run when the source vessel pressure is at its highest value,
thus providing the greatest driving force. Once the pressure begins to wane, so does the flow, until it ends
at the end of the liquid flow for the run.

The second set of experiments was conducted using an alternative piping system which contained tees,
elbows, and a union as shown in Figure 8-19. The main goal for these runs was to measure the pressure
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drop associated by adding specific pipe fittings into the piping network. As expected, the flow was
significantly reduced by the pipe fittings, as shown in Figure 8-33. The comparison shows that Run #1
with the straight pipe finishes discharging its contents at approximately 4600 ms compared with Run #8
that used the piping layout containing two capped tees, a 90° elbow, a union and two 45° elbows, which
finished at about 7500 ms. To study these pressure drop measurements, a comparison to literature values
for non-compressible, turbulent flow through pipe fittings using the friction loss factor method was
conducted. This method is based on the procedure where pipe fittings are set equal to equivalent lengths
of pipe depending on the anticipated pressure drop associated with the fitting. In the experimental setup,
the pressure ports used to measure the pressure drop across the fittings included not only the fitting but
also some piping in between (see Figure 8-19) In each case the additional piping plus the fitting between
the pressure ports was included in order to remain as accurate as possible. For example, the 90° elbows
were made up of the pressure port then 5.08 centimeters of piping, then the elbow, then 7.62 more
centimeters of piping and the final pressure port. Therefore, the designation,“90° elbow”, is actually the
elbow plus 12.7 cm of piping. Predicted literature values were obtained by using the literature value for
the friction loss factor, K, for the particular fitting and adding it to the calculated value for the additional
piping, found by using Equation 8—38.

L (8-38)
K=4f —
Irp
where f; is the friction factor of the pipe found by using a chart in the literature with the diameter and
estimated roughness of the pipe, L and D are the length and diameter of the pipe, respectively. Once a

total K is found for the fitting and additional piping, it can be used in Equation 8-39 to find the literature
value for AP.

K pv? (8-39)
2

where p is the mixture density calculated using the experimental void fraction measurements, and v is the

flow mixture velocity calculated from the experimental values of mass flow through the pipe and the

mixture density.

AP =

Since the experiments took place under two-phase conditions, the mixture density was used in order to get
as close to the actual conditions in the pipe as possible. The one drawback of this method was that the
void fraction sensor was not located at the local position of the fitting, but at the end of the pipe so it
might not be a precise representation of the void conditions at the fitting. For this reason and because the
literature values for K were developed using liquid turbulent flow, a comparison to values using the liquid
density and liquid velocity in place of the mixture density and mixture velocity was also included. See
Table 8-4 for the detailed values of this comparison. As the comparison shows, there are some
discrepancies between the literature and the experimental values, with the calculations using liquid
density being in reasonable agreement. In order to compare whether the mixture or the liquid density is
best used when calculating the literature value for AP, the error has been provided in parentheses. This
error was determined using the experimental value as the actual value. The experimental values for
pressure, void fraction, density and velocity were taken in the middle of the runs, with Run #8 being from
1500 ms to 3500 ms and Runs #9 and #10 being from 500 ms to 1500 ms. Some of the possible reasons
for the discrepancies in the comparison between the calculations using the liquid density and those using
the mixture density may be:
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1. The phasic composition of the flow at the particular time during the run. For example, at the
beginning of the run there is a large amount of liquid flowing, but there is also a large
quantity of nitrogen degassing, so it is hard to tell how this will effect the calculations.

2. The capped tee is near the beginning of the piping layout, while the void sensor